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Progress in Completing the AB 1632 Report/2008 IEPR 
 
A.1 Please report on the overall plans, schedule and progress for completing the 
recommendations in the AB 1632 Report/2008 IEPR Report (pp. 78-81), the 2009 IEPR (pp. 
238-240), and the California Public Utilities Commission’s (CPUC) letters of June 2009 to PG&E 
and SCE; please indicate when PG&E and SCE plan to report to the Energy Commission and 
the CPUC on the findings from these studies. How do the schedule and plans for completing 
these recommendations compare to the schedule and plans for license renewal? (Diablo 
Canyon, SONGS)  
 
Response for DCPP: 
The status of the overall plans, schedule and progress for completing the recommendations in 
the AB1632 Report is as followed: 
 
Seismic Hazard Analysis 
PG&E plans to perform three tiers of seismic research; 3-Dimensional (‘3-D’) high-energy 
offshore imagery, 2-Dimensional (‘2-D’) onshore data collection and imagery and 3-D low energy 
offshore work.  In addition, PG&E will be installing four ocean bottom seismic monitors to expand 
the existing seismic monitor network. 
 
PG&E initiated the onshore 2-D permitting process in the first quarter of 2011.   The low energy 
offshore 3-D data collection effort started in the last quarter of 2010.  This fall, the research 
teams will expand the low-energy 3-D offshore work to incorporate additional areas and initiate 
the 2-D onshore land based data collection and imagery.  PG&E anticipates the environmental 
review process will be completed by summer of 2012 and will begin 3-D high-energy offshore 
research fall 2012.  
 
Tsunami Hazard Analysis 
PG&E has completed Tsunimi hazard study in light of recent research to improve scientific 
understanding of Tsunami.  The results of these evaluations are included in Attachment 1. 
 
Vulnerability of power plant buildings and structures 
PG&E has completed its evaluation of the seismic vulnerability and reliability implications for 
non-safety related system structures and components.  See attachment 2. 
 
Kashiwazaki-Kariwa Nuclear Plant Lessons Learned 
PG&E has completed its evaluation of the Kashiwazaki-Kariwa Nuclear Plant lessons learned.  
See attachment 3. 
 
Vulnerability of Spent Fuel Storage Facilities 
The Diablo Canyon spent fuel pools were reracked once on each unit.  The current high-density 
racks were originally installed in 1986 and then temporarily removed from the spent fuel pools 
due to issues associated with the licensing of the reracking.  The racks were reinstalled after 
resolution of the licensing issues.  In the interim period between the initial and final installation of 
the high-density spent fuel racks, the original spent fuel storage racks were reinstalled. 
 
While the ISFSI was being licensed, one temporary rack was placed into the each spent fuel 
pool.  Each temporary rack was licensed to store 154 assemblies.  The temporary racks have 
been removed and are no longer in service.   
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At this time, there are no plans to change the utilization of the spent fuel pool for used fuel 
storage during the license extension period.  After the end of commercial operation, used fuel will 
continue to be stored in the spent fuel pool until sufficient time has passed to allow loading of the 
fuel into the ISFSI. 
 
Evacuation Update 
PG&E has completed its evaluation of the evacuation times for earthquake event.  See 
Attachment 4. 
 
Local Economic Impacts of Decommissioning the Diablo Canyon Power Plant 
PG&E has completed its evaluation of the local economic impacts of decommissioning the 
Diablo Canyon Power Plant.  See Attachment 5. 
 
Low Level Radioactive Waste 
The estimated amounts of low level waste to be generated and disposed of during plant 
operation and decommissioning are provided in the response to C.1. 
 
PG&E plans and estimated costs for storing and/or disposing of low-level nuclear waste and 
spent nuclear fuel that would be generated through a 20-year license extension and plant 
decommissioning is provided in the response to A.12. 
 
 
A.2 The AB 1632 Report recommended that PG&E and SCE use three-dimensional (3-D) 
geophysical seismic reflection mapping and other advanced technologies to explore fault zones 
near the plants. Please provide a detailed description of the study plans, including plans for 
obtaining the necessary permits, as identified in the Request for Proposal. What are the major 
milestones and schedule for completing these studies including the expected start and 
completion date for the onshore and offshore 3-D seismic imaging survey and the entire 3-D 
imaging analysis? When will the findings and conclusions from these studies be provided to the 
Energy Commission, CPUC, and the California Coastal Commission? (Diablo Canyon, SONGS)  
 
Response for DCPP: 
PG&E initiated the permitting for onshore 2-D and high energy 3-D in the first quarter of 2011. 
Low energy offshore 3-D data collection started in the last quarter of 2010. .Onshore 2-D and 
offshore 3-D studies  are expected to be completed in 2012 and 2013 respectively provided 
PG&E is able to obtain all the necessary permits from various federal and state regulatory 
permitting agencies.  
 
 
A.3 The AB 1632 Report noted that updated seismic hazard analyses incorporating the 
USGS National Seismic Hazard Mapping Project models and the UCERF-2 data base would 
provide additional information for regulators and the public regarding the seismic hazard at the 
plant sites. Please discuss the relevance of these models and the revised UCERF database for 
the studies that might be required as part of the license renewal feasibility assessments for the 
plant. (Diablo Canyon, SONGS)  
 
 
Response for DCPP: 
The UCERF-2 model was published in 2007.  In the vicinity of Diablo Canyon Power Plant 
(DCPP), the model includes the Hosgri fault, the Los Osos fault, and the San Luis Range 
fault, which includes the San Luis Bay, Oceano, Wilmar Avenue, Olson, and Santa Maria 
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River faults.  These fault interpretations are based on the literature that summarized the 
results of the Pacific Gas and Electric (PG&E) 1988 Long Term Seismic Program (LTSP) 
(eg. Hanson and Lettis, 1994; Lettis and Hall, 1994; and Lettis et al., 1994).  Therefore, the 
UCERF-2 model is based on the results from the 1988 LTSP which are considered in the 
PG&E 2011 Shoreline Fault Report.  
 
The Shoreline fault is not included in the UCERF-2 model, as it was not discovered until 
2008.  The 2011 Shoreline fault report prepared by PG&E includes additional data collected 
after the 1988 LTSP and represents an update to the fault model in the1988 LTSP report.  
Currently, the UCERF-3 working group is updating the faults used in statewide hazard 
analysis.  We expect the UCERF-# study will incorporate the Shoreline fault and update the 
faults in the vicinity of DCPP based on the additional data that has been collected and 
described in the 2011 Shoreline Fault Report.  See Attachment 28.  
 
 
A.6 Please report on progress in assessing the implications of a San Simeon-type earthquake 
beneath Diablo Canyon, including expected ground motions and vulnerability assessments for 
safety- and non safety-related plant systems and components that might be sensitive to long-
period motions in the vicinity of an earthquake rupture. (Diablo Canyon) 
 
Response for DCPP: 
The 2003 M6.5 San Simeon was a predominately reverse earthquake.  The closest distance 
from the San Simeon rupture plane to DCPP power block was 35 kilometers.  Diablo Canyon 
Power Plant is located on the hanging wall of the main thrust of the San Simeon rupture 
plane. Best estimates of the dip of the main thrust in the San Simeon earthquake ranged 
from 45 to 60 degrees. 
 
The scenarios run in the 2011 seismic hazard update address the ground motions that could 
potentially be generated from a San Simeon type of an event beneath DCPP.  All of the 
earthquake spectra resulting form the SLB and LO earthquake scenarios (considering 
varying dips) were enveloped by the 1977 Hosgri Earthquake Design Spectrum at all 
spectral periods. 
 
In the 2011 seismic hazard update (Report on the Analysis of the Shoreline Fault Zone, 
Central Coast California, 2011), deterministic earthquake scenarios were run for a M6.8 Los 
Osos (LO) earthquake and a M6.3 San Luis Bay (SLB) earthquake.  The Los Osos fault is 
located northeast of DCPP and is a southwest dipping reverse fault.  The San Luis Bay fault 
is southwest of DCPP and is a northeast dipping reverse fault.   For the LO and SLB fault 
locations and geometry, DCPP is on the hanging wall.  Various earthquake scenarios were 
included in the seismic hazard analyses using alternative fault dips.  All dips considered (50, 
70, and 80 degrees) for the M6.3 SLB earthquake resulted in the fault plane passing directly 
under DCPP.  The shortest distance to from the SLB fault plane to DCPP is 1.9 km for the 
50 degree dip.  For the M6.8 LO earthquake scenario, three alternative dips were 
considered, 45, 60, and 75 degrees, with the 45 degree dip passing directly underneath 
DCPP at a shortest distance to the fault plane of 7.6 km.   
 
 
A.8 Please report on the status and findings from PG&E’s and SCE’s evaluation of the 
seismic vulnerability and plant reliability implications for the non-safety related SSCs from 
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changes to seismic design standards that have occurred since the plants were designed and 
built and any retrofits, focusing on systems or components whose failure could lead to extended 
outages. Please consider the changes to seismic design standards since the plants were built 
including the International Atomic Energy Agency Standards (IAEA) and Safety Reports (Diablo 
Canyon, SONGS). 
 
Response for DCPP: 
The findings from PG&E’s evaluation of the seismic vulnerability and plant reliability implications 
for the non-safety related SSCs from changes to seismic design standards that have occurred 
since the plants were designed and built and any retrofits, focusing on systems or components 
whose failure could lead to extended outages were provided in the Seismic Assessment of 
Diablo Canyon Power Plant Non-Safety Related Structures, System, and Components Report 
dated March 2010.  See Attachment 2, pp. 10-12.  
 
 
A.9 Please describe the plant component repair/replacement plans including initial estimates 
of time needed to repair or replace key plant systems or components that could cause a 
prolonged plant outage or compromise plant safety as a result of being damaged from an 
earthquake. This should consider the fragility of components both in their operating positions and 
when relocated for refueling or plant maintenance. (Diablo Canyon, SONGS)  
 
Response for DCPP: 
The plant component repair/replacement plans including initial estimates of time needed to repair 
or replace key plant systems or components that could cause a prolonged plant outage or 
compromise plant safety as a result of being damaged from an earthquake are provided in the 
Seismic Assessment of Diablo Canyon Power Plant Non-Safety Related Structures, System, and 
Components Report dated March 2010.  See Attachment 2, pp. 15-23.  
 
Note: The above evaluation was performed for plant operating conditions, not refueling outage 
conditions. The reasoning is that the time duration that equipment is disassembled in a refueling 
outage is short compared to the operating time and the configuration of what is disassembled 
from outage to outage varies. Also, in a refueling outage, Balance of Plant (BOP) equipment is 
not rotating, weighs less because it is empty (examples: condenser and feedwater heaters) and 
is cold and depressurized. All of these increase the seismic load capacity of the BOP equipment.  
 
 
A.10 The National Academies in 2006 reported on the risk of fire from overheated spent fuel 
rods in spent fuel pools. Fires were reported in the spent fuel pools at the Fukushima Daiichi 
plant. Please report on the progress in returning the spent fuel pools to open racking 
arrangements, as recommended in the 2008 IEPR. 
 
Response for DCPP: 
Fuel assembly storage in the spent fuel pools is in compliance with all Nuclear Regulatory 
Commission (NRC) requirements.  No action has been taken to modify the spent fuel pool 
racking to a less dense orientation.   
 
As a result of the events that took place at Fukushima, NRC initiated lessons learned evaluations 
for U.S. nuclear plants.  These lessons learned evaluations are ongoing as further information is 
obtained from Japan.  In addition, this team will serve as the focal point responding to industry 
and NRC initiatives resulting from the lessons learned from Fukushima.  Diablo Canyon will keep 
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the California Energy Commission informed of any NRC regulatory requirements changes in the 
spent fuel pool. 
 
 
A.11 Please report on the status of any reassessments of whether emergency plans and 
access roads to the plants and surrounding roads are adequate for allowing emergency 
response personnel to reach the plants and local communities and plant workers to evacuate 
following a major seismic event/ plant emergency to protect the public, workers and plant assets 
and allow for timely evacuation following such an event. Please take into account changes to the 
local population and traffic density/congestion since the plants were constructed and the possible 
loss of some of the roads due to a major seismic event or other plant emergency.  (Diablo 
Canyon, SONGS)  
 
Response for DCPP: 
Diablo Canyon recently performed an updated analysis assessing the estimated evacuation times 
following a combined earthquake and radiological emergency at the Diablo Canyon Power Plant 
(DCPP).  In 2010 PG&E contracted with MMI Engineering to develop the "HAZUS® Analysis of a 
Hosgri Fault Earthquake Scenario in Support of the Diablo Canyon Power Plant Earthquake 
Emergency Evacuation Study".  This study provided damage estimates that were used to assess 
potential repair times and resulting impacts on traffic. The study shows HAZUS predictions 
indicating that the primary evacuation routes at DCPP and surrounding DCPP will experience no 
damage or Slight damage to the large majority of bridges and roadways.  The overall extent of 
estimated damage is lower than predicted in past studies.  For Wet Conditions, only four bridges 
on primary evacuation routes are predicted to have potential damage of Moderate or greater, and 
only four  half-mile sections of roadway are predicted to have Moderate or greater damage.  (For 
Dry Conditions, less damage is predicted.)   
 
Based on these predictions the potential impacts of earthquake damage were assessed by running 
traffic simulations for limited segments of the roadway network, representing the roadways 
upstream of locations where earthquake damage is anticipated.  Traffic flow and potential delays 
were compared for scenarios with “normal” roadway capacity, and with reduced capacity based on 
anticipated damage. The results of these assessments are: 
 

• The overall extent of estimated damage to roads and bridges is lower than predicted in 
past studies.   

 
• Geographically isolated areas in the Emergency Planning Zone where roadway access 

may be problematic due to earthquake damage include Baywood/Los Osos, along See 
Canyon Road and Prefumo Canyon Road, and the DCPP facility itself.   

 
• Simulations for roadways upstream of selected locations with potential earthquake 

damage indicate that ETEs would increase by time intervals comparable to the time 
required to complete repairs and restore the roads to service.  This time period is 
characterized at 2 - 4 hours. 

 
All of the above information along with the full Hazus study and updated evacuation times report 
has been submitted to the County Office of Emergency Services.  See Attachment 4.  It is DCPP's 
plan to work with the County on updating emergency plans and procedures to reflect this new 
information.  In addition, a new Evacuation Time Assessment study will be started in 2011 utilizing 
2010 census data.  This new study will include earthquake damage assessment along with other 
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impediments to evacuation such as tsunami damage, large events, summer population and holiday 
visitors. 
 
 
A.12 Please provide information on the plans and estimated costs for storing and/or disposing 
of low-level nuclear waste and spent nuclear fuel that would be generated through a 20-year 
license extension and plant decommissioning. (Diablo Canyon, SONGS)  
 
Response for DCPP: 
The estimated costs for storing and/or disposing of low-level radioactive waste (LLRW) that 
would be generated through a 20-year license extension and plant decommissioning are $3.2 
million a year in 2010 dollars. These costs are included in the base O&M costs. 
 
PG&E’s plan for LLRW is to package and ship such waste for disposal as generated, if disposal 
access is available. LLRW can be packaged on-site or off-site by out-of-state waste processors. 
The most cost-effective option will be used for packaging of each waste stream. If disposal 
access is not available, packaged LLRW would be stored in the on-site Radwaste Storage 
Building.  
 
Currently, disposal access for Class A waste exists but we cannot ship Class B/C waste for 
disposal. Class A waste is being processed, packaged and shipped for disposal at the LLRW site 
in Clive, Utah. Class B/C waste is being packaged on-site and placed in our Radwaste Storage 
Building. The Radwaste Storage Building has enough space to store Class B/C waste generated 
through a 20 year extension.   
 
For PG&E’s plans for nuclear fuel storage and disposal, as well as spent nuclear fuel costs, that 
would be generated through a 20-year license extension and plant decommissioning please see 
the discussion under D.8   

 
A.14 Describe any safety culture issues at the plant that have arisen since 2008, efforts to 
improve the safety culture and maintain major safety-related equipment, e.g., related to 
emergency back-up power and cooling systems, and NRC's evaluation of these efforts and the 
plant's overall performance. 
 
Response for DCPP: 
An independent safety culture assessment is performed approximately every two years at Diablo 
Canyon by Utilities Survey Alliance (USA). The last such survey was performed in the first 
quarter 2010.  Overall, the USA assessment team noted that Diablo Canyon has a strong 
nuclear safety culture, a healthy respect for nuclear safety, and that nuclear safety is not 
compromised by production priorities. Station personnel understand the importance of their roles 
and demonstrate their commitment to a strong nuclear safety culture. The team identified one 
weakness, that being that some degree of mistrust challenges the station. This issue was 
entered into the corrective action program and resulted in the creation of an organizational trust 
improvement plan which is being implemented. 
 
In the first quarter of 2010, the NRC identified a weakness associated with evaluation 
thoroughness. In response to this issue, Diablo Canyon performed a root cause analysis, the 
actions from which included improved governance of evaluation activities, improved procedures 
for evaluation activities, and enhanced training for personnel involved in performing, overviewing, 
and approving evaluation activities and products.  
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In 2011, as part of evaluating a number of NRC inspection findings in the area of security, a 
critical examination of NRC safety culture components was conducted and a safety culture 
survey was performed. The survey was conducted using the same survey tool as was used by 
USA in 2010. The results of the survey showed limited but broad based improvement from the 
2010 results.  Notwithstanding, the combination of the examination of safety culture components 
with the safety culture survey showed that opportunities for improvement existed in certain areas 
of a number of safety culture components.  The information also suggested the safety culture 
within a few DCPP organizations appeared to be “challenged” in one or more areas.  As such, 
DCPP management determined that a more focused program to improve the DCPP safety 
culture was warranted, and a safety culture improvement plan has been created and is being 
implemented. This plan contains actions specifically addressing decision making processes, 
employee engagement, identification and resolution of organizational contributors to problems, 
application of causal analysis, use of operating experience, improving the environment for raising 
safety concerns, management engagement and recognition of employee contributions, 
management of change, and interaction between management and employees.  
 
Finally, with respect to safety culture, DCPP has implemented an industry initiative on safety 
culture sponsored by the Nuclear Energy Institute (NEI). Specifically, NEI provided guidance 
describing an industry approach to assessing and addressing nuclear safety culture issues. It 
places primary responsibility on line management, and in particular, on the site leadership team. 
The goal is to provide an ongoing holistic, objective, transparent and safety-focused process, 
which uses all of the information available (e.g., the corrective action program, performance 
trends, NRC inspections, industry evaluations, nuclear safety culture assessments, self 
assessments, audits, operating experience, employee concerns program, etc.) to provide an 
early indication of potential problems, develop effective corrective actions and monitor the 
effectiveness of the actions.  
 
While actions specific to maintaining emergency power and back-up cooling equipment have not 
been undertaken, Diablo Canyon is a major participant in and pilot plant for implementation of 
revised industry guidance on improved work management processes which enhance focus on 
the maintenance of equipment important to safe and reliable plant operation. 
 
The NRC completed its end of cycle performance review of Diablo Canyon on February 3, 2011. 
The review included the most recent quarterly performance indicators in addition to inspection 
results and enforcement actions from January 1, 2010 through December 31, 2010. The 
performance review did not include security information which is withheld from public disclosure. 
 
The NRC determined that overall, Diablo Canyon operated in a manner that preserved public 
health and safety. All inspection findings had very low safety significance and all performance 
indicators were within the nominal expected range.  
 
Finally, in its end of cycle letter, the NRC acknowledged that Diablo Canyon performed a safety 
culture survey in February 2011. It is the NRC's intention to review the results of this survey 
during the follow-up inspection for evaluation thoroughness identified above with focus on any 
identified weaknesses, planned corrective actions, and how Diablo Canyon intends to apply the 
assessment results and corrective actions to improve overall performance in problem 
identification and resolution. 
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A.15 Please provide copies of plant evaluations conducted by the Institute of Nuclear Power 
Operation (INPO) and any INPO Performance Index for the facility from 2009-2011. As for 
other areas, confidentiality protection will be provided for proprietary information as needed 
upon identification by the respondent. (Diablo Canyon, SONGS)  
 
Response for DCPP: 
PG&E will  make available copies of the INPO plant evaluations for inspection only (no copying) 
at the Commission’s offices subject to confidentiality as described in PG&E’s Application 
attached.  See Attachment 7. 
 
 
A.16 Please provide updated assessments of the options and costs for complying with the 
State Water Resources Control Board’s once-through cooling policy and plans for how these 
options and estimated costs will be included in the cost-benefit assessments for the plants’ 
license renewal feasibility studies. (Diablo Canyon, SONGS)  
 
Response for DCPP: 
Currently, the options and costs for complying with the State Waste Resources Control Board's 
(SWRCB) final treatment of DCPP under its once-through cooling policy are indeterminate for the 
nuclear facilities. In accordance with the policy, as of March 28, 2011, a Nuclear Plant Review 
Committee has been convened to assess compliance options for both Diablo Canyon and 
SONGS. 
 
The committee process will review the availability of technological alternatives and/or facility 
specific constraints related to policy requirements as currently adopted. Additionally, an 
independent, technically qualified, third party contractor under the guidance of the SWRCB 
Executive Director will be tasked with producing special studies on the subject. The outcome of 
this process is uncertain, and available compliance options and estimates of final costs, if any, 
are therefore also uncertain. The current policy incorporates language that envisions policy 
modifications by the SWRCB following completion of the nuclear facility review. Therefore final 
compliance requirements for Diablo Canyon and/or SONGS are not currently defined. 
 
The Nuclear Review Committee in not scheduled to complete the assessment, and report final 
findings and/or recommendations to the SWRCB, until October 01, 2013. It will not be possible to 
determine compliance options and estimated costs until the in-progress review is complete, and 
the SWRCB has finalized the policy with respect to the nuclear plants. 
 
 
Lessons Learned from Fukushima Daiichi Plant Events 
 
B.1 Please describe the studies that are underway or planned to examine the significant 
events at the Fukushima Daiichi Nuclear Plant following the March 11, 2011 earthquake/tsunami 
and the implications for California’s operating plants.  Please report on any seismic/tsunami and 
plant seismic vulnerability analyses that are planned or in progress related to these events. What 
are the preliminary findings from these assessments regarding the design safety margins for the 
plant including back-up power, emergency cooling, spent fuel pools and ISFSI (Diablo Canyon, 
SONGS, Humboldt Bay)  

RESPONSE:  Please see our letter to Melissa Jones and Barbara Byron. 
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B.2 Please summarize any lessons learned from events at Fukushima and provide copies of 
any reports provided to the Nuclear Regulatory Commission (NRC) , IAEA, or other 
organizations describing these events, lessons learned, and any implications for California’s 
plants. Please include whether any additional equipment or mitigation measures may be needed 
to prevent or minimize the risk of similar events at Diablo Canyon and SONGS, e.g., station 
blackout, hydrogen explosions, breach of containment, spent fuel pool overheating/fires, and 
loss or failure of back-up cooling systems. (Diablo Canyon, SONGS) 
 
Response for DCPP: 

RESPONSE:  Please see our letter to Melissa Jones and Barbara Byron. 

B.3 A problem at Fukushima was that monitors were not available during the emergency to 
indicate spent fuel pool conditions (e.g., water levels and temperature) as problems unfolded. Do 
the spent fuel pools have monitors or instrumentation that would be available and reliable under 
severe accident conditions? (Diablo Canyon, SONGS)  
 
Response for DCPP: 
There is a common spent fuel pool (SFP) annunciator for each unit in the main Control Room 
which actuates to indicate abnormal level (high or low) and temperature (high/rate of change).  
The associated annunciator response procedure directs local actions to confirm the abnormal 
conditions and take remedial actions.  There is also indication of SFP temperature available to 
the control room and other locations on the plant computer.  The instruments which supply 
signals to the annunciator and the plant computer are not environmentally qualified and are 
subject to failure in a harsh temperature or radiation environment. 
 
PG&E will evaluate improvement to the instrumentation associated with spent fuel pool and take 
appropriate actions based on lessons learned from Fukushima. 
 
 
B.4 Please discuss plans and preparation for an extended station blackout and/or loss of 
emergency cooling, including spent fuel pool cooling that exceed planning assumptions for the 
plant. Please explain the reliability of the emergency back-up water supply system and how 
emergency water would be provided in the event of the loss of emergency back-up cooling 
systems, storage tank rupture or the failure or loss of the infrastructure necessary to access the 
backup water for cooling. (Diablo Canyon, SONGS)  
 
Response for DCPP: 
Initial response to a station blackout is governed by the emergency operating procedures, 
specifically ECA 0.0.  The objective of this procedure is to stabilize the plant following the loss of 
power and resulting reactor trip.  Plant temperature and pressure are stabilized using the turbine 
driven auxiliary feedwater pump which does not require electrical power to operate to feed 
cooling water to the steam generators and to bleed steam to the atmosphere to remove decay 
heat from the reactor coolant system (RCS).  RCS inventory loss is minimized by isolating 
various systems connected to the RCS and efforts are initiated to repower plant electrical buses 
from offsite power and the emergency diesel generators.  In order to maximize the availability of 
DC power for various instruments and controls, non-essential loads are de-energized.  The 
steam generators are then depressurized by increasing the rate of steam flow to reduce RCS 
pressure where makeup can be provided by the safety injection accumulators.  Plant conditions 
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would then be stabilized by reducing the flow of steam and auxiliary feedwater to remove decay 
heat from the plant while efforts continued to restore power. 
 
Should the normal supply of water to the auxiliary feedwater system be depleted or lost, it can be 
transferred to alternate sources, including the Fire Water Storage Tank (FWST), the Raw Water 
Reservoir, the condenser hotwell by using an engine driven pump to transfer the water to the 
FWST via the fire water yard loop, and ultimately, ocean water by using an engine driven pump 
to transfer the water to the FWST via the fire water yard loop.  
 
Should the ability to remove decay heat from the RCS using auxiliary feedwater be lost, ECA 0.0 
directs the operators to implement the severe accident management guidelines.  Severe 
Accident Guideline 1 provides guidance for manually depressurizing one or more steam 
generators such that an engine driven long term cooling pump can be used with suction from the 
raw water reservoir to supply water to the steam generators for heat removal.  Guidance also 
exists in the Extreme Damage Management Guidelines (EDMGs) for manually depressurizing 
one or more steam generators and manually operating the turbine driven auxiliary feedwater 
pump to feed one or more steam generators. 
 
Currently, procedures do not address makeup to the RCS under blackout conditions. 
 
Both ECA 0.0 directs the operators to check the status of SFP cooling and to dispatch personnel 
to fill the pool via the fire water system using existing procedures.  In addition, the EDMGs 
provide guidance on makeup to the SFP from external water sources when power is not 
available using an engine driven pump.  
 
 
B.5 The earthquake experienced on March 11, 2011 at the Fukushima-Daiichi plant was a 
9.0 magnitude earthquake, although the plant was designed to withstand a 7.9 earthquake. 
Please explain the discrepancy and why predicting large-scale seismic and tsunami events is so 
difficult and uncertain. (Diablo Canyon, SONGS)  
 
Response for DCPP: 
As reported at the recent annual meeting of the Seismological Society of America (April 2011), 
the recurrence interval of M9 earthquakes in the region of the 2011 Tohoku earthquake is about 
1000 years based on geologic information.  The difference between the magnitude of the design 
earthquake (M7.9) and the magnitude of the 2011 Tohoku Earthquake (M9) highlights the 
importance of evaluating seismic sources using geologic information that rather than using only 
historical earthquakes.   
 
This discrepancy occurs because the time period over which historical earthquakes are reported 
is too short to accurately characterize the occurrence of large rare earthquakes.  In California, 
the faults are characterized using geologic information including the fault dimension (length and 
width) and the slip-rate rather than using only historical earthquakes.  
 
Using geologic data leads to smaller uncertainties of large rare earthquakes than using historical 
earthquake data, but models developed for the size and rate of rare events based on geologic 
data still has significant uncertainty because there are only a few samples of the rare events 
even in the geologic data.  These scientific uncertainties are characterized through the use of 
logic trees that capture the alternative models. 
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B.6 Given the lessons learned from the Fukushima plant in Japan and overheating problems 
in spent fuel pools, what are the estimated costs and potential risks of relying indefinitely upon 
onsite interim storage facilities? Please provide a copy of any cost/benefit study on the costs and 
risks of long-term or indefinite onsite spent fuel storage in pools and dry cask storage. (Diablo 
Canyon; SONGS; Humboldt Bay) 
 
Response for DCPP: 
DCPP utilizes a mix of wet and dry storage technology for the interim storage of spent nuclear 
fuel.  Once spent nuclear fuel is discharged from the reactor, it is stored for a minimum of 5 years 
in the spent fuel pools prior to becoming a candidate for placement into the dry storage system. 
 
The operational cost of maintaining the dry storage facility is approximately $2.5 million (M) 
annually.  This cost includes security and operational support.   We do not have specific 
numbers for the cost to maintain and operate the systems that support the spent fuel pool 
operation.   
 
Cost/benefit studies have not been developed for the long term storage of spent nuclear fuel at 
the DCPP site. It is assumed in budget development, that PG&E will store spent nuclear fuel on 
site until the Department of Energy is ready to perform the removal.  Estimates of Direct Cost for 
movement of spent nuclear fuel into dry storage have been developed and planned for the near 
term operating budgets.  PG&E has developed a dry storage facility that is licensed and 
permitted to store all of the spent nuclear fuel generated during the 40 year licensed life of 
DCPP.  It is still our position that the facility is an interim solution until the Department of Energy 
assumes their responsibility and collects the fuel for reprocessing or long term storage. 
 
Risk has been addressed during the licensing process.  DCPP has a site specific license in 
which the environmental effects and consequences of spent fuel storage have been addressed.  
Please refer to the 10 CFR Part 50 and Part 72 environmental impact reports for specific 
information. 
 
Response for HBPP: 
HBPP has all fuel placed into the dry storage casks at the ISFSI. 
 
The operational cost of maintaining the dry storage facility is approximately $3.5M annually. This 
is 2010 dollars, and will escalate annually.    
 
Specific cost/benefit studies have not been developed for the long term storage of spent nuclear 
fuel at the HBPP site. It is assumed in budget development, that PG&E will store spent nuclear 
fuel on site in the ISFSI until the Department of Energy is ready to perform the removal.   
 
Risk has been addressed during the licensing process.  HBPP has a site specific license in 
which the environmental effects and consequences of spent fuel storage have been addressed.  
Please refer to the 10 CFR Part 50 and Part 72 environmental impact reports for specific 
information. 
 
 
Spent Nuclear Storage 
 
C.1 Please update the following Table 12 from the AB 1632 Assessment of California’s 
Operating Nuclear Plants: Final Report, October 2008 (CEC-100-2008-005-F, page 213).  
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Response for DCPP:   
 
Table 12: Waste Generated at Diablo Canyon (Units 1 and 2) and SONGS (Unit 1, 2 and Unit 3) 

 Spent Fuel Low-Level Waste 
(No. of 

Assemblies) 
(Metric Tons 
of Uranium) Class C (ft3) GTCC (ft3) 

Diablo 
Canyon 

Total Generated 
through 2011 

3062 1319.8 
1023 unknown 

2011 Through end 
of initial license 

1248 536.64 1,320 to 
2,790 unknown 

License Extension 2112 908.16 1,760 to 
3,720 unknown 

Decommissioning 0 0 1,148 866 
Total 6422 2764.6 5,251 to 

8,681 866 
 
 
C.2 For each of the years 2008-2011, how much spent nuclear fuel was generated by each 
unit and what is the anticipated average annual spent fuel generation rate for each unit over the 
lifetime of the plant? (Diablo Canyon, SONGS)  
 
Response for DCPP:    
The used fuel attributable to calendar years 2008 through 2011 is summarized in the table 
below.   
 
The rate of used fuel generation is estimated to be 52 assemblies per year per unit or 104 
assemblies per year for the Diablo Canyon site.  For the purpose of estimating future MTU 
loadings, the estimated MTU per fuel assembly is assumed to be 0.43 MTU/assembly.  This 
corresponds to an approximate generation rate of approximately 22.4 MTU per year per unit or 
44.8 MTU per year for the Diablo Canyon site. 
 
 

Diablo Canyon Used Fuel Changes CY 2008 - 2011 
 Unit 1 Unit 2 

No. of 
Assemblies 

Metric Tons 
of Uranium 

No. of 
Assemblies 

Metric Tons of 
Uranium 

2008 (2R14)   84 (PP) 35.5 
2009 (1R15/2R15) 84 (JJ) 35.5 80 (RR) 33.7 
2010 (1R16) 84 (KK) 35.4   
2011 (2R16)   88 (TT) 37.1 

 
 
Spent Nuclear Fuel Storage 
 
D.1 Please provide current updates to Table 14 from page 217 of the AB 1632 Assessment of 
California’s Operating Nuclear Plants: Final Report, October 2008 (CEC-100-2008-005-F): 
Please also provide the information in metric tons of uranium.  
 
Response for DCPP: 
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An updated version of Table 14 is provided below.  For the purpose of assessing the MTU for 
each location, a nominal value of 0.43 MTU per assembly is assumed. 
 

Table 14: On-Site Spent Fuel Storage Capacity (number of assemblies) 
 Diablo Canyon Humboldt Bay 
 Assemblie

s 
MTU  

ISFSI Capacity  1,280 550.4  
Planned Expansions  3,136 1348.48  
Total Planned ISFSI Capacity  4,416 1898.88  
Spent Fuel Pool Current Capacity  2,648 1138.64  
Total On-site Storage Capacity  7,064 3037.52  
Assemblies Generated during Current Licensing 
period  

4,310 1856.44  

Spent Fuel Pool Original Design Capacity (Before 
re-racking)  

540 232.2  

 
 
D.2 What is the current total amount of spent fuel (number of assemblies and metric tons of 
uranium) stored in storage pools? How does this compare to the original storage capacity when 
the plant was originally designed (i.e., how many times more spent fuel is currently being stored, 
and planned for storage, compared to the original plant design for the spent fuel pool)? (Diablo 
Canyon, SONGS)  
 
Response for DCPP: 
The current (5/23/11) inventory of the DCPP spent fuel pools is provided in the table below. 
 

 Unit 1 Unit 2 
Assy MTU Assy MTU 

Current Used Fuel Inventory 1,068 461.7 1096 471.7 
 
The current used fuel inventory is greater than the original storage capacity of the spent fuel 
pools.   
 
The original capacity of each pool was 270 fuel assemblies.  The current inventory is 4.0 and 4.1 
times the originally planned storage capacities of Units 1 and 2, respectively.  Each spent fuel 
pool is currently capable of storing 1324 fuel assemblies, or 4.9 times the design capacity of the 
original spent fuel racks. 
 
 
D.3 How many times has the spent fuel pool been re-racked? What are the plans for storing 
spent fuel in pools through the end of the operating license and through a 20-year license 
extension? (Diablo Canyon, SONGS)  
 
Response for DCPP: 
The Diablo Canyon spent fuel pools were reracked once on each unit.  The current high-density 
racks were originally installed in 1986 and then temporarily removed from the spent fuel pools 
due to issues associated with the licensing of the reracking.  The racks were reinstalled after 
resolution of the licensing issues.  In the interim period between the initial and final installation of 
the high-density spent fuel racks, the original spent fuel storage racks were reinstalled. 
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While the ISFSI was being licensed, one temporary rack was placed into the each spent fuel 
pool.  Each temporary rack was licensed to store 154 assemblies.  The temporary racks have 
been removed and are no longer in service.   
 
The plans for storing spent fuel in pools through the end of the operating license and through a 
20-year license extension is provided in the D.8 response. 
 
 
D.4 What is the estimated time/costs to return the spent fuel pools to their original storage 
configuration (as originally designed), for example, by moving some spent fuel from the pools 
into dry cask storage (Diablo Canyon, SONGS)  
 
Response for DCPP: 
PG&E has not performed any studies in consideration of returning the spent fuel pools to the 
storage levels conceived during the original plant licensing.   
 
In 2012 and 2013, PG&E intend to perform two loading campaigns to remove sufficient spent 
fuel from the pools to provide an operational buffer that would allow us to get into a cycle of 
performing loading campaigns every other year. 
 
 
D.5 What are the annual spent fuel pool operating and maintenance costs? Are any major 
capital investment projects planned and/or anticipated for the spent fuel pools, particularly in light 
of events at the Fukushima Daiichi plant? If so, what are the anticipated costs? (Diablo Canyon, 
SONGS) 
 
Response for DCPP: 
Diablo Canyon does not collect cost in the accounting system in a manner that allows for 
operating and maintenance cost by system (such as spent fuel pool) to be extracted.  Cost are 
collected and reported by organizational department.  The spent fuel pool operating and 
maintenance costs are included in the total O&M cost and forecasts. 
 
The Plant Betterment Study developed for the Diablo Canyon License Renewal prior to the 
events at the Fukushima Daiichi plant includes one potential capital project for the spent fuel 
pools.  This potential project is the installation of redundant spent fuel pool cooling systems at an 
estimated cost of $23M.  The NRC, industry, and PG&E are evaluating lessons learned from the 
Fukushima events.  To date, no major capital investment associated with the spent fuel pool has 
resulted from these lessons learned. 
 
 
D.6 What is the current status of the Interim Spent Fuel Storage Installation (ISFSI) and 
projected schedule for transfer of spent fuel to the ISFSI during the operating license period and 
through a 20-year license extension? What are the current estimated costs for constructing new 
dry cask storage facilities onsite? (Diablo Canyon, SONGS) 
 
Response for DCPP: 
The DCPP ISFSI was designed, licensed and permitted to accommodate up to 138 storage 
cask, each containing 32 spent nuclear fuel assemblies.  During the initial phase of construction, 
two of the seven foundations were installed.  For continued operation, three additional pads will 
be constructed in the 2012/2013 timeframe at a projected cost of approximately $21M.  The 
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remaining two pads will be installed at a later date, dependent on the progress the Department of 
Energy makes in meeting the obligations of the Nuclear Waste Policy Act.  ISFSI Expansion to 
accommodate fuels discharged during license renewal would be addressed during plant 
decommissioning. 
 
The ISFSI currently contains 16 storage cask, each containing 32 spent fuel assemblies.  DCPP 
currently plans on loading 6 additional storage casks in the first quarter of 2012 and at least 10 
additional casks in 2013. 
 
 
D.7 What is the current amount of spent fuel being stored and planned for storage (number of 
assemblies and metric tons of uranium) in the ISFS through the end of the operating license as 
well as through a 20-year license extension? What are the plans for increasing onsite storage 
capacity to accommodate all of the spent fuel generated during the current operating license and 
through a 20-year license extension? (Diablo Canyon, SONGS) 
 
Response for DCPP: 
Currently, 16 casks, containing a total of 512 spent fuel assemblies, are stored in the DCPP 
ISFSI.  Each assembly contains approximately 0.43 metric tons of uranium.  Therefore,  
220.16 metric tons of uranium are currently in Dry storage. 
 
As noted in the answer to D.6, the ISFSI can accommodate up to 138 storage cask, each with 32 
fuel assemblies.  This equates to approximately 1,898.88 metric tons of uranium.  The additional 
spent fuel assemblies discharged from the reactors during a subsequent 20-year license 
extension would be stored in the Spent Fuel Pools until DOE collects spent fuel from the ISFSI 
or the ISFSI is expanded beyond the current licensed size of 138 storage casks.  ISFSI 
expansion, if necessary, is not anticipated to take place until plant decommissioning. 
 
 
D.8 Given that the Yucca Mountain program has been terminated (except for the license 
application proceeding), what are the current plans and costs for indefinite onsite storage of 
spent fuel? (Diablo Canyon, SONGS, Humboldt Bay) 
 
Response for DCPP: 
PG&E’s preferred approach for additional spent fuel storage is to either ship the spent fuel to a 
Federal waste repository or waste reprocessing facility.  The NRC prepared an update of its 
Waste Confidence findings (FR 59551 dated 10/9/08).  The NRC update concluded that there is 
reasonable assurance that sufficient mined geologic repository can reasonably be expected to 
be available within 50-60 years beyond the licensed life for operation of any reactor to dispose of 
the commercial high-level waste and spent fuel.  The NRC further concluded there is reasonable 
assurance that, if necessary, spent fuel generated in any reactor can be stored safely without 
significant environmental impacts for at least 60 years beyond the licensed life for operation 
(which may include the term of a revised or renewed license) of that reactor in a combination of 
storage in its spent fuel storage basin and either onsite or offsite independent spent fuel storage 
installations.   
 
If PG&E operates for an additional 20 years, at the end of the extended operating period, the 
NRC-permitted Independent Spent Fuel Storage Installation (ISFSI) will be full and the spent fuel 
pools will be full.  In order to decommission, PG&E must remove the spent fuel from the spent 
fuel pools.  Spent fuel may not be moved sooner than 5 years after operations cease.  In order to 
support decommissioning, the spent fuel stored in the spent fuel pools would have to be moved 
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into dry storage, if the Department of Energy is unable to collect and remove the spent fuel by 
that time. During the decommissioning period, PG&E would have to permit and construct an 
additional ISFSI.   
 
PG&E forecasts the increased ISFSI costs due to extended operations of DCPP to be: 
 

ISFSI Costs of Extended Operations 
(thousands of nominal dollars) 
  
Escalation of ISFSI Costs in Decommissioning 283,395
Additional Cost of Demolition and Disposal of ISFSI 
Pads 3,322
Licensing Cost of New ISFSI 9,841
Total 296,558

 
See Attachment 9 for support for the above forecast. 
 
PG&E anticipates that interest earned in the nuclear decommissioning trust will more than offset 
the cost of the additional ISFSI, and no increase in decommissioning payments by customers will 
be necessary.   
 
 
D.9 How long is the spent fuel upon removal from the reactor core currently cooled in the 
spent fuel pools before being transferred to the ISFSI? (Diablo Canyon, SONGS 2 and 3)  
 
Response for DCPP: 
Spent nuclear fuel is cooled for a minimum of 5 years in the spent fuel pools before the 
assemblies can be considered candidates for placement into dry storage.  Our dry storage 
system utilizes a regionalized storage concept, such that older, colder spent fuel is stored on the 
outer regions of the canisters with the hotter, younger fuel placed in the center.  This form of 
storages assist with heat transfer as the fuel continues to cool. 
 
 
D.10 Please provide updated information on the amount and status of any damaged spent fuel 
that is being stored at the plant and any spent fuel generated at the plant that is unaccounted for 
by the plant owner. Please describe any special considerations or requirements for long-term 
storage of damaged spent fuel in the pools or ISFSI or for transport of damaged spent fuel 
offsite. (Diablo Canyon, SONGS, Humboldt Bay)  
 
Response for DCPP: 
The DCPP used fuel inventory currently identifies 15 fuel assemblies as damaged.  The status of 
these damaged fuel assemblies is summarized in the table below.   
 
There is currently no DCPP fuel unaccounted for by PG&E. 
 
Long-term storage of spent fuel includes storage of individual fuel rods or sections of fuel rods in 
a failed fuel storage container.  Damaged fuel is currently being stored in the spent fuel pools.  
The only special consideration given to the storage of damaged fuel in the spent fuel pool is that 
damaged rods are removed when possible and stored in a failed fuel storage container. 
 
The ISFSI design does allow for the storage of damaged fuel in damaged fuel containers. 
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DCPP Damaged Fuel 
Unit Assembly Status 
1 A06 Stored in U1 SFP, unrepaired 
1 A54 Stored in U1 SFP, unrepaired 
2 L33 Stored in U2 SFP, unrepaired 
2 M37 Stored in U2 SFP, repaired, 1 rod removed 
2 M60 Stored in U2 SFP, repaired, 1 rod removed 
2 N03 Stored in U2 SFP, repaired, 1 rod removed 
2 U13 Stored in U2 SFP, unrepaired 
2 V02 Stored in U2 SFP, unrepaired 
2 V03 Stored in U2 SFP, unrepaired 
2 V58H Stored in U2 SFP, repaired, 1 rod removed 
2 X16 Stored in U2 SFP, repaired, 1 rod removed 
2 Y05 Stored in U2 SFP, repaired, 1 rod removed 
2 Z16 Stored in U2 SFP, repaired, 1 rod removed 
2 Z17 Stored in U2 SFP, repaired, 2 rods removed 
2 NN66 Stored in U2 SFP, unrepaired 
DCPP Damaged Fuel Rod Storage 
2 FFC1 Failed Fuel Container currently stored in the U2 SFP.  Contains 9 

rods from the damaged fuel assemblies identified above. 
 
Response for HBPP: 
There are 129 assemblies categorized as damaged fuel at Humboldt Bay.  These are contained 
in “damaged fuel containers” which were then placed into the casks as any other fuel assembly.  
These assemblies are fully transportable in this condition in the HI-STAR casks.   
 
 
D.11 What are the most recent estimates for how long spent fuel can be safely stored in the 
ISFSIs without repackaging or refurbishing any ISFSI components? For ISFSI components with 
design lives of less than 50 years, please specify the design life for each component and 
describe: (a) what steps would be needed in order to continue to store spent fuel in the ISFSI 
beyond that design life, (b) the cost of these steps, and (c) the new design life of the component 
after these steps are taken. (Diablo Canyon, SONGS, Humboldt Bay) 
 
Response for DCPP: 
Current estimates are that spent nuclear fuel can be stored in the current packages for at least 
100 years.  The NRC continues to perform research on the performance of the materials used in 
the dry storage process.  The NRC will determine and manage the length of time that spent 
nuclear fuel is allowed to remain in the current package design.  No plans have been developed 
for the repackaging of fuel placed in dry storage. 
 
The DCPP Independent Spent Fuel Storage Installation (ISFSI) is licensed to operate for 20 
years.  This license can be renewed for an additional 40 years of operation.  Under the renewal 
process, utilities are required to specify what actions are performed to monitor and maintain the 
storage containers as well as the storage facility.  DCPP has a systematic program for inspecting 
the storage cask for vent blockage daily and a monthly material condition review.  Any issues 
identified are addressed under our corrective maintenance program.   
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Exterior coating repair is an area that we expect to perform additional maintenance during the 
subject 50 year period.  Cost would be on a time and material basis and would be subject to 
DOE recovery. 
 
Response for HBPP: 
The ISFSI is currently licensed for 20 years.  The NRC has granted license extensions for other 
ISFSIs for an additional 40 years, and application for a similar extension is planned prior to the 
2025 expiration date.   
 
The following is from chapter 3.4 of the Holtec FSAR for the HISTAR 100 system, which is the 
basis of the HB ISFSI design: "The requirements for periodic inspection and maintenance of the 
overpack throughout the 40-year service life are defined in Chapter 9. These requirements 
include provisions for routine inspection of the overpack exterior. ISFSIs located in areas subject 
to atmospheric conditions which may degrade the storage cask or canister should be evaluated 
by the licensee on a site-specific basis to determine the frequency for such inspections to assure 
long-term performance.  
 
The above findings are consistent with those of the NRC’s Waste Confidence Decision Review 
[3.4.11], which concluded that dry storage systems designed, fabricated, inspected, and operate 
in accordance with such requirements are adequate for a 100-year service life while satisfying 
the requirements of 10CFR72." 
 
Additional information on specific ISFSI components can be obtained from the cask vendor for 
both HBPP and DCPP, Holtec International. 
 
As a 100 year life is beyond the 60 year duration of the initial license plus the extension, no 
studies have been undertaken for storage beyond that duration. 
 
 
D.12 What are the current estimated total costs to construct and fill the Diablo Canyon and 
SONGS ISFSIs with all the spent fuel expected to be generated through the current operating 
license? What would be the estimated total cost to construct and fill the ISFSIs with all the spent 
fuel that is expected to be generated through a 20-year license extension? (Diablo Canyon, 
SONGS)  

 
Response for DCPP: 
See Attachment 10. 
 
 
D.13 What are the current annual and total estimated costs for the maintenance, operation, 
and security for the ISFSI? What are the estimated costs for storing spent fuel in the ISFSIs 
through the end of the plant’s current operating licenses? What would be the additional 
operations, maintenance, and security costs resulting from delays in shipment to offsite storage 
lasting up to 25 years (for example, through the year 2034)? (Diablo Canyon, SONGS, Humboldt 
Bay)  
 
Response for DCPP and HBPP: 
Diablo Canyon does not collect cost in the accounting system in a manner that allows for 
operating and maintenance and security cost by system (such as the ISFSI) to be extracted.  
Cost are collected and reported by organizational department.  The ISFSI operating and 
maintenance costs are included in the total O&M cost and forecasts.   
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It is estimated that the DCPP costs for ISFSI including security and other support activities during 
decommissioning of the facilities (excluding fuel transfer from pool to ISFSI or DOE) is $5.103M 
(Unit 1) and $5.116M (Unit 2) in 2008 dollars.  This would be $5.593M and $5,067,000 for the 
respective units in 2011 dollars, an increase of 3.6% per year. It is expected that these baseline 
costs would remain constant increasing by inflation through any defined timeframe, such as 25 
years. 
 
The HBPP costs for the ISFSI including security and other support activities is $4.365M per year 
in 2008 dollars.  This would be approximately $4.850M in 2011 dollars, an increase of 3.6% per 
year.   It is expected that these baseline costs would remain constant increasing by inflation 
through any defined timeframe, such as 25 years. 
 
 
Seismic and Tsunami Issues 
 
E.1 A recent report by the US Geological Survey (USGS) that was presented at the 
Seismological Society of America's Annual Meeting (Jeanne Hardebeck et al.) concluded that, 
"There's no objective evidence for any discontinuities or segmentation of the Shoreline Fault." 
This conclusion may have major implications for estimates of the earthquake potential for this 
fault and appears to conflict with PG&E's assertion that the Shoreline Fault is segmented. This 
USGS report further states that, "The Shoreline plane is ~25 km long, and its NW end extends to 
the mapped trace of the Hosgri Fault, indicating that there is no gap between these faults at 
seismogenic depths." Please explain the apparent discrepancies between this USGS report and 
PG&E's assertions about the Shoreline and Hosgri Faults, i.e., whether the Shoreline Fault is 
segmented and its potential interaction with the Hosgri Fault, implications for seismic hazard for 
Diablo Canyon, and any planned seismic research to address these questions. (Diablo Canyon) 
 
Response for DCPP:   
The logic tree used to characterize the uncertainty in source parameters for the Shoreline fault 
zone source is based on the data collected and evaluated to date. The logic tree used in the 
2011 seismic hazard update considered two alternative rupture scenarios for the Shoreline fault 
zone, one in which the fault zone ruptures as an independent source, and the other in which the 
Shoreline fault zone is kinematically linked to other faults in the Southwestern Boundary fault 
zone. 
 
Currently our logic tree does not connect the Shoreline to the Hosgri fault, because we believe 
this is an unrealistic scenario based on two recent studies: 1) Research by Paul Sommerville 
(Analysis of Inhibition of Faulting at Fault Branches by Paul Sommerville, URS, 6 April 2009 - 
Appendix J,  Report on the Analysis of the Shoreline Fault Zone, Central Coast California, 
2011) has shown that geometry between the Shoreline and Hosgri fault zone is unfavorable for 
synchronous rupture; and 2) results of dynamic rupture modeling show that rupture on the Hosgri 
fault zone is inhibited from rupturing onto the Shoreline fault zone.  For these reasons, this 
scenario was not considered in the logic tree. 
 
Even though recent studies have shown that linking the Shoreline and Hosgri fault is unlikely, a 
sensitivity analysis was conducted by PG&E considering up to a M8 on the Shoreline fault. 
Generating an earthquake of this magnitude requires linking the Shoreline to the Hosgri, the 
Hosgri to the San Simeon, and the San Simeon to the San Gregorio fault.  Considering the 84th 
percentile response spectrum from a M8 on the Shoreline fault, all spectral acceleration values 
at DCPP (using current ground motion prediction equations) are enveloped by the 1977 Hosgri 
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spectrum for the frequency range of interest (between 3 and 20 Hz).  Therefore, even though we 
consider this case unlikely, we have accounted for a joint rupture of the Shoreline and Hosgri 
faults and conclude that this scenario does not have major implications to DCPP.   
 
As part of the offshore 3-D seismic surveys, PG&E will perform a check on this assumption.  The 
intersection of the Shoreline and Hosgri fault zones will be studied to help further understand the 
interaction of these two fault zones at depth. 
 
 
E.2 What refinements, if any, have been achieved or are being conducted in ground motion 
models to account for ground motion near an earthquake rupture and what are the implications 
of these refinements for the design and reliable operation of Diablo Canyon and SONGS 
considering both safety-related and non safety-related systems, structures and components 
(SSCs) of the plant? What are the estimated outage times to repair/replace these non-safety 
related SSCs and what are the repair/replacement plans to minimize plant outage time? (Diablo 
Canyon, SONGS) 
 
Response for DCPP:   
The Next Generation Attenuation (NGA) models represent the current state-of-practice for 
estimating ground motions from crustal earthquakes in active tectonic regions.  There are five 
NGA ground motion prediction equations (GMPEs) and each of the five are given equal weights 
for the analysis used on assessing the structures, systems, and components (SSCs) at DCPP.  
In ground motion models, the primary effect of directivity is to increase the variability of the long 
period ground motions at short distances.  The 84th percentile ground motion includes much of 
the effect of directivity through the standard deviation of the ground motion.  The forward 
directivity leads to an above average ground motion at long periods, and the use of the 84th 
percentile is addressing this above average ground motion case.  Note that long periods are not 
critical for nuclear power plants.  The NGA models are currently being revised to explicitly 
include directivity effects as part of the NGA-west2 project being conducted at the Pacific 
Earthquake Engineering Research Center.  The effect of directivity on both the median and the 
standard deviation will be considered.  The updated NGA-west2 models are scheduled to be 
completed in September 2012 and will be incorporated in the seismic hazard studies at DCPP as 
they become available. 
 
All of the SSCs at DCPP are designed to the appropriate seismic criteria. All SSCs that are 
required for mitigation of an accident or for safe shutdown of the plant are designed to the 
Design Earthquake (DE), and Double Design Earthquake (DDE) criteria, and are evaluated to 
withstand a M7.5 earthquake on the Hosgri fault defined by the 1977 Hosgri spectrum. These 
SSCs are categorized as safety related and meet the Seismic Category I criteria. The SSCs that 
are required to support operation of the plant, mostly balance of plant SSCs, are designed to 
less stringent seismic performance criteria. The balance of plant SSCs are categorized as non-
safety related Design Class II components. Operating performance of these Design Class II 
SSCs may be compromised due to a significant earthquake and result in a prolonged shutdown 
of the plant for over 120 days. Nuclear power plants have periodic major outages to replace 
components. One hundred twenty days was chosen as the time limit for an extended major 
outage following a seismic event since this period was longer than the routine refueling and 
component replacement outages and outages longer than 120 days may adversely affect the 
power grid. 
 
Several standards are used in the design of Design Class II SSCs, including the Uniform 
Building Code and the California Building Code for equipment anchorage, equipment support 
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structures, and building structures not required for safe shutdown of DCPP. The use of building 
codes is generally not relevant to assess the function and operation of equipment after an 
earthquake. The codes are intended primarily to safeguard against major failures and loss of life. 
 
The eight categories of BOP equipment with potential long replacement times (defined as 
greater than 120 days) have probabilities of serious damage due to earthquake on the order of  
1 x 10EE-4 per item per year (about one chance in 10,000 per year). In the rare instances where 
equipment damage has occurred, it is almost always to single equipment items. Equipment 
redundancy, where there are two or more items sufficient to perform the design function, would 
therefore make the probability of loss-of-the-required-service much lower than the probability of 
individual equipment damage. 
 
For additional information please reference PG&E report: Seismic Assessment of Diablo Canyon 
Power Plant, Non-Safety Related Structures, Systems, and Components, March 2010.  See 
Attachment 2. 
 
 
E.4 What efforts are planned, in progress or have been completed to install a permanent 
GPS array for helping to resolve seismic uncertainties in the vicinity of the plants?   (Diablo 
Canyon, SONGS)  
 
Response for DCPP: 
PG&E, in conjunction with the USGS, as part of a Cooperative Research and Development 
Agreement established an array of nine semi-permanent sites in the vicinity of DCPP during 
2008 and 2009.  In 2010, PG&E and USGS established a continuous GPS station coincident 
with the Central Coast Seismic Network station at Piedras Blancas.   An application is currently 
under review by the Department of Interior Bureau of Land Management to place a GPS site 
immediately west of the Shoreline Fault Zone on Pecho Rock.   
 
In addition, PG&E submitted to the California State Lands Commission for the Surface Lease 
Application for the Ocean Bottom Seismometer (OBS) Project.  The proposed project involves 
the placement of OBS units onto the seafloor adjacent to active faults offshore of the DCPP in 
order to record real-time data on earthquakes within the fault zones.  The OBS units will record 
earthquake-generated ground movement and sound data and continually transmit real-time data 
through cables to an onshore facility.   
 
 
E.5 What efforts are planned to assess tsunami hazards using new data from NOAA, given 
the recent devastating tsunami in Japan, and any revised tsunami run-up maps from the 
University of Southern California (USC).  Please provide the results of any recent tsunami hazard 
studies that have been conducted and their implications for plant vulnerability and reliability.  
(DCPP, SONGS, and HBPP)   
  
Response for DCPP and HBPP: 
The March 11, 2011 Tohoku earthquake and tsunami provided the opportunity for 
implementation of the tsunami warning and notification system in California and PG&E’s own 
tsunami response protocols.  
 
Following receipt of a tsunami warning in Humboldt County, Humboldt Bay Generating Station 
(HBGS) was temporarily shut down and the plant was made safe at 0521.  The surrounding 
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community was evacuated at 0445.  By 0802 power output was back to normal following the 
Humboldt County Sheriff lifting the evacuation.   
 
The Diablo Canyon Power Plant in San Luis Obispo County continued to operate normally and 
monitored the situation to take appropriate steps as warranted during the morning of March 11.  
 
One of the major success stories for the Japan tsunami event was the timely issuance of wave 
arrivals and wave height estimates by the National Oceanic and Atmospheric Administration 
(NOAA) and the validation of these estimates by tide gauge recordings.  The availability of 
credible wave arrival and height estimates allows emergency managers and responders to take 
appropriate protective actions in advance of the wave arrival.   NOAA travel time calculations for 
the Japan tsunami (see Figure 1.0) identified the critical window for when the waves were 
expected to arrive along the west coast of the United States.  Actual recorded wave heights (See 
Table 1.0) were within 86% to 93% of estimated values that were published on line within a few 
hours of event.  The DCPP tsunami model indicated minimal tsunami wave activity at DCPP.  
The arrival of the tsunami waves during morning low tide served to mute the overall effects.  
 
Table 1.0  Comparison of NOAA MOST wave height estimates for Humboldt Bay (HBB) and Port 
San Luis (PSL) with actual arrivals.  
 

Location Arrival 
Time PST 

MOST 
estimate 

Actual 

HBB 0729 1.13 0.97 
PSL 0811 2.14 2.0 
DCPP  0.98 *  

0 to peak amplitude (meters)  
* DCPP tsunami model 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  1.0  Map of tsunami travel times for March 11 2011 Mw 9 Tohuku, Japan tsunami 
(NOAA, 2011)  
 
University of Southern California (USC) tsunami run up maps are intended to provide guidance 
for coastal evacuation planning.  The USC maps indentified potential inundation areas near 
Pismo Beach.  In the immediate vicinity of DCPP, a high cliff (~ 85 feet) and a relatively narrow 
beach indicated little potential impact from the Japan tsunami.  Immediately outside of the DCPP 
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property, however,  Avila Beach Drive was temporarily closed by local Sheriffs Office until the 
Tsunami Warning was lifted.   Significant wave damage was avoided in and around Avila Bay by 
the fact that the waves arrived during low tide.  
 
PG&E has developed a Methodology for Probabilistic Tsunami Hazard Analysis (PTHA) and 
conducted a trial application to the Diablo Canyon Power plant site in 2010.  The report can be 
found at http://peer.berkeley.edu/tsunami/tasks/task-1-tsunami-hazard-analysis/ .   PTHA 
included the effects of submarine landslides, which were not specifically considered in the DCPP 
licensing basis.  While this study was done in a different manner and not directly comparable 
with previous results and analyses, it was concluded that the PTHA did not identify new hazard 
information that warranted inclusion into the DCPP design and license basis.   Tsunami Study 
Presentation is provided on the enclosed CD for information.  See Attachment 27. 
 
 
E.6 Significant global warming issues for coastal nuclear power plants include sea level rise 
and increased storm activity. Please describe any studies planned, underway or completed 
regarding global warming phenomena and their effects on the plant. (Diablo Canyon, SONGS, 
Humboldt Bay)  
 
Response for DCPP: 
PG&E has implemented a long term program to monitor the scientific communities evolving 
projections for regional impacts which may result from global warming phenomena. The program 
additionally incorporates periodic assessments based on those projections of potential for 
adverse impacts to electric and gas transmission, distribution, generation (electric), and storage 
(gas) infrastructure owned or controlled by the Utility. These phenomena include sea level rise, 
and storm frequency and intensity. 
 
Coastal Storm Activity 
 
Currently, the most broadly accepted scientific modeling continues to predict that a substantial 
increase in the average frequency or intensity of Pacific Ocean storms (which could adversely 
impact coastal power plant operations) will not occur in the next several decades. This is 
potentially related to projections that average ocean temperatures in the Pacific, which currently 
fluctuate naturally in the West Coast Region due to cyclic El Nino and La Nina periods, will not 
significantly change. Average Northwest Pacific Ocean temperatures are projected to increase 
only approximately 1 degree Centigrade or less due to global warming related influences by 
2050. 
 
Sea Level Rise 
 
PG&E conducted an evaluation of increased sea levels at DCPP in response to a California 
Coastal Commission (CCC) letter which included a request to assess potential adverse effects of 
sea level rise during a proposed license renewal period. The evaluation concluded no shoreline 
alterations to plant structures would be necessary through 2045. This assessment additionally 
eliminated concerns associated with sea level rise for those plant structures and systems located 
at the 85'-elevation or above that are significantly removed from the shoreline zone. The 2010 
response to the CCC letter is provided: 
 
California Coastal Commission Letter, dated December 29, 2009 
 
Question on page 4 of 5: 
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pp. E-40-41, CCMP Section 30235 Construction Altering Natural Shoreline: The certification 
states that no shoreline alterations are necessary. However, by extending plant operations until 
about 2045, license renewal would subject the facility to the effects of sea level rise (which could 
include direct effects on the facility's intake and outfall as well as indirect effects due to coastal 
erosion, landslides, or other similar geomorphic changes). Please provide analyses of whether 
predicted sea level changes would result in the need for shoreline alterations during the term of 
the proposed renewed license (see also Section 30253(1) below). 
 
PG&E Response: 
Based on PG&E's evaluation of sea level rise, no shoreline alterations would be necessary 
during the term of the proposed renewed license. 
 
The Staff Report to the California State Lands Commission (Reference 1, December 2009), 
states: 
 
"According to a paper prepared by researchers from Scripps Institution of Oceanography, the 
University of California San Diego, the U. S. Geological Survey, Santa Clara University, the 
California Department of Boating and Waterways, and Hydrologic Research Center (Reference. 
2) sea level is projected to rise 16” by 2050." 
(Reference 1, page 1, italicized reference added) 
 
By extending DCPP operations until 2045, DCPP could be subject to this projected 16-inches 
sea level rise. PG&E has completed evaluations of plant structures that may be impacted by sea 
level rise. These structures include the intake structure, breakwaters, and discharge structure. 
PG&E concluded that if sea level rises an additional 16 inches, the design of the plant structures 
would not be affected (Reference 3). 
 
References: 
A Report on Sea Level Rise Preparedness, Staff Report to the California State Lands 
Commission, December 2009, available at 
http://www.slc.ca.gov/Reports/SEA_LEVEL_Report.pdf 
 
California Climate Change Center, Climate Change Scenarios and Sea Level Rise Estimates for 
the California 2009 Climate Change Scenarios Assessment (Final Paper), available at 
http://www.energy.ca.gov/2009publications/CEC-500-2009-014/CEC-500-2009-014-F.PDF 
 
Diablo Canyon Power Plant, Units 1 and 2, Final Safety Analysis Report Update, Rev. 19, May 
2010, Section 2.4.5.4. 
 
Response for HBPP: 
See Attachment 11. 
 
 
E.7 Please provide a copy of any testimony, scientific papers, reports or formal comments on 
seismic and tsunami issues related to Diablo Canyon, SONGS, and Humboldt Bay since 2008. 
(Diablo Canyon, SONGS, Humboldt Bay)  
 
Response for DCPP and HBPP: 
A copy of testimony, scientific papers, reports or formal comments on seismic and tsunami 
issues related to DCPP and HBPP are provided on the enclosed CD.  See Attachment 12 to 35. 
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E.8 Regarding PG&E’s recent report to the Nuclear Regulatory Commission on the Shoreline 
Fault (January 2011), please explain why, when looking at the fault traces mapped onshore in 
the vicinity of Diablo Canyon, all of the mapped traces of faults that trend toward the plant 
terminate approximately 5 to 10 kilometers from the facility.  (Diablo Canyon) 
  
Response for DCPP: 
The earth-science part of the PG&E Long Term Seismic Program (LTSP) which commenced in 
1984, and has been a continuous, well funded program to advance the knowledge of local 
geology and seismology, The LTSP is considered one of the most comprehensive programs to 
understand and evaluate seismic hazards at an operating power plant.   As a result of ongoing 
geological and seismological investigations, an updated seismic source characterization 
model was developed and an updated seismic hazard was calculated in 2011 (See 
Attachment 28).  The seismic source characterization and the analysis of logic trees provide 
a methodology considering alternative fault parameters such as geometry (length, width, and 
dip), segmentation, location, and slip rate.  For the DCPP seismic hazard update, the logic 
trees include several correlations between the four main fault sources that most contribute to 
the seismic hazard.  These sources are the Shoreline, San Luis Bay, Los Osos, and Hosgri 
faults.  The logic tree used in the 2011 seismic hazard update considered two alternative rupture 
scenarios for the Shoreline fault zone, one in which the fault zone ruptures as an independent 
source, and the other in which the Shoreline fault zone is kinematically linked to other faults in 
the Southwestern Boundary fault zone.  
 
As part of the AB1632 seismic studies, near shore and onshore fault zones are part of the areas 
of interest.  Results from seismic studies may result in reduced uncertainties at these locations. 
 
 
E.9 On Geologic Map of the Fault Zone Study Area, Plate 1, in the report referenced above, 
there are numerous geologic structures (anticlines/synclines) mapped within Quaternary sand 
wave deposits. According to the geologic map, these structures are “approximately” located as 
opposed to “concealed”. This mapping indicates extensive deformation of recent sediments. Is 
this accurate or is the area just offshore DCPP subject to active compressional forces? (Diablo 
Canyon) 
 
Response for DCPP: 
The structures shown on Plate 1 beneath the sand waves and sand sheets are shown as 
approximate rather than hidden for several reasons.  Shallow seismic reflection lines identified 
bedrock folds beneath the thin veneer of sand in many areas, including the area just offshore 
DCPP, allowing interpretation of continuity and projection of the underlying structures.  Plate 1 
depicts the location of Tertiary anticlines and synclines but does not indicate deformation of the 
Quaternary deposits above the Tertiary bedrock.  No evidence of active compression is evident 
in the Tertiary bedrock or in the overlying Quaternary deposits except along the Los Osos and 
San Luis Bay faults and other faults of the Southwest Boundary zone, as discussed in the report. 
 
 
E.10 Plate 1 shows fault lines of various thickness presumably depicting activity and/or rate of 
movement. How were the inactive Tertiary faults (thin line) differentiated from the <1mm/year 
faults (medium width line)?  (Diablo Canyon) 
 
Response for DCPP: 
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Faults in Tertiary and Cretaceous bedrock that appeared to be associated with structures formed 
in the Tertiary were classified as inactive when the projection of offshore Tertiary structures to 
onshore exposures did not show displacement of late Quaternary wave-cut platforms and 
overlying marine and terrestrial deposits exposed in the sea cliffs.  Offshore structures were 
evaluated with respect to submarine paleo-wave cut platforms and sea cliffs as well as 
comparison to structures shown to be inactive.  
 
Faults were classified as Quaternary with low activity (<1mm/year) if evidence of activity was 
either suspected based on geomorphic expression or if they were associated with known 
Quaternary faults.    
 
 
E.13 What are PG&E’s plans for tsunami hazard studies/updates in light of the devastating 
tsunami that occurred o March 11 that greatly exceeded the hazard estimates fro the Fukushima 
Daiichi plant? Land subsidence on the coast of Japan of approximately 2 meters reportedly 
contributed to the severe impacts from the March 11 tsunami. What are the planned studies and 
possible implications for California’s plants from the combination of a tsunami and coastal land 
subsidence? (Diablo Canyon, SONGS, Humboldt Bay)  
 
Response for DCPP and HBPP: 
PG&E is investigating the opportunity to conduct a field investigation of the TEPCO Fukushima 
Daiichi facility, as well as other infrastructure that was impacted by the March 11 earthquake and 
tsunami once recovery actions are complete.  PG&E will participate in and co-sponsor a UC 
Berkeley Pacific Earthquake Engineering Research (PEER) Center Workshop on Tsunami 
Hazard Assessment and Engineering Design.  PG&E is planning to rerun the PTHA calculations 
discussed in E.5 using updated tsunami source models and new high resolution multibeam sea 
floor mapping offshore DCPP.  
 
 
F.1 Please provide any studies or reports that describe the characteristics of the resources 
that might be needed to replace the plant in the 2020s (when current operating licenses for the 
plants are scheduled to expire) in terms of baseload capacity and energy, ancillary services, 
transmission support, grid stability, and local reliability. (Diablo Canyon, SONGS) 
 
Response for DCPP 
Attachment 36 is a copy of Volume 1 of the PG&E’s prepared testimony in the Diablo Canyon 
License Renewal Application at the CPUC.  See Chapter 4, “Replacement Energy Costs”.  That 
testimony discusses resource options for replacing Diablo Canyon’s approximately 18,000 GWh 
of annual generation.  Alternatives discussed include Gas Fired Combined Cycle plants with 
CO2 costs, Energy Efficiency, Renewable Energy, and Integrated Coal Gasification with Carbon 
Capture and Sequestration.  In the Renewable Energy scenario it is assumed that additional (or 
surplus) capacity is 21 procured from (or sold to) the market to match DCPP’s approximately 22 
2,200 MW of capacity.  
 
Diablo Canyon does not provide ancillary services so none need be replaced.  No facilities are 
anticipated to be needed for transmission support, grid stability or local reliability because to the 
shutdown of Diablo Canyon.  However, the replacement facilities may require additional 
transmission support.   
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F.2 What new generation and/or transmission facilities would be needed to maintain voltage 
support and system and local reliability in the event of a long-term outage at Diablo Canyon or 
SONGS? Please describe the contingency plans to maintain reliability and grid stability in the 
event of an extended shutdown at the plant. (Diablo Canyon, SONGS)  
 
PG&E Response 
PG&E maintains adequate reserves to replace power from a Diablo Canyon unit if an outage 
lasts longer than 90 days.  PG&E would either dispatch its own resources or purchase market 
power, if lower cost, to provide replacement power during the outage.  PG&E may also rely on 
the forward markets to provide replacement power if the cost was lower than its own resources. 
For prolonged outages at Diablo Canyon, PG&E would seek longer-term replacement power 
generation from the market through a request for offers (RFO).  Depending on the offers it 
receives, PG&E would provide replacement power during the outage from a mix of its own 
resources, market purchases and procurement through the RFO.   
 
PG&E does not expect that an outage at Diablo Canyon would require any additional 
transmission facilities to maintain voltage support or system or local reliability.   
 
 
F.3 Please describe plans for replacing power from the plant if an outage lasts longer than 90 
days. What are the contingency plans for replacement power if a prolonged outage lasts one 
year or more? (Diablo Canyon, SONGS)  
 
Response for DCPP: 
See the response to F.2. 
 
 
F.4 What resources might be needed to provide grid stability to the system in the absence of 
the nuclear plants for an extended outage during the summer? Would replacement power 
purchased by the utility be likely to come from those resources? (Diablo Canyon, SONGS)  
 
Response for DCPP: 
See the response to F.2. 
 
 
G.1 Please provide current information summarizing the insurance policies concerning 
nuclear liability claims for the facilities including what is the current maximum liability for 
secondary financial protection for your facility. (Diablo Canyon; SONGS; Humboldt Bay)? 
 
Response for DCPP and HBPP: 
PG&E purchases four types of nuclear liability coverage from American Nuclear Insurers (ANI). 
 

• Facility Form Policy 
• Secondary Financial Protection (SFP) Policy 
• Master Worker Policy 
• Supplier and Transporters Policy 
 

ANI Facility Form Policy is purchased by all commercial nuclear power plant operators in the 
United States and satisfies the Price-Anderson Act requirement for primary financial protection. 
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Coverage under this policy is limited to liability for bodily injury or offsite property damage caused 
by nuclear material at the defined location.  No coverage is afforded for damage to any property 
on site.  The policy also excludes coverage for workers’ compensation or employers’ liability. 
 
The maximum limit written under the Facility Form Policy is $375M.  PG&E purchases the 
maximum limits for Diablo Canyon Power Plant as required based on criteria in 10CFR140.11. 
PG&E purchases $53M of nuclear liability coverage for the Humboldt Bay Power Plant.  This 
amount is based on criteria in 10CFR140.12 “Amount of financial protection required for other 
reactors”. 
 
The Secondary Financial Protection (SFP) Policy is used by the operators of nuclear power 
plants that produce >100 MWe to meet financial protection requirements under the Price-
Anderson Act.  The policy provides “following form” Coverage for losses that exceed the primary 
limit available under the Facility Form Policy and the Master Worker Policy.   Diablo Canyon 
Units 1 and 2 each has a certificate to the SFP program.  There are currently 104 power reactors 
in the SFP program and the $117.495M per reactor maximum retrospective premium call results 
in an approx $12.2 billion (B) layer of insurance.  The total protection amount for nuclear claims 
at Diablo Canyon is equal to the primary and SFP program for a total of approximately $12.6B.    
 
Humboldt Bay is not enrolled in the SFP program because it was designed to produce less than 
100 MWe.  The NRC Indemnity agreement is still applicable at Humboldt Bay and provides an 
indemnity from the NRC above the ANI facility form to a total amount of $560M.   
 
The Master Worker Policy covers radiation cross party tort claims of nuclear workers employed 
at facilities insured by ANI.  This master policy provides a guaranteed cost, industry aggregate 
limit of $375M. 
 
The Suppliers & Transporters Policy is purchased by companies that provide products or 
services to operator of nuclear facilities in the U.S.  The policy is also purchased by the 
operators of nuclear facilities to provide stopgap coverage to the Facility Form Policy.  The policy 
is designed primarily to apply excess of the limit available under someone else’s Facility Form 
Policy up to a maximum combined limit of $375M under all policies that may apply to the same 
occurrence. 
 
 
G.2 Does the plant’s liability insurance coverage, e.g., the Price-Anderson Act coverage, 
include unanticipated natural disasters and extended offsite damage, such as decontamination 
and debris removal, losses to fisheries, wineries, agriculture, food, milk and water supplies, 
ranching? If so, what is the deductible and maximum coverage? (Diablo Canyon, SONGS)  
 
Response for DCPP and HBPP: 
The Nuclear Liability coverage provided by ANI does not have any specific exclusions for natural 
disasters.  The coverage trigger for the ANI policies is that there is 3rd party offsite bodily injury 
or property damage arising out of the nuclear energy hazard. 
 
The ANI policies are nuclear liability policies and will respond to the type of losses listed above 
as long as the request for damage is from bodily injury or property damage.  Business 
Interruption of fisheries, wineries, etc would be a property damage claim and would be expected 
to be covered. 
 
All ANI policies are written on a guaranteed cost basis.  There is no deductible option available. 
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The ANI policy only responds to Covered Environmental Clean-Up Costs as specifically defined 
in the policies.  These costs are only covered in the event of a transportation incident or 
“Extraordinary Nuclear Occurrence” as defined by the NRC. 
 
In addition, PG&E purchases nuclear property, decontamination and debris removal insurance 
from Nuclear Energy Insurance Limited (NEIL) to address loss to the site itself.  PG&E 
purchases the maximum property coverage offered by NEIL for Diablo Canyon in the amount of 
$2,750M with a deductible of $2.5M.  PG&E Purchases $131M damage insurance for Humboldt 
Bay Unit 3 with a $1M deductible.  These policies have decontamination and debris removal 
coverage for damage on-site. 
 
 
G.3 Does the utility have any form of coverage for outage expenses and replacement power 
costs, and, if so, what is the deductible and what is the maximum coverage? (Diablo Canyon, 
SONGS)  
 
Response for DCPP and HBPP: 
Yes, PG&E purchases accidental outage extra expense coverage for DCPP from NEIL.  The 
maximum coverage is $490M for a single unit outage.  In the event of an outage involving both 
units, the maximum coverage is $784M.  The coverage has a waiting period or deductible of  
12 weeks. 
 
 
G.4 Does the utility have nuclear liability and property tax insurance for non-certified acts (as 
defined by the Terrorism Risk Insurance Act) for terrorism-related losses, including replacement 
power costs, and, if so, what is the deductible and what is the maximum coverage? (Diablo 
Canyon; SONGS; Humboldt Bay)  
 
Response for DCPP and HBPP: 
Yes, the ANI policies have no exclusion for Terrorism.  Therefore, the ANI policies will respond to 
a Terrorism event [certified or non-certified] just as it would for any other event.  As stated above, 
the ANI policies are all written on a guaranteed cost basis. 
 
Yes, the property insurance purchased by PG&E for Diablo Canyon and Humboldt Bay Power 
Plants will respond in the event of a non-certified acts (as defined by the Terrorism Risk 
Insurance Act) for terrorism related losses, including replacement power costs.  If one or more 
acts of terrorism cause property damage covered under any of the nuclear insurance polices 
issued by NEIL to any NEIL member with a 12-month period, the maximum recovery under all 
those nuclear insurance policies may not exceed $3.2B plus the additional amounts recovered 
by NEIL for these losses from re-insurance. 
 
 
H.1 If Diablo Canyon or SONGS were to be shut down in the mid-2020s, will there be 
sufficient funds available to pay the decommissioning costs? What are the current estimated 
costs for decommissioning these plants? (Diablo Canyon, SONGS) 
 
Response for DCPP: 
Yes, will there be sufficient funds available to pay the decommissioning costs if Diablo Canyon 
were to be shut down in the mid-2020s. 
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The current estimated costs for decommissioning Diablo Canyon Power Plant are: 
Unit 1 - $   759,912,000 in 2008 dollars 
Unit 2 - $1,159,634,000 in 2008 dollars 
 
At the end of calendar year 2010, the market value of the DCPP decommissioning trust fund 
Market value was:  
Unit 1 - $   807,500,000  
Unit 2 - $1,083,100,000  
 
The current NDCTP cycle assumes a level funding amount of $9.0M per year from 2010 through 
2024 and a funding amount of $5.7M in the year 2025.  This is based on the assumptions 
contained in the pending NDCTP settlement agreement.  To assure that sufficient funds will be 
available for decommissioning, PG&E has established separate external sinking trust fund 
accounts for DCPP Units 1 and 2. 
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GLOSSARY OF ACRONYMS AND TECHNICAL TERMS 
 
ACRONYMS 
 
ASW auxiliary salt water 

CCSN Central Coast Seismic Network  

CDF core damage frequency  

CRADA Cooperative Research and Development Agreement 

DCPP Diablo Canyon Power Plant 

DSHA deterministic seismic hazard analysis  

FSAR final safety analysis report  

GMPE ground motion prediction equation 

GPS global positioning system  

ISFSI  independent spent fuel storage installation 

LGM  Last Glacial Maximum  

LiDAR light detection and ranging  

LOSM Los Osos–Santa Maria  

LTSP  Long Term Seismic Program  

MBES  multibeam echo sounding  

MIS marine oxygen isotope stage 

MLLW mean lower low water  

NEHRP  National Earthquake Hazards Reduction Program  

NGA  Next Generation Attenuation  

NRC  U. S. Nuclear Regulatory Commission  

OBS ocean bottom seismometer  

PG&E  Pacific Gas and Electric Company  

PSHA  probabilistic seismic hazard analysis  

RMS root mean square 

USGS U. S. Geological Survey  
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TECHNICAL TERMS  
 
Coastline – A broad region in the vicinity of a shoreline that includes coastal landforms, such as 
beaches, wave-cut platforms, sea cliffs, marine terraces, and seaward-facing hill slopes.  
 
DCPP – Diablo Canyon Power Plant The area includes the power block where the reactors and 
generators are located, and the adjacent support facilities.   
 
High Stand – a still stand of sea level caused when glaciers reach temporary equilibrium between 
accumulating snow/ice and melting snow/ice causing rising sea level to stop before falling.    
 
Islay shelf – The rocky portion of the inner continental shelf that lies offshore of Point Buchon.  
It extends from the coastline to the continental slope on the west and from Estero Bay on the 
north to the general latitude of the DCPP on the south.  It is generally characterized by wide, 
gently sloping subsea exposures of rock, but also includes limited areas of thin late Quaternary 
marine deposits and mobile sand sheet deposits.   
 
Low Stand – a still stand of sea level caused when glaciers reach temporary equilibrium between 
melting snow/ice and accumulating snow/ice causing falling sea level to stop before rising.    
 
Mean sea level (MSL) – Sea level measured at the mean of all tides in the region.  This is 
approximately coincident with NAVD 88, the reference datum for project topographic surveys.  
In this study we reference all maps to NAD 83_1983_UTM Zone _10N. 
 
Mean lower-low water (MLLW) – Sea level measured at the mean of the low tides, 2.6 feet (0.8 
m) below MSL in the DCPP area.   
 
Mean higher-high water (MHHW) – Sea level measured at the mean of the high tides, 2.5 feet 
(0.77 m) above MSL in the DCPP area.   
  
Paleoshoreline – A preserved remnant of an ancient shoreline.  In the DCPP area, these are 
discontinuous features related to sea-level highstands onshore and high- and lowstands offshore.  
Paleoshorelines are typically associated with wave-cut platforms and paleosea cliffs and/or 
paleobeaches.  In the DCPP area, about 10 paleoshorelines of different ages are preserved 
onshore and at least 10 offshore; locally, multiple closely spaced strandlines are grouped with a 
single paleoshoreline.   
 
San Luis Bay fault zone – The northern group of faults in the Southwest Boundary fault zone.  
These consist of the San Luis Bay, Rattlesnake, and Olson faults.   
 
Santa Rosa Reef shelf – The rocky portion of the inner continental shelf that lies offshore of 
Point San Luis.  It extends from the coastline to the continental slope on the west and from the 
general latitude of the DCPP on the north to the limit of bedrock outcrops south and southeast of 
Point San Luis.  It is generally characterized by the wide, gently sloping and flat subsea 
exposures of rock, but also includes limited areas of thin late Quaternary marine deposits and 
mobile sand sheet deposits.   
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Shoreline – The location where the sea surface meets the land.  It includes the entire tidal range.  
 
Shoreline angle – The point (typically in profile) where a wave-cut platform meets a sea cliff.  
Because of natural variation in wave-cut platform surfaces, shoreline angles can be formed at a 
variety of elevations with respect to the tidal range, ranging from as low as MSL (approximately 
elevation 0 relative to NAVD 88) to a few meters above MSL.  In the DCPP area, the most 
common elevation of shoreline angles on the modern coastline is 2 m, approximately coincident 
with MHHW.  An ancient shoreline angle provides an approximate record of the relative sea 
level at the time the paleoshoreline formed. 
 
Shoreline fault zone – The geologic structure interpreted to have produced the seismicity 
lineament as recognized by Hardebeck (2010).   
 
Still Stand – Sea level remains at remains at a constant elevation (level) for a period of a few 
thousand or more years during the Quaternary Period.  This occurs when glacier melt and snow 
accumulation maintain equilibrium. 
 
Strandline – The two-dimensional geomorphic record of sea level.  On an erosional coastline 
(such as the Irish Hills coastline), it is marked by the intersection of a sea cliff and wave-cut 
platform.  On a depositional coastline, it is marked (less precisely) by a beach berm.  As with 
shoreline angles, modern strandlines in the DCPP area typically occur about 2 m above MSL, but 
may range from MSL to a few meters above MSL.  An ancient strandline provides an 
approximate record of the relative sea level at the time the paleoshoreline formed. 
 
Wave-cut platform – A broad bedrock platform that slopes gently seaward from a sea cliff.  
Wave-cut platforms are carved predominantly by wave erosion; however, other processes may 
contribute to their genesis, such as chemical and salt weathering, bio-erosion, and expansion-
contraction of clays and ice. 
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8.0 SUMMARY AND CONCLUSIONS  
In November 2008, Pacific Gas and Electric (PG&E) informed the U.S. Nuclear Regulatory 
Commission (NRC) that preliminary results from the Diablo Canyon Power Plant (DCPP) Long 
Term Seismic Program (LTSP) Update showed that there was an alignment of microseismicity 
indicating the presence of a previously unidentified fault located about 1 km offshore of DCPP.  
This previously unidentified fault was named the Shoreline fault zone.   
 
The existence of an offshore fault zone between Point Buchon and Point San Luis had been 
discussed by NRC staff in 1989 in relation to the linear nature of the coastline in this area and the 
presence of bathymetric lineaments and escarpments parallel to the coast near Point Buchon.  
Prominent subsea escarpments that could be traced from Point Buchon to Point San Luis had 
been identified and interpreted as a series of closely spaced shoreline features that formed during 
previous low sea-level conditions.  Although the general trend of the escarpment cuts obliquely 
across bathymetric contours, the individual slope breaks were subparallel to the bathymetric 
contours, sinuous and irregular, and thus were interpreted as submerged paleostrandlines and not 
as tectonically controlled features.  NRC staff concluded that while the evidence presented by 
PG&E supported the absence of a coast-parallel fault, the presence of such a fault could not be 
completely ruled out (NRC, 1991, pp. 2-29 and 2-30).  
 
As part of the notification to the NRC in 2008, PG&E conducted an initial sensitivity study to 
evaluate the potential impact of the Shoreline fault zone on the seismic safety of DCPP using a 
seismic margin approach (PG&E, 2008).  A magnitude 6.5 strike-slip earthquake at a distance of 
1 km from DCPP was considered, using conservative assumptions about the total length of the 
fault zone.  The results of this sensitivity study demonstrated that the 84th percentile ground 
motion from the Shoreline fault zone was lower than the 1991 LTSP 84th percentile ground 
motion for which the plant had been evaluated and shown to have adequate margin (NRC, 1991). 
Therefore, PG&E concluded that the plant had adequate seismic margin to withstand the ground 
motions from the Shoreline fault zone.  In early 2009, the NRC conducted an independent study 
of the potential impacts of the Shoreline fault zone on DCPP and also concluded that there was 
adequate seismic margin (NRC, 2009).  
   
Although the initial seismic sensitivity studies showed that the plant has adequate margin to 
withstand ground motion from the potential Shoreline fault zone, both the NRC and PG&E 
recognized the need to better constrain the four main parameters of the Shoreline fault zone for a 
seismic hazard assessment: geometry (fault length, fault dip, downdip width), segmentation, 
distance offshore from DCPP, and slip rate.  To address this need, PG&E conducted an extensive 
program in 2009 and 2010 to acquire and interpret new geological, geophysical, seismic, and 
bathymetric data as part of the PG&E LTSP Update. The following section summarizes the 
results of these investigations.   
 
8.1 Shoreline Fault Zone Characterization  
The 2009 and 2010 LTSP Update investigations have improved the understanding of the 
Shoreline fault zone, providing information on its location, geometry, segmentation, slip 
rate, and relationship to other structures, including the Hosgri and Southwestern Boundary 
faults.   
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8.1.1 Shoreline Seismicity Lineament  
The Shoreline seismicity lineament was first identified by Hardebeck in 2008 (Hardebeck, 2010) 
and was subsequently verified through independent analysis by PG&E.  The seismicity 
lineament is defined by microearthquakes (1 ≤ M < 3) that have occurred during the period of 
instrumental recording (1970 to the present) along with one larger earthquake (M 3.5 on 10 
August 2000).  The seismicity lineament is divided into three distinct en echelon sublineaments 
referred to as the Northern, Central, and Southern seismicity sublineaments. The three Shoreline 
fault zone segments (discussed below) correspond spatially in both length and location to the 
three seismicity sublineaments, supporting the segmented nature of the fault zone.  Two M ~5 
events, on 20 October 1913 and 1 December 1916, are located in Avila Bay and could have been 
associated with the Southwestern Boundary zone or the South segment of the Shoreline fault 
zone.    
 
8.1.2 Fault Length and Segmentation  
The Shoreline fault zone is conservatively assumed to be up to 23 km long and has an overall 
strike of N60° W to N70° W.  The Shoreline fault zone is divided into three segments based on 
differences in the geologic and geomorphic expression of surface and near-surface faulting, 
intersections with other mapped structures, features observed in the high-resolution magnetic 
field data, and variations in the continuity, trend, and depth of seismicity along the lineament.  
These segments of the Shoreline fault zone were named the North, Central, and South segments.  
The Shoreline fault zone appears to locally represent the reactivation of a preexisting Tertiary 
fault that is associated with distinct bathymetric lineaments and a pronounced series of magnetic 
anomalies that parallel the coast.  This prior episode of faulting dates to either a mid-Miocene 
(~14 million years ago [Ma]) to early Pliocene (~4 Ma) period of transtensional deformation, or 
to a middle to late Pliocene (~3 Ma) episode of transpressional deformation.  
 
South Segment 
The South segment of the Shoreline fault zone extends from south of Point San Luis to the 
vicinity of Pecho Creek and Rattlesnake Creek and is approximately 7 km long.  It follows a 
reactivated older fault that has a weak to moderate bathymetric expression, but does truncate 
bedding and is coincident with a strong linear magnetic anomaly.  
 
Central Segment 
The Central segment of the Shoreline fault zone extends from offshore of Pecho Creek, near the 
intersection with the Rattlesnake fault (the southern strand of the San Luis Bay fault zone), to 
Lion Rock, north of DCPP, and is approximately 8 km long.  The Central segment is further 
subdivided into three en echelon subsegments (C-1, C-2, and C-3) based on discontinuities or 
steps in the bathymetric lineament.  The Central segment is well expressed in the near-shore 
seafloor bathymetry as the result of differential erosion along the fault trace, and is associated 
with a series of distinct magnetic anomalies.  These magnetic anomalies are spatially coincident 
with mapped Franciscan mélange that contain strongly magnetized metavolcanic rocks 
(greenstone) and serpentinite.  The Central sublineament of the Shoreline seismicity lineament 
aligns with the preexisting Tertiary fault, within the resolution of the earthquake locations, 
indicating that the older fault has been reactivated in the current tectonic regime. 
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North Segment 
The North segment of the Shoreline fault zone extends from Lion Rock, north of DCPP, to the 
Hosgri fault zone and is up to 8 km long, based on the extent of the Northern seismicity 
sublineament. While the preferred interpretation is that the North segment coincides with the 
location of the Northern seismicity sublineament, the bedrock surface is covered by sand sheets 
and marine deposits, and no faulting is visible at the seafloor.  Analysis of the 2008 high-
resolution seismic-reflection data indicates that the fault has produced only minor displacement 
in the buried Tertiary strata.  
 
8.1.3 Fault Dip 
The seismicity along the entire Shoreline lineament defines a nearly vertical zone.  The magnetic 
anomalies along the Central segment of the Shoreline fault zone are consistent with a steeply 
dipping or vertical source that extends from the near-surface to a depth between approximately 
0.5 and 4–5 km.    
 
8.1.4 Downdip Width  
The depth of seismicity along the Shoreline seismicity lineament is used to define the downdip 
width of the Shoreline fault zone.  The seismicity along the Central and Southern sublineaments 
of the Shoreline seismicity lineament is between 2 and 10 km.  Seismicity generally becomes 
more diffuse spatially and extends to greater depths (up to 15 km) along the Northern 
sublineament as it approaches the Hosgri fault zone.   
 
8.1.5 Style of Faulting 
The style of faulting is considered to be primarily right-lateral strike-slip based on the linear 
expression of the surface fault trace and earthquake focal mechanisms that indicate vertical right-
lateral strike-slip motion.  
 
8.1.6 Relationship to Other Structures  
The Shoreline fault zone lies between the Southwestern Boundary fault zone on the south and 
east and the Hosgri fault zone on the west.  Three alternatives are considered for the kinematic 
relationship of the Shoreline fault zone to these nearby structures.   
 
In the first alternative, the Shoreline fault zone is part of a primarily strike-slip fault system that 
borders the southwestern margin of the uplifting San Luis Range.  In this model, the Shoreline 
fault zone is kinematically linked to the San Luis Bay fault zone, and potentially other faults of 
the Southwestern Boundary fault zone (i.e., Wilmar Avenue, Los Berros, Oceano, and Nipomo 
faults) via left-restraining step-overs.  Uplift of the San Luis range is accommodated primarily by 
reverse slip on the Los Osos fault zone and possibly transpressional oblique slip on the 
Southwestern Boundary fault zone.  
 
In the second alternative, the Shoreline fault zone is an independent strike-slip fault within the 
San Luis–Pismo structural block.  In this model, the Southwestern Boundary fault zone is a 
system of primarily reverse faults, and the Shoreline fault zone is a minor tear fault 
accommodating differential slip in the hanging wall of the fault zone.  Uplift of the San Luis 
Range is accommodated by reverse slip on both the Los Osos and Southwestern Boundary fault 
zones.  
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In the third alternative, the Shoreline fault zone is an integral part of the Southwestern Boundary 
fault zone system of reverse-slip and oblique-slip faults.  In this model, the Shoreline fault zone 
is kinematically linked to and may be, in part, the offshore continuation of the San Luis Bay fault 
zone.  Uplift of the San Luis Range is accommodated by oblique slip on the Shoreline fault zone 
as part of the overall Southwestern Boundary fault zone.  
 
All three alternatives are considered in the logic tree characterization of source parameters for 
the Shoreline fault zone.  Alternatives one and two are given equal preference, assuming that the 
fundamental observation from seismicity that the fault zone is a near-vertical strike-slip fault.  
Alternative three is given a low preference, since the seismicity data and additional observations 
from offshore marine wave-cut platforms show little or no vertical separation across the 
Shoreline fault zone in the past 75,000 years.  
 
Numerical models indicate that fault branching, where rupture begins on the Hosgri fault 
and then branches onto the Shoreline fault zone, would be inhibited under the current stress 
regime.  
 
8.1.7 Slip Rate  
The Shoreline fault zone lies entirely offshore and thus it is difficult to develop direct evidence 
of recent fault displacement or slip rate.  The MBES bathymetric data were extensively 
examined to identify piercing points (i.e., potentially datable geomorphic features such as 
paleostrandlines or channels on both sides of the fault zone) that could be used to constrain 
cumulative slip and, from that, estimate slip rate.  No late Quaternary piercing points have been 
identified to directly constrain horizontal slip across the Shoreline fault zone.  In the absence of 
more direct information, constraints on slip rate are provided by several qualitative and indirect 
quantitative estimates of slip rate.  These include (1) comparison of the geomorphic and 
structural features to the Hosgri–San Simeon fault system; (2) estimates of vertical separation 
based on the evaluation of submerged late-Pleistocene wave-cut platforms and paleostrandlines; 
(3) estimates of cumulative right-lateral strike slip based on offset of magnetic anomalies; (4) 
estimates of right slip on the Rattlesnake fault; and (5) seismicity rates.  Based on these five 
estimates, the maximum horizontal slip rate on the Shoreline fault zone potentially ranges from 
0.05 to possibly 1 mm/yr, with a preferred value of 0.2 to 0.3 mm/yr.   
 
8.1.8 Location of the Shoreline Fault Zone Offshore of DCPP 
The mapping based on high-resolution MBES bathymetric data clearly shows a sharp, well-
defined lineament that lies offshore and west of the DCPP.  This lineament is interpreted as the 
surface expression of the Central segment of the Shoreline fault zone.  Immediately offshore of 
DCPP, the Central segment is located 300 m southwest of the intake structure and 600 m 
southwest of the power block.   
 
8.2 Earthquake Hazard Implications for DCPP  
Inclusion of the Shoreline fault zone in the  seismic hazard analysis for the DCPP follows the 
methodology used in the original LTSP (PG&E, 1988) and uses both deterministic and 
probabilistic seismic hazard analyses (DSHA and PSHA, respectively).  The source 
characterization used to model ground motions at the power block is represented in terms of a 
logic tree that captures the range of values that characterize each fault source.  In addition to 
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using new ground motion prediction equations (GMPEs) and the new Shoreline fault zone 
source, logic trees for the Hosgri, Los Osos, and San Luis Bay fault sources are based on the 
current understanding of those faults and the regional tectonic setting.    
 
8.2.1 Ground Motion Results   
For the deterministic analysis, the new estimates of the 84th percentile ground motion fall below 
the 1991 LTSP 84th percentile deterministic spectrum, indicating that the deterministic seismic 
margins for the new estimates of the ground motion are at least as large as those found in the 
LTSP.   
 
Probabilistic hazard calculations show that the primary contribution to the total hazard at DCPP 
is from the Hosgri fault zone, and that both the Los Osos and Shoreline fault zones represent 
similar, but secondary, contributions to the hazard.  The inclusion of new GMPEs and using 
updated source characterization, that includes the Shoreline fault zone, to the DCPP hazard 
model has resulted in changes to both the level and slope of the hazard curve.  The hazard for 3–
8.5 Hz spectral acceleration is lower than the LTSP hazard for spectral acceleration less than 3.0 
g and is greater than the LTSP for spectral accelerations greater than 3.0 g.  This change in the 
hazard curve is primarily due to the change in the ground motion models.  The NGA models 
result in lower median ground motions for sites close to large earthquakes, but with an increased 
standard deviation.  The flattening of the new hazard compared to the LTSP hazard curves is due 
to the larger standard deviation.  Because the updated hazard curve is not enveloped by the 1988 
LTSP hazard curve, the seismic core damage frequency (CDF) has been reevaluated. The 
seismic CDF estimated during the 1988 LTSP is 3.8E-5.  Using the revised source 
characterization and ground motion models decreases the seismic CDF to 2.1 E-5.  The reduction 
is mainly due to the use the NGA ground motion models with the single-station sigma approach 
incorporating the site-specific amplification. 
 
8.2.2 Secondary Fault Deformation Results  
The analysis presented in this report addresses the potential for secondary fault deformation 
associated with rupture of the Shoreline fault zone using a deterministic approach and concludes 
that secondary deformation does not affect the safety of the DCPP.  The deterministic assessment 
of the geology at the DCPP site and vicinity documented the absence of late Quaternary primary 
or secondary surface faulting or other forms of late Quaternary tectonic deformation (e.g., tilting, 
folding, and subsidence) within the DCPP site that may be associated with a conservative 
maximum M 6.5 earthquake on the nearby Shoreline fault zone.  These investigations 
encompassed the entire 750 m wide control zone east of the Shoreline fault zone, including the 
entire DCPP site, and included detailed mapping of onshore marine terraces, detailed geologic 
mapping of the sea cliffs directly west of the DCPP site, and review of the initial site 
investigations that were conducted for the FSAR.  
 
8.3 Continued Studies  
The original completion date of 2011 for the LTSP  Update, as stated in the Action Plan and 
Revised Action Plan (Appendix A-1 and A-3),  has been extended to allow completion  of 
additional studies to further refine the models presented in this report. These studies include 
three-dimensional (3-D) marine and two-dimensional (2-D) onshore seismic reflection profiling, 
additional potential field mapping, GPS monitoring, and the feasibility of installing an ocean 
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bottom seismograph network.  These activities will further refine the characterization of those 
seismic sources and ground motions most important to the DCPP: the Hosgri, Shoreline, Los 
Osos, and San Luis Bay fault zones and other faults within the Southwestern Boundary zone.   
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ACTION PLAN FOR THE STUDY OF THE SHORELINE FAULT 

 

I. INTRODUCTION 

Recent processing of seismic recordings from small earthquakes (1987-2007, magnitudes 
<1 to 3.5) using improved earthquake location computer programs shows an alignment of 
epicenters along the coast offshore, approximately one km from DCPP that is suggestive 
of a vertical strike-slip fault at depth (~3-11 km).  The seismicity alignment has a length 
of 15 km.  If it is extended to the intersection with the Hosgri fault, the length is 24 km.  
In addition to the seismicity data, raw (unprocessed) aero-magnetic and marine-magnetic 
data that were recently collected by the USGS show a magnetic anomaly with a trend that 
is consistent with the seismicity alignment.  Although the geophysical survey results are 
preliminary, taken together, the available seismicity and geophysical data suggest that 
there is an active fault located offshore DCPP which we call the Shoreline fault.  

Based on this preliminary data, PG&E estimated magnitudes of 6.25 and 6.5 for the 
Shoreline fault based on rupture lengths of 15 and 24 km, respectively, and an average 
rupture depth of 12 km.  The potential ground motion at DCPP from these two events 
was evaluated and was found to be lower than the current design ground motions based 
on a larger earthquake on the more distant Hosgri fault.  
The Action Plan below is designed to collect data and conduct analyses to better 
constrain the characteristics of the Shoreline fault and the potential ground motions at 
DCPP and ground deformation west of the power block.  The Plan has three objectives.  
The first objective is to characterize the Shoreline fault in terms of its location, geometry, 
activity rate, rupture characteristics, and relation to the Hosgri fault zone.  The second 
objective is to evaluate the ancient (Tertiary) shear zone west of the power block 
structure for evidence of secondary deformation that may have been associated with the 
Shoreline fault.  The third objective is to estimate potential ground motions from the 
Shoreline fault, including both independent rupture of the Shoreline fault and possible 
synchronous rupture with the Hosgri fault.  

This Action Plan describes the geology, seismology, geophysics, and ground motions 
studies to be performed over the next 2 years to achieve the above objectives. Results 
from these new studies will be integrated with results from the PG&E/USGS CRADA 
which is developing new regional tectonic models.  An updated evaluation of the seismic 
hazard at DCPP will be conducted by PG&E Geosciences as part of the Long Term 
Seismic Program (LTSP) hazard update, which is scheduled to be completed in 2011.  
PG&E Geosciences and their consultants will perform the majority of the work; as part of 
the CRADA, the USGS will perform the balance of their marine magnetic survey and 
evaluate additional seismicity data in the region.  

 

II. GEOLOGIC STUDIES (G)  

Purpose: Locate, if possible, the surface expression of the Shoreline fault through 
geologic mapping and geophysical surveys (as described in Section IV).  If located, then 
assess the last displacements for timing and amount of displacement.  In addition, 
evaluate whether or not the shear zone has experienced secondary ground deformation 
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related to the Shoreline fault.  The shear zone is considered in this context as the shears in 
the shale unit of the Obispo Formation that crops out west of the power block.   

Task G-1  Geologic mapping between Montana del Oro and Point San Luis 

This Task will update existing knowledge of the geology along the coast between 
Montana del Oro and Point San Luis to provide the geologic framework for interpretation 
of the geologic setting of the Shoreline fault.   

Subtask G-1A - Review and compile the 1988-1991 LTSP and other data 
concerning the geology of the coast, including diver geology videos and notes.    

Subtask G-1B – Map geologic contacts and faults along the coast; inspect the coast 
in detail for exposures of the Olson and Rattle Snake faults where recent erosion 
may have exposed them.  Use the offshore geophysics information (Task GP-2) as a 
guide to where the Shoreline fault may come onshore and be exposed in the sea 
cliffs.  This Subtask includes detailed geologic mapping to improve existing 
geological maps at the DCPP site, including mapping the wave-cut platforms in 
Diablo Cove and elsewhere.   

Subtask G-1C - Use divers and/or remotely operated vehicles (ROV) to extend 
mapping offshore at sites identified by the LiDAR and offshore geophysics (Task 
GP-2) and onshore mapping.  This Subtask is focused on extending mapped 
geologic contacts and/or strata offshore to document fault offsets, if any.   

Subtask G-1D - Profile selected streams that discharge from the Irish Hills to 
identify breaks in slope and channel offsets related to faulting.  The LiDAR data 
and shallow bathymetry (Task GP-2) and other pertinent data from the offshore 
geophysics will be used in this analysis.  

Task G-2 - Evaluation of secondary deformation in the shear-zone 

This Task will improve the location of the shear zone as mapped for the ISFSI FSAR and 
will evaluate the amount of secondary ground deformation that may have been associated 
with earthquakes on the Shoreline fault.   

Subtask G-2A - This Subtask will evaluate the potential for secondary deformation 
using the methodology of Peterson et al (2004) to calculate the probabilistic fault 
rupture hazard for strike-slip faults and will compare these results with geologic 
analogs.   

Subtask G-2B - This Subtask will conduct detailed field investigations to improve 
the location of the shear zone and evaluate the amount of secondary deformation 
that may have been associated with the Shoreline fault.  This Subtask has several 
elements:  

a. Clean the cliffs at Diablo Cove to expose the 120,000-year-old wave-cut 
contact at top of rock over bedrock shears and faults in order to look for 
evidence of past secondary deformation. 

b. Conduct local shallow seismic reflection surveys (and/or Ground Penetrating 
Radar) to improve the location of the shear zone and the depth of the wave-cut 
platforms in the area.   
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c. Based on the shallow seismic reflection data (from element b), drill borings to 
better define the depths of the wave-cut platforms, find the depths of 
colluvium and marine deposits over the wave-cut platform to help locate 
trench sites, and delineate the extent of the shear zone south of the plant where 
it is covered by colluvium.   

d. Excavate trenches to measure the orientation of the shears and to confirm the 
location of the shear zone and evidence for recent deformation (or lack 
thereof) observed in the cleaned cliff exposures.   

 

III. SEISMICITY STUDIES (S) 

Purpose: Analyze and document the earthquakes that make up the seismicity alignment. 
Studies will include quantifying uncertainties of the hypocentral locations and focal 
mechanisms, and studying the depth distribution and activity rate.  

Task S-1: Expand the time period covered by the data set used by the USGS in their 
analysis of the regional seismicity and determine the locations and focal mechanisms.  
This Task will add earthquakes that occurred from 1980 to 1987 and from Mar 2007 to 
Dec 2008 to the original data set and will estimate their location and focal mechanisms 
using the TomoDD and HASH computer programs.  This work will be performed by the 
USGS as part of the CRADA. 

Task S-2: Provide independent reviews of USGS data analyses described in Task S-1.  

Task S-3:  Analyze and document the expanded data set for the Shoreline fault.  After 
completion of Tasks S-1 and S-2, this Task will address the following parameters: 

a. Hypocentral and focal mechanism uncertainties 

b. Differences between 1D, 3D, hypoDD and tomoDD locations 

c. Temporal and spatial development of the lineament 

d. Magnitude recurrence model for the Shoreline fault based on historical seismicity 

Task S-4: Evaluate the feasibility of offshore seismic stations  

This Task will evaluate the feasibility of installing ocean bottom seismometers (OBS) 
offshore from DCPP, west of the Hosgri fault zone to improve the accuracy of past 
and future earthquake locations and focal mechanisms in the offshore DCPP region.  
Earthquakes that occur offshore, outside the PG&E and USGS seismographic on-land 
networks, have inherent location errors, particularly depth errors.  OBSs would 
improve the azimuthal coverage, resulting in more accurate locations.  

 

IV. GEOPHYSICAL STUDIES (GP) 

Purpose:  Conduct additional offshore geophysical studies to improve characterization of 
the Shoreline fault and its relation to the Hosgri fault.  High priority tasks will build on 
the marine work done by the USGS in 2008.   These tasks include GP-1 (high resolution 
marine magnetics), GP- 2 (nearshore geophysics), and GP-3 (scoping study for a 3-D 
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seismic survey).  Supplemental tasks (GP-4 through GP-6) will be considered as 
collaborative opportunities present themselves or the need arises.  

Task GP-1: High Resolution Marine Magnetics. 

Subtask GP-1A:  High Resolution Marine Magnetics Data Collection: This Subtask 
will complete the USGS marine field work that was delayed due to equipment 
malfunction in 2008. 

Subtask GP-1B: Marine Magnetics Data Integration and Interpretation: This Subtask 
will provide support for the interpretation of the high resolution marine magnetic data 
and integration of these data with the regional aeromagnetic survey data. 

Task GP-2: Offshore Geology/Geophysics 

This Task will provide uniform, high-resolution bathymetric and topographic 
coverage from Montana del Oro to south of Point San Luis to define the extent and 
character of the Shoreline fault to support Task G-1. Shallow water depths necessitate 
the use of various geophysical techniques to complete this Task.  

Subtask GP-2A:  Multi beam Bathymetry  

This Task will conduct multibeam bathymetric mapping between the 30 and 5 meter 
contour using a shallow draft boat.  This mapping will provide shallow water 
coverage from Point Buchon to San Luis Bay.  

Subtask GP-2B: Airborne LiDAR bathymetry and coastal topography   

This Task will map the coastline and surf zone using LiDAR to provide both shallow 
(< 5 m) bathymetry and coastal topography at a 2 meter horizontal resolution with 25 
cm vertical accuracy.  

Task GP-3: 3-D Seismic Survey Scoping Study 

This Task will develop a scope and cost estimate for conducting a 3-D Seismic 
Survey within approximately 5 km of DCPP.  The scope of the survey will include 
both onshore and offshore seismic reflection and refraction from the offshore Hosgri 
to the onshore Los Osos fault zone.  Part of this scope will include preliminary 2-D 
seismic surveys to optimize the later full scale 3-D seismic survey.  This Task will 
also include support for PG&E consultants to familiarize themselves with the LTSP 
and USGS CRADA datasets to develop data collection strategies that will 
complement and leverage previously collected information.  

Supplemental Geophysical Tasks (as needed)  

Task GP-4: Multi beam Bathymetry – from Hosgri shoreward to the 30 m depth contour  
NOAA and the State of California are currently conducting multibeam bathymetric 
mapping of California state waters. This mapping may be extended to the Central 
California coast in 2009. If extended, PG&E would propose to supplement the 
NOAA/California multibeam mapping program through additional coverage beyond 
the 3 mile limit to map the Hosgri fault zone and shoreward to the 30 m depth 
contour.  

Task GP-5: 2D High Resolution seismic survey (multi channel, Chirp)    
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This Task would conduct additional high resolution seismic reflection studies to 
augment already collected USGS marine data and to improve the resolution of marine 
structures in critical locations as needed. 

Task GP-6: Vibrocoring for sediment age dating.  

Based on marine mapping, Geosciences may identify candidate sites for age dating to 
constrain the rate of motion on both the Hosgri and Shoreline faults.  

 

V. SOURCE CHARACTERIZATION OF THE SHORELINE FAULT 

Purpose: Integrate of all the data from the G, S, and GP tasks and develop a set of 
alternative models for the characterization of the Shoreline fault in terms of its location, 
geometry, activity rate, rupture characteristics, and relation to the Hosgri fault zone 

Task SC-1: Compile existing data on geology into a GIS data base 

Create a GIS data-base for the coast and plant site that will include existing 
topographic maps, orthophotos, LiDAR, as well as LTSP and more recent geologic 
maps.  

Task SC-2: Characterize the Shoreline fault 

Using the GIS database, integrate the various data layers and interpret the results. 
Build alternative models of the location, geometry, activity rate, rupture 
characteristics of the Shoreline fault, and its relation to the Hosgri fault zone.  
Develop a logic tree structure and assign weights for the Shoreline fault 
characterization. 

 

VI. GROUND MOTION STUDIES (GM) 

Purpose: Evaluate the ground motions at DCPP for the case with synchronous rupture of 
the Hosgri and Shoreline faults using numerical simulation methods.  Ground motions 
from independent ruptures of the Shoreline fault are adequately characterized by the 
existing models.  These tasks will include defining the rupture characteristics for the case 
in which there is synchronous rupture on the Hosgri and Shoreline faults and computing 
the resulting ground motions at the DCPP site.   

Task GM-1: This Task will use dynamic rupture models to evaluate the rupture 
characteristic for the generic problem of a vertical strike-slip fault with a splay fault.  

Subtask GM-1A: Validate dynamic rupture models for a vertical strike-slip fault 
with a vertical splay fault.   

The SCEC working group on dynamic rupture model code validation will add an 
additional validation case for a vertical strike-slip earthquake with a vertical splay 
fault.  The working group will identify which dynamic rupture computer programs 
are applicable for this case.   

Subtask GM-1B: Simulate a suite of ruptures on a vertical strike-slip fault with a 
vertical splay with a strike that is 30 degrees from the strike of the main fault.  
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Based on the results of Subtask GM-1A, two different computer programs will be 
selected and used to simulate the rupture characteristics (slip distribution, rise time, 
rupture velocity, and hypocenter location) for the main fault and the splay fault.  This 
Task will also provide information on the relative rates of independent verses 
synchronous rupture of the main trace and the splay fault.    

Subtask GM-1C: Develop kinematic source inputs.   

The dynamic rupture sources from Subtask GM-1B will be converted to kinematic 
source models so that they can be used to simulate broadband ground motions (Task 
GM-2). 

Task GM-2. Compute site-specific ground motions at the DCPP site using the generic 
kinematic sources developed in Subtask GM-1C.   

The SCEC broadband simulation platform will be used to simulate the ground motions at 
the DCPP site from a suite of representative rupture scenarios that were developed in 
Subtask GM-1C. 

Task GM-3.  Parameterize the site-specific ground motions into a fault-specific 
attenuation relation for the synchronous rupture case.  

The ground motion response spectra from the kinematic simulations (Task GM-2) will be 
parameterized into a set of attenuation equations and will be incorporated into the seismic 
hazard computer program.   

 

VII. REPORT 

The above results will be summarized in a report to be completed by 4th quarter 2010. 

The report will address the issues investigated in this study:  

• Characterization of the Shoreline fault in terms of its location, geometry, activity 
rate, rupture characteristics, and relation to the Hosgri fault zone.   

• Evaluation of the ancient (Tertiary) shear zone west of the power block structure 
for evidence of secondary deformation that may have been associated with the 
Shoreline fault and estimate potential amount of ground deformation in the shear 
zone.  

• Estimation of potential ground motions from the Shoreline fault, including both 
the independent rupture of the Shoreline fault and its synchronous rupture with 
the Hosgri fault.  

• Summary of the feasibility studies of the Ocean-Bottom Seismometers and a 3-D 
seismic survey. 
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PROGRESS REPORT ON THE ANALYSIS  
OF THE SHORELINE FAULT ZONE, CENTRAL COASTAL 

CALIFORNIA 
 

Report to the U.S. Nuclear Regulatory Commission 
December 2009 

 
1.0 INTRODUCTION 

In November 2008, PG&E informed the NRC that preliminary results from the Diablo 
Canyon Power Plant (DCPP) Long Term Seismic Program (LTSP) seismic hazard update 
indicated that there was an alignment of microseismicity that may indicate a previously 
unidentified fault located about 1 km offshore of DCPP (Figure 1).  This seismicity 
alignment was called the Shoreline fault zone.   

PG&E conducted an initial sensitivity study to evaluate the potential impact of the 
Shoreline fault zone on the seismic safety of DCPP (PG&E, 2008) using a seismic 
margin approach.  Using conservative assumptions about the total length of the fault 
zone, a magnitude 6.5 strike-slip earthquake at a distance of 1 km was considered.  The 
results of this sensitivity study demonstrated that the 84th percentile ground motion from 
the Shoreline fault zone was lower than the 1991 LTSP ground motion for which the 
plant had been evaluated and shown to have adequate margin (NRC, 1991).  Therefore, 
PG&E concluded that the plant had adequate seismic margin to withstand the ground 
motions from the Shoreline fault zone.  In early 2009, the NRC conducted an independent 
study of the potential impacts of the Shoreline fault zone on DCPP (NRC, 2009) and they 
also concluded that there is adequate seismic margin.  

Although these initial sensitivity studies show that the plant had adequate margin to 
withstand ground motion from the potential Shoreline fault zone, three main parameters 
of the Shoreline fault zone are not well constrained: geometry (length, width, dip) and 
segmentation, location offshore of DCPP and slip-rate.  To reduce the uncertainties in 
these source parameters, PG&E prepared a 2-year Action Plan to collect additional data 
to better characterize the Shoreline fault zone.  Once completed, the improved 
characterization will be used to update the ground motion hazard at DCPP and to also 
assess the potential for secondary deformation along the Auxiliary Salt Water (ASW) 
intake pipe corridor. 

This report describes the data collection and initial results from new geologic 
interpretations for the first year of this study.  This report distinguishes between the 
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seismicity lineament as defined by Hardebeck (2009) and the Shoreline fault zone as 
currently defined by bathymetry and the interpretations presented in this report. The 
report is organized into the following sections:  

2.0  Data Collection - describes the new geologic and geophysical data, including 
multibeam echo sounding (MBES) swath mapping and high resolution seismic 
reflection profiling, that were used to identify the surface expression of the Shoreline 
fault zone. 

3.0  Seismicity Lineament - evaluates the Shoreline seismicity lineament including 
estimates of earthquake location uncertainty.   

4.0  Initial Results - integrates the new geologic and geophysical data with the 
seismicity to improve the characterization of the Shoreline fault zone in terms of its 
geometry and segmentation, location offshore from DCPP, and activity rate.   

5.0 Impacts at DCPP - presents an updated evaluation of the ground motion and 
initial evaluation of secondary fault deformation at DCPP related to surface faulting 
on the Shoreline fault zone.   

6.0  Summary and Planned 2010 Studies - summarizes PG&E’s conclusions to date 
and the research program that has been identified for 2010 to address unresolved 
issues and questions. 

7.0  References   

The study area addressed in this report is the offshore region between the Hosgri fault 
zone on the west, the Irish Hills on the east, Estero Bay on the north and San Luis Obispo 
Bay on the south (Figure 1).  Tectonically the study area lies within the Pacific-North 
American transpressional plate margin between the San Simeon/Hosgri system of near-
coastal faults to the west and the San Andreas fault system to the east in a region called 
the Los Osos-Santa Maria (LOSM) domain, as first described in the PG&E Long Term 
Seismic Program Final Report (PG&E, 1988) (Figure 1 inset).  The domain consists of 
northwest-striking reverse and oblique slip faults that border intervening uplifted blocks 
and subsiding basins (PG&E, 1988, Lettis et al., 2004).  The Shoreline fault zone is 
located within the San Luis Pismo block of the LOSM domain.  

 

2.0 DATA COLLECTION 

2 

Modern high resolution potential field (magnetics and gravity) and bathymetric data have 
significantly improved the ability to resolve geologic structures in the vicinity of DCPP 
since the original LTSP (PG&E, 1988).  During 2008 and 2009, new marine magnetic, 
high resolution seismic profiling, and multibeam echo sounding (MBES) data were 
collected offshore DCPP.  New aeromagnetic data were collected onshore in 2008 and 
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2009, and new gravity measurements were collected in 2009 to update earlier models for 
the area (Figure 2).  

2.1 Magnetics  

Figure 2a shows the coverage of a fixed wing aeromagnetic survey that was flown in 
2008 under the PG&E/USGS CRADA program.  A total of 20,508 line-kilometers of 
data were collected at an altitude of 305 m (~1000 feet) with an 800 m line spacing using 
differential GPS navigation.  A contour map of this aeromagnetic data was published as 
USGS Open File Report 2009-1044 (Langenheim et al., 2009).   

Marine magnetic data were collected at 400 m line spacing during 2008 and 2009 as part 
of a joint marine magnetics and high resolution seismic reflection study as part of the 
PG&E/USGS CRADA and the California State Waters Mapping Program. The data 
collected in 2008 were published as USGS Open File Report 2009-1100 (Sliter et al., 
2009).  Figure 2b shows the track lines for both marine studies.  

The USGS “merged” the marine magnetic data, collected at sea level, with the 
aeromagnetic data, collected at an altitude of 305 m above terrain, by applying a simple 
datum shift (Watt et al., 2009; see Figure 2c).  The data “merge” quite well despite the 
difference in measurement height.  This is confirmed by the similar magnetic character 
between the aeromagnetic data and the marine magnetic data that have been filtered to 
effectively place those data at the same height as that of the aeromagnetic data (upward 
continuation).  

In order to capture the shorter wavelength features of the magnetic field in the vicinity of 
the Shoreline fault zone and fill the gap between the fixed wing and marine surveys, 
PG&E conducted a helicopter-based magnetic survey along the coast line in December 
2009. An additional 933 line-kilometers of total field aeromagnetic data were collected 
between Pt. Buchon and Pt. San Luis along flight lines spaced 150 m apart and at a 
nominal altitude of ~100m above terrain (see Figure 2b for survey area).  Processing of 
these data is in progress.  

2.2 Gravity  

3 

The USGS compiled, edited and reprocessed nearly 30,000 gravity measurements to 
produce an isostatic residual gravity map for the region, spanning Monterey on the north 
to the Santa Barbara channel on the south (Langenheim et al., 2008).  Data includes the 
PG&E LTSP offshore data base as well as data collected at ~ 1 mile spacing by NIMA 
(formerly the Defense Mapping Agency) for the area south of 36°15’N near Vandenberg 
Air Force Base.  Terrain corrections were applied using 30 m DEMs to create a roughly 2 
km grid over the central California coastal area  The USGS also collected about 180 new 
gravity measurements in the Pt. Buchon /Pt. San Luis area and in the Santa Maria basin 
during 2009.  Several older measurement sites were reoccupied to aid in editing the old 

Shoreline Fault Zone Report, Appendix A-2 Shoreline Fault Zone Progress Report A2-4 of 37



data and highlighted the inaccuracy of the older data.  Figure 2d shows the isostatic 
gravity anomalies in the vicinity of the DCPP at a grid spacing of 400 meters (Watt et al, 
2009).   

2.3 High Resolution Seismic Reflection Profiling  

Single-channel seismic-reflection data were acquired in 2008 and 2009 by the U.S. 
Geological Survey between Piedras Blancas and Pismo Beach, along shore-perpendicular 
transects spaced 800 m apart extending from close to shore to beyond the 3-mile limit of 
California State waters (Figure 2b).  Data were collected as part of the PG&E/USGS 
CRADA and the California State Waters Mapping Program.  The 2008 data were 
published as USGS Open File Report 2009-1100 (Sliter et al., 2009). Data collected in 
2009 are still being processed.  In general, the USGS survey vessel was not able to 
approach as close to shore as the CSU Monterey Bay vessel (see below) due to the 
presence of shallow rocks and kelp.  Specific attempts were made in 2009 to image 
portions of the Shoreline fault zone based on locations mapped by MBES; however, these 
attempts were not successful.   

2.4 Multibeam Echo Sounding  

Multibeam echo sounding (MBES) data for the Estero Bay to San Luis Bay nearshore 
region were acquired by the Seafloor Mapping Lab at California State University 
Monterey Bay during 2008 and 2009.  Figure 2e shows the areas mapped in 2006 (Point 
Buchon- grey colored track lines) and 2009 (Point Buchon to San Luis Bay – red colored 
track lines).  The acquired MBES bathymetry data are shown on Figure 2f. The spatial 
resolution in water depths less than 50 m is 1 m, and is 2 m for water depths greater than 
50 m.  Multibeam databases can be accessed at the CSU Sea Floor Mapping Lab Data 
Library http://seafloor.csumb.edu/SFMLwebDATA_c.htm.  Data bases for 2006 Pt. 
Buchon survey are currently on line, and the databases for the 2009 Pt. Buchon to Avila 
Beach survey will be available at the end of 2009. 

 

3.0 SEISMICITY LINEAMENT  

3.1 Hardebeck Studies  

In November 2008, Dr. Jeanne Hardebeck (USGS) presented relocations of earthquakes 
that have occurred from 1987 to 2007 in the south-central coastal region of California at a 
PG&E/USGS Cooperative Research and Development Agreement (CRADA) workshop.  
Dr. Hardebeck’s study, supported by the CRADA as part of the regional LTSP Update 
program, used the Double Difference (DD) program, hypoDD (Waldhauser and 
Ellsworth, 2000) and found a microseismicity lineament  about one km offshore of 
DCPP.   
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In 2009, Hardebeck relocated the earthquakes through 2008 using a new relocation 
technique called tomoDD (Zhang and Thurber, 2003).  TomoDD is a more robust 
program than hypoDD because it incorporates absolute and relative arrival time data from 
the phase picks and waveform cross correlations, respectively, and it uses DD 
tomography to determine a 3D velocity model jointly with absolute and relative event 
locations (Zhang and Thurber, 2003).  Hardebeck’s tomoDD results also show the 
Shoreline seismicity lineament (Figure 1).  The seismicity lineament consists of 
approximately 50 microearthquakes of magnitude 0.8 to 3.5 located between 2 and 15 km 
depth.  

We evaluated why the seismicity lineament was not previously visible using typical 
catalog locations based on a 1D velocity model.  We found that a diffuse pattern of 
earthquakes between the shoreline and the Hosgri fault zone centered about 1½ km west 
of DCPP was visible, but they did not show a strong alignment (Figure 3, frame CAT08).  
The diffuse pattern was due primarily to imprecise locations of earthquakes occurring 
offshore and outside the seismic networks using a 1D velocity model.   

During the 1988 through 2008 time period, the seismographic station coverage did not 
change.  The yearly plots in Figure 3 show that during this time period the Shoreline 
microseismicity lineament began in the northern end and, in about 1992, the seismicity 
began to fill in the central and southern parts.  Analysis of earlier seismicity data with 
less station coverage identified possibly 3 additional microearthquakes associated with 
the seismicity lineament (J. Hardebeck, personal communication, 2009).  

3.2 Peer Review of Seismicity Lineament  

Regardless of the location method used, hypocentral accuracy depends on several factors 
such as the quality of the P- and S- arrival time picks, an adequate velocity model and 
good station geometry (<180° azimuthal gap).  The accuracy of the offshore Shoreline 
fault zone earthquake locations is likely affected by all of these factors.  

Hardebeck’s tomoDD location results for earthquakes within the study area were 
reviewed by Dr. Clifford Thurber, co-author of tomoDD (Zhang and Thurber, 2003).  He 
first reproduced the tomoDD results of Hardebeck using her same assumptions, and then 
relocated the earthquakes using tomoDD with his preferred parameters and velocity 
model.  Thurber also estimated the hypocentral location uncertainty for comparison with 
Hardebeck’s uncertainty estimates (Hardebeck, 2009).  Thurber concluded that the 
seismicity lineament identified by Hardebeck is a robust feature (Thurber, 2009).   

Figure 4 shows both the Hardebeck and Thurber locations with the 2009 Shoreline fault 
zone interpretation (this study). The earthquakes that are associated with the seismicity 
lineament are defined here as those events whose 0.5 km uncertainty circles (buffers) 
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intersect the mapped traces of the Shoreline fault zone (as described in Section 4.2) or the 
cross section line A-A’ to the northwest.  Thurber’s locations are generally farther 
offshore than Hardebeck’s and the difference in location generally increases with 
distance offshore (i.e., there is less offset between Thurber and Hardebeck along the 
seismicity lineament and more offset along the Hosgri fault zone).  Thurber’s locations 
are also approximately 1 km shallower than Hardebeck’s locations (Figure 5).  

3.3 Location Uncertainty 

Hardebeck and Thurber each estimated location uncertainties for earthquakes within the 
Shoreline seismicity lineament. Their methods are described below. In this report, we 
estimate location uncertainty by comparing the individual Hardebeck and Thurber 
uncertainty estimate to our estimate based on a comparison of the two tomoDD results.  

Hardebeck (2009) estimated the absolute earthquake location uncertainty by relocating 
shots with known locations.  For 13 shots (Murphy and Walter, 1984; Sharpless and 
Walter, 1988) located inside her 3D velocity model, the RMS shift from the true location 
was 0.9 km horizontal and 1.3 km vertical.  She concluded that the absolute uncertainty 
of the earthquake locations, which should be better located than the shots, was ≤ 0.9 km 
horizontal and ≤ 1.3 km vertical.  She acknowledges that the offshore shot location errors 
are larger.  The location errors in shots tend to be about twice the location errors for 
earthquakes because the ray path for shots samples the shallow surface structure twice.  

Thurber assessed the relative and absolute location uncertainties.  Using a jackknife 
approach, he estimated relative location uncertainties of 140 m in the direction parallel to 
the lineation, 190 m perpendicular to the lineation, and 280 m in depth.  For the absolute 
location uncertainty he obtained a rough estimate by considering the variations in 
absolute locations resulting from the use of different starting velocity models and 
different control parameter settings.  He considers 500 meters to be a reasonable estimate 
of the absolute location uncertainty (horizontal and vertical) for the Shoreline 
earthquakes within the Shoreline seismicity lineament. 

Hardebeck (2009) also estimated uncertainties for the San Luis Obispo region based on 
the stability of the locations determined using various location methods.  The median 
absolute shift between her hypoDD and 3D locations is 470 m horizontal and 450 m 
vertical.  The median absolute location shift between her hypoDD and tomoDD locations 
is 390 m horizontal and 510 m vertical.  

In a similar approach, we compared location results specifically between Hardebeck and 
Thurber’s tomoDD earthquake locations.  The average shift values between the two 
tomoDD runs are 0.50 ± 0.34 km (RMS 0.60 km) horizontal shift and 1.39 ± 0.82 km 
(RMS 1.61 km) vertical shift.  Our results are consistent with the Hardebeck and Thurber 
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error estimates.  In this progress report, we use the Hardebeck locations with 
uncertainties of 0.50 km horizontal and 1.4 km vertical to study the relation of the 
seismicity lineament to the Shoreline fault zone.   

 

4.0 INITIAL RESULTS  

4.1 Geologic Setting  

Identifying a potential candidate structure as the cause of the seismicity lineament 
requires an understanding of the geologic setting in terms of the geomorphology, 
stratigraphy, and structure of the offshore region west and southwest of the Irish Hills.  
The geologic setting of this offshore region is partly known from previous studies (e.g. 
PG&E, 1988) but has been greatly improved by interpretation of the recently acquired 
MBES bathymetric, seismic reflection, and potential field data.  

Geomorphology 

The Shoreline seismicity lineament traverses the inner continental shelf west and south of 
the Irish Hills. The inner shelf in this area consists of a gentle, westward-sloping (less 
than 1 degree) bedrock platform between the coastline and a prominent break-in-slope 
coincident with the Hosgri fault zone. The bedrock platform is underlain by Cretaceous 
(~ 100 million years ago (mya)) and Tertiary rocks (~ 2 to 65 mya) that have undergone 
multiple phases of deformation (Hall 1978), and thus are extensively folded, fractured 
and faulted. In addition, the bedrock platform was eroded during multiple cycles of 
Pleistocene (~ 10,000 years to 2 mya) and Holocene (10,000 years ago to present) sea 
level rise and fall, producing both submerged paleo-seacliffs (former coastlines) and sea 
stacks, as well as enhanced lineaments along the previously folded and faulted strata. 
Locally, extensive thin mobile sand sheets veneer and obscure the bedrock surface.  

Identification of a potential candidate structure associated with the Shoreline seismicity 
lineament, therefore, must consider several factors of the geologic, geomorphic, and 
structural setting:  

(1) The multiple phases of Tertiary deformation have produced an inherited structural 
grain. Most (or all) of these structures are no longer active; however, current 
active faulting may locally re-activate a pre-existing structure.  

(2) Many of the most prominent sea floor lineaments are the result of marine erosion, 
including multiple paleo-seacliffs and enhanced erosion along inherited, pre-
existing geologic structures and bedding.  
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(3) Marine erosion likely obliterates or obscures subtle geomorphic features 
associated with low rates of fault activity.  

(4) Drifting, mobile sand sheets of modern age cover not only large parts of the 
bedrock surface, but also locally infill many bathymetric lineaments and seafloor 
channels, obscuring subtle geomorphic evidence of active faulting.  

(5) A potentially active fault must exhibit clear evidence of cross cutting, and thus 
post-dating, the inherited Tertiary stratigraphic and structural grain, and ideally 
would have geomorphic evidence of cross-cutting relationships to the Pleistocene 
erosion surfaces.  

Stratigraphy and Structure 

Rock strata on the offshore bedrock platform are identified through correlation to onshore 
stratigraphic units following the nomenclature of Hall (1973).  The bedrock consists 
primarily of unnamed Cretaceous greywacke (sandstone) and Franciscan Mélange, and 
Tertiary Obispo, Monterey, and Pismo formations.  These units are recognized and 
mapped based on changes in seafloor texture and structure seen on the MBES bathymetry 
and locally confirmed by cores and diver samples.  

Understanding the distribution of stratigraphic units provides critical information for 
interpreting both the inherited Tertiary structural features on the inner shelf, as well as 
potential Quaternary structural features that either locally reactivate pre-existing 
structures, or “cross cut”, and thus post-date, these earlier structural features.  

During the Tertiary (~ 2 to 65 mya), northeast-southwest-directed compression produced 
the northwest-trending anticlines and synclines in the Irish Hills and the offshore inner 
shelf.  Onshore deformation ended sometime in the late Tertiary (Pliocene (2 to 5 mya) 
and transitioned into uplift of the San Luis/Pismo structural block during the early 
Quaternary (Pleistocene) (Hanson et al., 1994; Lettis et al., 2004).  We infer that offshore 
deformation also ended by the late Tertiary and was replaced by uplift of the offshore 
bedrock platform as an extension of the San Luis/Pismo structural block.  MBES 
bathymetry and high resolution seismic reflection data clearly show folded and faulted 
Tertiary strata (Figure 6).  The deformation also warps and folds pre-existing fault 
contacts or angular unconformities that separate the Tertiary section from the underlying 
Cretaceous basement section.  This pre-existing stratigraphic and structural grain, 
therefore, provides the basis for identifying and characterizing potential faults that 
crosscut older structures.  

Further to the west, the marine bedrock platform and geologic structures are truncated by 
the Hosgri fault zone (Figure 6).  The Hosgri fault zone is an active transpressional right 
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slip fault that forms one of the major strike slip faults separating the Pacific and North 
American tectonic plates.  It is approximately 110 kilometers long, has a slip rate of 1 to 
3 mm/yr, and lies approximately 4 kilometers offshore of the DCPP (Hanson et al., 2004; 
PG&E, 1988, 1990).   

4.2 Potential Candidate Structure for the Shoreline Fault Zone 

Based on our analysis of the MBES bathymetry and seismic reflection data and 
interpretation of offshore geology, we identify a candidate geologic structure that we call 
the Shoreline fault zone.  The fault zone cuts across all Cretaceous and Miocene 
structures and, thus, is younger than the Miocene (5 to 24 mya).  It consists of three 
distinct segments separated by right en echelon steps of several hundred meters width 
(Figure 6).  The characteristics of these three segments are summarized in Table 1 and 
described below. 

Segmentation and Length  

The Shoreline fault zone consists of three segments: (1) a  6 to 9 km Northern Segment 
defined by a distinct N40W-trending escarpment that locally truncates Miocene bedding 
and structures; (2) a 8 km Central Segment expressed as a sharp bathymetric lineament 
and scarp that locally juxtaposes unlike bedrock lithologies, truncates bedding and 
structures (folds and faults), and has associated gas-related pock marks and mud 
extrusions; and (3) a 6 km Southern Segment expressed as a poor to moderate 
bathymetric lineament with local truncation of bedding.  The geomorphology of all the 
segments shows that differential erosion is the primary cause of the bathymetric 
lineaments on the seafloor.  Fault line scarps accentuated by wave erosion are common 
where faults juxtapose resistant and weak rock.  The weaker materials in the fault zone 
are eroded into troughs.     

The northern part of the seismicity lineament and the Central and Southern fault 
segments forms a right-stepping en echelon pattern with an overall strike of North 60° to 
70° West.  Within the Central Segment, the bathymetric lineament also shows a right-
stepping en echelon pattern at both the kilometer scale and 10 to 100 meter scale. The en 
echelon right stepping fault pattern strongly suggests right-lateral strike-slip surface 
displacements consistent with the focal mechanisms of the recent microseismicity (Figure 
7).   

The Shoreline seismicity lineament coincides with the surface trace of the Central and 
Southern segments of the Shoreline fault zone, and thus these two segments of the fault 
zone appear to have been reactivated in the current tectonic setting.  The alignment of 
seismicity with the fault zone occurs from directly west of the DCPP southward along the 
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coastline to directly southwest of Point San Luis, where both the seismicity lineament and 
the Shoreline fault zone die out (Figure 4).  

To the north, however, the seismicity lineament is more diffuse and diverges along a 
more westerly trend than the Northern segment of the Shoreline fault zone.  No fault has 
been identified that can be associated with the northern part of the seismicity lineament.   
To the contrary, six shallow high resolution seismic reflection lines that cross the 
northern part of the seismicity lineament provide direct stratigraphic evidence showing 
the absence of faulting within the upper hundred meters of the bedrock platform and the 
Quaternary sediments that overly the platform  (e.g., Figures 8 and 9a and 9b).  It may be 
that this part of the seismicity lineament is associated with a fault that does not reach the 
surface. Some of the seismicity may be associated with the western trace of the Hosgri 
fault zone at depth.  

The total length of the seismicity lineament is 22 to 23 kilometers (Table 1). The northern 
part that is not associated with a known fault extends from the Hosgri fault zone 
southward to near the discharge cove of DCPP for a distance of 8 to 9 kilometers.   

The microseismicity defines nearly vertical fault planes (Figure 5) and the composite 
focal mechanisms indicate vertical strike-slip earthquakes.  In the Central and Southern 
parts of the seismicity lineament, the seismicity reaches a depth of about 10 km.  Along 
the northern part of the seismicity lineament, there is a change in the depth distribution 
with depths up to 15 km.  The seismicity lineament appears to be most active near the 
Hosgri fault zone and decreases in activity to the southeast. 

4.3 Location of the Shoreline Fault Zone with Respect to DCPP 

Our analysis of the MBES data in the DCPP area (Figure 10a) locates the Central 
Segment of the Shoreline fault zone southwest of the Intake Cove breakwater, 600 meters 
from the Power Block and 300 meters from the intake structure (Figure 10b).  The high 
quality of the MBES data clearly shows the Shoreline fault zone in this area as a sharp 
lineament whose northern end projects beneath the sand sheet west of the Discharge 
Cove.   

4.4 Activity Rate of the Shoreline Fault Zone 
 
Evidence of Activity  

The offshore seismicity lineament correlates well with the Central and Southern segments 
of the Shoreline fault zone.  As described previously, most of the microseismic events 
along the Central and Southern segments locate along the fault zone within the ½ 
kilometer uncertainty bound (Figure 4).  Because of this direct association with 
microseismicity, we conclude that the Central and Southern segments of the Shoreline 
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fault zone are active and that the evidence of activity is sufficient to warrant inclusion of 
the fault zone in sensitivity analyses to assess implications of ground motion and 
secondary deformation at the DCPP.  

In contrast, the Northern part of the seismicity lineament is not associated with a mapped 
fault.  Seismic reflection records confirm that the underlying wave cut platform and the 
overlying Quaternary sediments are not deformed (Figures 8 and 9a and 9b).   The lack of 
coincidence of the seismicity with a mapped fault indicates that the northern part of the 
lineament should be considered separate from the Central and Southern segments of the 
Shoreline fault zone.    

Our preliminary analysis of the MBES bathymetry and seismic reflection data along the 
Central and Southern segments of the Shoreline fault zone has not identified conclusive 
geologic, geomorphic, or geophysical evidence of late Quaternary (Holocene) fault 
activity; however, the prominent seafloor scarps, local gas pock marks, subtle 
geomorphic features that crosscut talus and colluvium are consistent with a late 
Quaternary active fault.  Further analysis is required during 2010 to test these 
observations.  

Slip Rate on the Shoreline Fault Zone 

Slip rate on the Shoreline fault zone is poorly constrained at this point of our preliminary 
analysis.  Several approaches are being used to constrain slip rate or activity rate on the 
Shoreline fault zone.  Progress on each of these approaches is as follows: 

(1) Direct quantitative estimate of slip rate.  The Northern Segment of the Shoreline 
fault zone crosses numerous submerged marine terrace surfaces and paleo-
coastlines.  These marine terraces represent former still stands of sea level, and 
thus form an excellent strain gauge to assess the amount and age of late 
Quaternary deformation if they can be mapped and dated with confidence.  A 
preliminary map of these terraces has been prepared, and work is in progress to 
correlate and assign ages to the terraces.  At this point, our preliminary 
observation is that the Northern Segment of the Shoreline fault zone has not 
produced significant deformation (greater than one meter) of the 80,000 and 
125,000 year old terrace sequences suggesting that the fault is not active or has a 
slip rate that is less than 0.01 mm/yr. 

(2) Qualitative estimate of slip rate. Many active faults with known slip rates cross 
the inner continental shelf of California. Comparing the geomorphic, geologic, 
and geophysical signature of these faults to the Shoreline fault zone provides a 
qualitative estimate of slip rate. We compare the Shoreline fault zone to the 
Hosgri fault zone that has a known slip rate of 1 to 3 mm/yr. The Hosgri fault 
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zone forms a prominent geomorphic break-in-slope, clearly deforms late 
Pleistocene and Holocene marine deposits, and is associated with a prominent 
gravity and magnetic anomaly (Figures 6 and 11). In contrast, the Shoreline fault 
zone does not form a prominent break-in-slope and does not appear to 
significantly offset offshore submerged marine terraces. It is also not associated 
with a major geophysical anomaly indicating that it has had relatively minor 
cumulative bedrock offset. We interpret the contrast between theses faults to show 
that the slip rate on the Shoreline fault zone is one to two orders of magnitude 
lower than the Hosgri fault zone. Hence, our preliminary qualitative estimate of 
slip rate on the Shoreline fault zone using this approach is 0.01 to 0.3 mm/yr. 
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Table 1  Characteristics of the Shoreline Fault Zone and the Northern Microseismicity Lineament  

Segment 
Location 

Strike  

Length   
Width   

Dip 

Geomorphic (bathymetric)  
Expression  

Lithology Structure Microseismicity Seismic Reflection 

SHORELINE FAULT ZONE 

North 
Segment 

Offshore of 
Point Buchon to 
Lyon Rock  
N40°W 

6 km; may 
extend north 

additional 
3km  

Not known* 
 90° (?) 

Moderate geomorphic expression 
with fault line scarps in resistant 
rock in contact with sand sheets.  
Strong morphology where not 
covered by sand sheet.  Wave-cut 
platform not displaced across fault. 

Locally Sharp 
lithologic contacts 
(Obispo/Monterey) 

Strong; south end changes 
strike and trends onshore as 
‘horsetail’ strands south of 
Lion Rock and may connect 
with bedrock  faults mapped 
onshore 

A few microseismic 
events  

No deformation of 
wavecut terraces 
within 1 meter 
resolution 

Central 
Segment 

Lyon Rock to 
Rattlesnake 
Creek 
N65°W 

8 km 
2 to 10 km* 

90° 

Strong geomorphic expression, 
with fault line scarps in resistant 
rock units. Locally sharp 
morphology with en echelon offsets 
C-1 moderately prominent 
C-2 prominent; particularly where 
not covered by sand sheet  
C-3 moderately  prominent 

C-1 contact within 
Obispo rocks but 
covered by sand 
sheet 
C-2 sharp lithologic 
contact 
(Obispo/Franciscan?) 
C-3 sharp contact in 
Franciscan  

Strong with 100 to 500 m 
stepover between segments  
C-1 Strong; truncated bedding, 
no onshore connection (?) 
C-2 Very strong; may connect 
to Olson fault 
C-3 Locally strong; truncated 
bedding; may connect to 
Rattlesnake fault   

Best expression 
3 to 8 km deep 
No differentiation of 
geologic segments 
C1, C-2, C-3 
Right lateral focal 
mechanisms  

No reflection data 
due to proximity to 
shore  
Acoustically  opaque 
basement 

South 
Segment  

Rattlesnake 
Creek to end of 
seismicity 
lineament south 
of Point San 
Luis 
N50°W 

5 to 5 ½  km 
2 to 10 km* 

90° 

Weak to moderate; local fault line 
scarps in resistant rocks in contact 
with sand sheets 

Sharp lithologic 
contact in Franciscan 

Locally strong; truncated 
bedding  

Weakest expression 
With cluster and 
largest earthquake at 
marking the southern 
end 
Right lateral focal 
mechanisms 

Wavecut platform 
and overlying 
Quaternary sediments 
not deformed 

MICROSEISMICITY LINEAMENT 

Northern  
Micro-
seismicity 
trend  

Hosgri fault to 
Lyon Rock 
N45°W 

9 km 
2 to 15 km* 

90° 
No surface expression No lithologic contact  

No structural offsets   
No association with  North 
Segment of Shoreline fault 
‘Blind’? 

Locally diffuse 
toward north  
3 to 15 km deep 
Right lateral focal 
mechanisms 

Wavecut platform 
and overlying 
Quaternary sediments 
not deformed  

Footnote: * Width of fault zone is estimated from the depth of the microseismic events  
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5.0 IMPACTS AT DCPP 

5.1 Ground Motion 

The previous analysis of the impacts of the ground motion at DCPP assumed a M6.5 
strike-slip earthquake at a distance of 1 km.  The results from the 2009 studies indicate 
that the length of the combined central and southern segments corresponds to a 
magnitude 6.25 earthquake.  The distance from DCPP to the power block is 0.6 km, not 1 
km as previously assumed.   

For the same magnitude, the change from 1 km to 0.5 km distance leads to about a 4% 
increase in the 84th percentile ground motions.  Reducing the magnitude from 6.5 to 6.25 
leads to a 5-10% reduction in the 84th percentile ground motions.  As shown in Figure 
12, the spectrum from the Shoreline fault zone remains lower than the LTSP spectrum.  
In the frequency range of 3-8.5 Hz used for the fragility curves, the Shoreline fault 
spectra are 10-30 percent lower than the LTSP.  Therefore, using the new results, the 
deterministic ground motion will remain smaller than the LTSP spectrum and there is 
adequate seismic margin. 

5.2 Potential for Secondary Fault Deformation  

The central segment of the Shoreline fault zone is 600 meters from the Power Block and 
300 meters from the cooling water intake.  Given this short distance, the potential for 
secondary fault deformation is evaluated.  The geology in the plant region is shown in 
Figure 10b.  There is a unit labeled Tfoc, consisting of shale, claystone and siltstone that 
is a weaker rock material.  If secondary fault ruptures occur, they would most likely 
occur in the weaker Tofc unit.    

The Auxiliary Salt Water (ASW) pipes are the only safety related Structures, Systems 
and Components (SSC) that could be affected by small fault deformations in the Tfoc 
unit.  A study of the deformation capacity of the ASW pipes found that there are eight 1-
ft long Dresser coupling sections that are susceptible to small ground deformations. 

An initial probabilistic analysis of the secondary fault deformation occurring at any of the 
eight Dresser coupling sections was conducted following the method of Petersen et al 
(2004).  Two rupture segmentation models are considered; rupture of the Central segment 
by itself (M6.0) and rupture of the combined Central and Southern segments (6.25). As 
described in Section 4.4, the slip-rate is uncertain but is judged to be between 0.01 and 
0.3 mm/yr.  The hazard for secondary fault deformation occurring at any of the eight 
Dresser couplings is shown in Table 2 for the two rupture models.  The range of values 
for each case represents the range of slip rates. The probability of 1 cm or larger 
occurring is very small: between 4.2E-9 to 2.4E-7.  The NRC allows for events with less 
than 1E-8 to be excluded from the risk assessment for Yucca Mountain (10-CFR.63-342). 
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This screening level falls within the lower range of the probabilities of secondary fault 
deformation. 

Secondary fault deformation was not previously considered in the license of DCPP.  The 
potential impacts are evaluated in terms of the potential change in the seismic Core 
Damage Frequency (CDF).  The seismic CDF at DCPP is 3.7 E-5 (LTSP, 1988).  
Therefore, with the probability of secondary fault rupture in the range of 4.2E-9 to 2.4E-
7, the increase in seismic CDF due to secondary fault deformation will be much less than 
1%. We conclude that secondary fault deformation impacting the ASW pipes leads to a 
negligible change in the seismic CDF and does not affect the seismic safety of DCPP. 

 

Table 2.  Annual probability of secondary fault rupture at any of the eight Dresser 
couplings of the ASW in the Tofc unit.  

Secondary Deformation Central 

(M6.0) 

Central & Southern 

(M6.25) 

>1.0 cm 4.2E-9 - 1.3E-7 8.0E-9 - 2.4E-7 

>2.0 cm 1.7E-11 -5.1E-10  2.3E-9 - 6.9E-8 

 

6.0 SUMMARY AND PLANNED 2010 STUDIES 

6.1 Summary 

Initial analyses of the seismicity, multibeam (MBES) bathymetry, and high resolution 
seismic profiles collected to date allow for several preliminary observations and 
conclusions as summarized below.  These preliminary conclusions will be further 
evaluated during Year 2 (2010) of our planned Investigation Program. 

Seismicity Lineament 

1. The seismicity lineament as defined by Hardebeck (2009) is a robust feature and 
consists of approximately 50 events from 1988 to 2008.  All of the events are 
small (most are in the M 1 to 2 range) with the largest being a M3.5 in 2000.  
Horizontal location uncertainty is approximately ± 0.5 km, vertical uncertainty is 
±1.4 km. 

2. Seismicity generally becomes more diffuse spatially and extends to greater depths 
(2 to 15 kilometers) along the northern part of the lineament as it approaches the 
Hosgri fault zone.  The depth range of the seismicity along the central and 
southern parts of the lineament extends from 2 to 10 kilometers.  The seismicity 
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along the entire lineament defines a nearly vertical zone.  Focal mechanisms 
indicate primarily right lateral strike slip movement. 

Shoreline Fault Zone 

1. The Shoreline fault zone has been identified based on MBES and high resolution 
seismic profiling data   The Shoreline fault zone displaces Tertiary and older 
geologic structures, and thus is younger.  The fault zone consists of three distinct 
segments, the Northern, Central and Southern segments.  These segments are well 
expressed in the sea floor bathymetry as the result of differential marine erosion 
along the fault trace. 

2. The total length of the active portions of the Shoreline fault zone is 13 to 14 km:  
8 km for the Central segment and 5- to 5 1/2 km for the Southern Segment.  The 
Northern segment is 6 to 9 km long and is not considered active.  

3. The seismicity lineament is coincident with and indicates reactivation of the 
Central and Southern segments of the Shoreline fault zone.  The seismicity 
lineament diverges northward away from the Northern Shoreline fault zone 
segment. Therefore, we consider the Northern Shoreline fault zone segment to be 
a separate structure in the current tectonic setting. 

4. Seismic reflection lines across the northern part of the seismicity lineament 
provide direct stratigraphic evidence that demonstrates the lineament is not 
associated with surface faulting.  The northern part of the seismicity lineament 
may be occurring on a buried fault in the crust between the Shoreline and the 
Hosgri fault zones or it may be occurring on faults at depth within the Hosgri fault 
zone. 

Location with Respect to DCPP 

1. The Central segment of the Shoreline fault zone is 300 meters southwest of the 
Intake structure and 600 meters southwest of the Power Block. 

Activity Rate 

1.  Currently, the activity or slip rate on the Shoreline fault is poorly constrained. 
Developing constraints on the slip rate will be a focus of our 2010 investigations.  
Qualitative comparison of the Shoreline fault zone to the more prominent Hosgri 
fault zone suggests a slip rate one to two orders of magnitude less than the Hosgri 
fault zone, or approximately 0.01 to 0.3 mm/yr.  At this time, we believe that this 
qualitative assessment bounds the range of uncertainty in slip rate on the 
Shoreline fault zone. 
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Implications to DCPP  

1. The vibratory ground motion impacts were evaluated using a margin approach.  
The 84th percentile ground motions from the Central and Southern segments of 
the Shoreline fault zone are bounded by the LTSP.  Therefore, there is adequate 
seismic margin due to vibratory ground motion. 

The secondary fault deformation impacts were evaluated using a Probabilistic 
Risk Assessment (PRA) approach.  The probability of 1 cm or larger deformation 
at any of the eight Dresser coupling ranges from 4E-9 to 2E-7 depending on the 
slip-rate (0.01 to 0.3 mm/yr) and rupture segmentation (Central segment versus 
combined Central and Southern segments).  The potential change in the seismic 
CDF is much less than 1%. Therefore, we conclude that the secondary 
deformation leads to a negligible change in the seismic CDF. 

6.2 Planned 2010 studies  

PG&E’s research program for 2010 will focus on integrating and interpreting the 
geologic and geophysical data sets collected in 2008 and 2009 in a regional context.  A 
high priority task is to better characterize the slip rate, long-term style of deformation, 
and slip along the Shoreline fault zone.  This will involve completion of our 
interpretations of the marine multibeam survey and, working with the USGS, completion 
of the processing and interpretation of the high resolution marine reflection, magnetics, 
and gravity data.  Specific geologic studies to asses the possible relationship of the 
Shoreline fault zone to the Southwestern Boundary Zone and to improve our estimates of 
the slip rate for the Shoreline fault will also be conducted.  

All of the geologic and geophysical information collected to date will be integrated to 
develop an initial three dimensional tectonic model of the region in 2010.  This 
compilation will be used as input to a 3-D finite element model to evaluate various 
kinematic interpretations of crustal deformation in the central California coastal region. 
The characterization of the Shoreline fault zone will be incorporated into the seismic 
hazard update being conducted as part of the LTSP.  This complete seismic hazard update 
is scheduled to be completed in 2013.  
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Figure 3aPacific Gas and Electric Company

Yearly Seismicity Plots from 1988 to1999, Comparing 
USGS/PGE Catalog (CAT) Locations to Hardebeck 
tomoDD (TDD) Locations.  

NOTE: Polygon encloses general area of the Shoreline fault zone.  See 
Figure 3b for plots from 2000 to 2008.

Current year earthquake locations
Previous year(s) earthquake locations
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Figure 3b

Yearly Seismicity Plots from 2000 to 2008, Comparing 
USGS/PGE Catalog (CAT) Locations to Hardebeck 
tomoDD (TDD) Locations.  

NOTE: Polygon encloses general area of the Shoreline fault zone.  See 
Figure 3a for plots from 1988 to 1999.

Current year earthquake locations
Previous year(s) earthquake locations
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Figure

Seismicity Cross Sections Projecting Hardebeck and 
Thurber Locations. 

NOTE: Cross sections AA’, BB’ and CC’ are seamed together. 
See Figure 4 for cross section locations. SFZ=Shoreline fault zone.
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Figure 7Pacific Gas and Electric Company

See Figure 1 for fault desriptions.
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Figure 12Pacific Gas and Electric Company

Comparison of the 84th Percentile Ground 
Motion Spectra from the Shoreline fault 

zone with the LTSP Spectrum. 

NOTE: The red curve shows the spectrum 
from a M6.5 earthquake at a distance of 1 
km assumed in the 2008 evaluation.  The 
green and purple curves show the spectra 
used the updated values for either the 
central segment (M6.0) or the central and 
southern segments together (M6.25) and 
with the shorter distance of 0.6 km.
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COVER LETTER  
April 17, 2009 

This Revised Action Plan for the study of the Shoreline Fault Zone is based on updated 
information and planning since the original Action Plan was submitted in December 
2008. 

 

Significant changes include  

Geophysical Studies (GP)  

• Tasks GP-2 and GP-4. 

Tasks GP-2 and GP-4 were combined into one task - Task GP-2.  Further evaluation 
of the airborne bathymetric LiDAR methodology to map the surf zone indicated that 
environmental conditions (water turbidity, wave action and kelp growth) would 
significantly interfere with the quality of the data collected. A side scan 
interferometric sonar technique was identified as a more promising alternative for 
mapping close to the shore line.  

 

• Tasks GP-5 and GP-6 

Tasks GP-5 and GP-6 were combined into a single task – GP-4.  Both tasks addressed 
the need to conduct very high resolution studies of specific target areas identified by 
other geophysical mapping programs (e.g. multibeam, seismic, magnetics).  These 
target area studies would be used to further constrain the style and rate of faulting for 
both the Hosgri and +Shoreline Fault Zones.  
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REVISED ACTION PLAN FOR THE STUDY OF THE SHORELINE FAULT 
ZONE 
 

I. INTRODUCTION 
Recent processing of seismic recordings from small earthquakes (1987-2007, magnitudes 
<1 to 3.5) using improved earthquake location computer programs shows an alignment of 
epicenters along the coast offshore, approximately one km from DCPP that is suggestive 
of a vertical strike-slip fault at depth (~3-11 km).  The seismicity alignment has a length 
of 15 km.  If it is extended to the intersection with the Hosgri fault, the length is 24 km.  
In addition to the seismicity data, raw (unprocessed) aero-magnetic and marine-magnetic 
data that were recently collected by the USGS show a magnetic anomaly with a trend that 
is consistent with the seismicity alignment.  Although the geophysical survey results are 
preliminary, taken together, the available seismicity and geophysical data suggest that 
there is an active fault located offshore DCPP which we call the Shoreline fault.  

Based on this preliminary data, PG&E estimated magnitudes of 6.25 and 6.5 for the 
Shoreline fault based on rupture lengths of 15 and 24 km, respectively, and an average 
rupture depth of 12 km.  The potential ground motion at DCPP from these two events 
was evaluated and was found to be lower than the current design ground motions based 
on a larger earthquake on the more distant Hosgri fault.  
The Action Plan below is designed to collect data and conduct analyses to better 
constrain the characteristics of the Shoreline fault and the potential ground motions at 
DCPP and ground deformation west of the power block.  The Plan has three objectives.  
The first objective is to characterize the Shoreline fault in terms of its location, geometry, 
activity rate, rupture characteristics, and relation to the Hosgri fault zone.  The second 
objective is to evaluate the ancient (Tertiary) shear zone west of the power block 
structure for evidence of secondary deformation that may have been associated with the 
Shoreline fault.  The third objective is to estimate potential ground motions from the 
Shoreline fault, including both independent rupture of the Shoreline fault and possible 
synchronous rupture with the Hosgri fault.  

This Action Plan describes the geology, seismology, geophysics, and ground motions 
studies to be performed over the next 2 years to achieve the above objectives. Results 
from these new studies will be integrated with results from the PG&E/USGS CRADA 
which is developing new regional tectonic models.  An updated evaluation of the seismic 
hazard at DCPP will be conducted by PG&E Geosciences as part of the Long Term 
Seismic Program (LTSP) hazard update, which is scheduled to be completed in 2011.  
PG&E Geosciences and their consultants will perform the majority of the work; as part of 
the CRADA, the USGS will perform the balance of their marine magnetic survey and 
evaluate additional seismicity data in the region.  

 

II. GEOLOGIC STUDIES (G)  
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Purpose: Locate, if possible, the surface expression of the Shoreline fault through 
geologic mapping and geophysical surveys (as described in Section IV).  If located, then 
assess the last displacements for timing and amount of displacement.  In addition, 
evaluate whether or not the shear zone has experienced secondary ground deformation 
related to the Shoreline fault.  The shear zone is considered in this context as the shears in 
the shale unit of the Obispo Formation that crops out west of the power block.   

Task G-1  Geologic mapping between Montana del Oro and Point San Luis 
This Task will update existing knowledge of the geology along the coast between 
Montana del Oro and Point San Luis to provide the geologic framework for interpretation 
of the geologic setting of the Shoreline fault.   

Subtask G-1A - Review and compile the 1988-1991 LTSP and other data 
concerning the geology of the coast, including diver geology cores, videos and 
notes.    

Subtask G-1B – Map geologic contacts and faults along the coast; inspect the coast 
in detail for exposures of the Olson and Rattle Snake faults where recent erosion 
may have exposed them.  Use the offshore geophysics information (Task GP-2) as a 
guide to where the Shoreline fault may come onshore and be exposed in the sea 
cliffs.  This Subtask includes detailed geologic mapping to improve existing 
geological maps at the DCPP site, including mapping the wave-cut platforms in 
Diablo Cove and elsewhere.   

Subtask G-1C - Use divers and/or remotely operated vehicles (ROV) to extend 
mapping offshore at sites identified by offshore geophysics (Task GP-2) and 
onshore mapping.  This Subtask is focused on extending mapped geologic contacts 
and/or strata offshore to document fault offsets, if any.   

Subtask G-1D - Profile selected streams that discharge from the Irish Hills to 
identify breaks in slope and channel offsets related to faulting.  The multibeam 
bathymetry (Task GP-2) and other pertinent data from the offshore geophysics will 
be used in this analysis.  

Task G-2 - Evaluation of secondary deformation in the Obispo Fm. shale unit This 
Task will improve the location of the shear zone as mapped for the ISFSI FSAR and will 
evaluate the amount of secondary ground deformation that may have been associated 
with earthquakes on the Shoreline fault.   

Subtask G-2A - This Subtask will evaluate the potential for secondary deformation 
using the methodology of Peterson et al (2004) to calculate the probabilistic fault 
rupture hazard for strike-slip faults and will compare these results with geologic 
analogs.   

Subtask G-2B - This Subtask will conduct detailed field investigations to improve 
the location of the shear zone and evaluate the amount of secondary deformation 
that may have been associated with the Shoreline fault.  This Subtask has several 
elements:  
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a. Clean the cliffs at Diablo Cove to expose the 120,000-year-old wave-cut 
contact at top of rock over bedrock shears and faults in order to look for 
evidence of past secondary deformation. 

b. Conduct local shallow seismic reflection surveys (and/or Ground Penetrating 
Radar) to improve the location of the shear zone and the depth of the wave-cut 
platforms in the area.   

c. Based on the shallow seismic reflection data (from element b), drill borings to 
better define the depths of the wave-cut platforms, find the depths of 
colluvium and marine deposits over the wave-cut platform to help locate 
trench sites, and delineate the extent of the shear zone south of the plant where 
it is covered by colluvium.   

d. Excavate trenches to measure the orientation of the shears and to confirm the 
location of the shear zone and evidence for recent deformation (or lack 
thereof) observed in the cleaned cliff exposures.   

 

III. SEISMICITY STUDIES (S) 
Purpose: Analyze and document the earthquakes that make up the seismicity alignment. 
Studies will include quantifying uncertainties of the hypocentral locations and focal 
mechanisms, and studying the depth distribution and activity rate.  

Task S-1: Expand the time period covered by the data set used by the USGS in their 
analysis of the regional seismicity and determine the locations and focal mechanisms.  
This Task will add earthquakes that occurred from 1980 to 1987 and from Mar 2007 to 
Dec 2008 to the original data set and will estimate their location and focal mechanisms 
using the TomoDD and HASH computer programs.  This work will be performed by the 
USGS as part of the CRADA. 

Task S-2: Provide independent reviews of USGS data analyses described in Task S-1.  

Task S-3:  Analyze and document the expanded data set for the Shoreline fault.  After 
completion of Tasks S-1 and S-2, this Task will address the following parameters: 

a. Hypocentral and focal mechanism uncertainties 

b. Differences between 1D, 3D, hypoDD and tomoDD locations 

c. Temporal and spatial development of the lineament 

d. Magnitude recurrence model for the Shoreline fault based on historical seismicity 

Task S-4: Evaluate the feasibility of offshore seismic stations  

This Task will evaluate the feasibility of installing ocean bottom seismometers (OBS) 
offshore from DCPP, west of the Hosgri fault zone to improve the accuracy of past 
and future earthquake locations and focal mechanisms in the offshore DCPP region.  
Earthquakes that occur offshore, outside the PG&E and USGS seismographic on-land 
networks, have inherent location errors, particularly depth errors.  OBSs would 
improve the azimuthal coverage, resulting in more accurate locations.  
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IV. GEOPHYSICAL STUDIES (GP) 
Purpose:  Conduct additional offshore geophysical studies to improve characterization of 
the Shoreline fault and its relation to the Hosgri fault.  High priority tasks will build on 
the marine work done by the USGS in 2008.   These tasks include GP-1 (high resolution 
marine magnetics), GP- 2 (nearshore geophysics), and GP-3 (scoping study for a 3-D 
seismic survey).  Supplemental tasks (GP-4 through GP-6) will be considered as 
collaborative opportunities present themselves or the need arises.  

Task GP-1: High Resolution Marine Magnetics. 

Subtask GP-1A:  High Resolution Marine Magnetics Data Collection: This Subtask 
will complete the USGS marine field work that was delayed due to equipment 
malfunction in 2008. 

Subtask GP-1B: Marine Magnetics Data Integration and Interpretation: This Subtask 
will provide support for the interpretation of the high resolution marine magnetic data 
and integration of these data with the regional aeromagnetic survey data. 

Task GP-2: Multi beam Bathymetry  

This Task will provide uniform, high-resolution bathymetric coverage from Montana 
del Oro to south of Point San Luis to define the extent and character of the Shoreline 
fault to support Task G-1. Shallow water depths necessitate the use of various 
geophysical techniques to complete this Task.   Mapping wil extend from the 
shoreline (surf zone) west to the Hosgri fault zone 

Task GP-3: 3-D Seismic Survey Scoping Study 

This Task will develop a scope and cost estimate for conducting a 3-D Seismic 
Survey within approximately 5 km of DCPP.  The scope of the survey will include 
both onshore and offshore seismic reflection and refraction from the offshore Hosgri 
to the onshore Los Osos fault zone.  Part of this scope will include preliminary 2-D 
seismic surveys to optimize the later full scale 3-D seismic survey.  This Task will 
also include support for PG&E consultants to familiarize themselves with the LTSP 
and USGS CRADA datasets to develop data collection strategies that will 
complement and leverage previously collected information.  

Supplemental Geophysical Tasks (as needed)  
Task GP-4: 2D High Resolution seismic survey and age dating   

This Task would conduct additional high resolution seismic reflection studies and 
coring for age dating to augment already collected USGS marine data and to improve 
the resolution of marine structures in critical target areas as identified.  

 

V. SOURCE CHARACTERIZATION OF THE SHORELINE FAULT 
Purpose: Integrate of all the data from the G, S, and GP tasks and develop a set of 
alternative models for the characterization of the Shoreline fault in terms of its location, 
geometry, activity rate, rupture characteristics, and relation to the Hosgri fault zone 

Task SC-1: Compile existing data on geology into a GIS data base 
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Create a GIS data-base for the coast and plant site that will include existing 
topographic maps, orthophotos, LiDAR, as well as LTSP and more recent geologic 
maps.  

Task SC-2: Characterize the Shoreline fault 
Using the GIS database, integrate the various data layers and interpret the results. 
Build alternative models of the location, geometry, activity rate, rupture 
characteristics of the Shoreline fault, and its relation to the Hosgri fault zone.  
Develop a logic tree structure and assign weights for the Shoreline fault 
characterization. 

 

VI. GROUND MOTION STUDIES (GM) 
Purpose: Evaluate the ground motions at DCPP for the case with synchronous rupture of 
the Hosgri and Shoreline faults using numerical simulation methods.  Ground motions 
from independent ruptures of the Shoreline fault are adequately characterized by the 
existing models.  These tasks will include defining the rupture characteristics for the case 
in which there is synchronous rupture on the Hosgri and Shoreline faults and computing 
the resulting ground motions at the DCPP site.   

Task GM-1: This Task will use dynamic rupture models to evaluate the rupture 
characteristic for the generic problem of a vertical strike-slip fault with a splay fault.  

Subtask GM-1A: Validate dynamic rupture models for a vertical strike-slip fault 
with a vertical splay fault.   

The SCEC working group on dynamic rupture model code validation will add an 
additional validation case for a vertical strike-slip earthquake with a vertical splay 
fault.  The working group will identify which dynamic rupture computer programs 
are applicable for this case.   

Subtask GM-1B: Simulate a suite of ruptures on a vertical strike-slip fault with a 
vertical splay with a strike that is 30 degrees from the strike of the main fault.  

Based on the results of Subtask GM-1A, two different computer programs will be 
selected and used to simulate the rupture characteristics (slip distribution, rise time, 
rupture velocity, and hypocenter location) for the main fault and the splay fault.  This 
Task will also provide information on the relative rates of independent verses 
synchronous rupture of the main trace and the splay fault.    

Subtask GM-1C: Develop kinematic source inputs.   

The dynamic rupture sources from Subtask GM-1B will be converted to kinematic 
source models so that they can be used to simulate broadband ground motions (Task 
GM-2). 

Task GM-2. Compute site-specific ground motions at the DCPP site using the generic 
kinematic sources developed in Subtask GM-1C.   
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The SCEC broadband simulation platform will be used to simulate the ground motions at 
the DCPP site from a suite of representative rupture scenarios that were developed in 
Subtask GM-1C. 

Task GM-3.  Parameterize the site-specific ground motions into a fault-specific 
attenuation relation for the synchronous rupture case.  

The ground motion response spectra from the kinematic simulations (Task GM-2) will be 
parameterized into a set of attenuation equations and will be incorporated into the seismic 
hazard computer program.   

 

VII. REPORT 
The above results will be summarized in a report to be completed by 4th quarter 2010. 

The report will address the issues investigated in this study:  

• Characterization of the Shoreline fault in terms of its location, geometry, activity 
rate, rupture characteristics, and relation to the Hosgri fault zone.   

• Evaluation of the ancient (Tertiary) shear zone west of the power block structure 
for evidence of secondary deformation that may have been associated with the 
Shoreline fault and estimate potential amount of ground deformation in the shear 
zone.  

• Estimation of potential ground motions from the Shoreline fault, including both 
the independent rupture of the Shoreline fault and its synchronous rupture with 
the Hosgri fault.  

• Summary of the feasibility studies of the Ocean-Bottom Seismometers and a 3-D 
seismic survey. 
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ONSHORE-OFFSHORE GEOLOGIC MAP 
THE SHORELINE FAULT ZONE STUDY AREA, 
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1.  INTRODUCTION  
 
This appendix presents a comprehensive geologic map from a compilation of existing and new 
geologic mapping and geophysical data both onshore and offshore in the Shoreline fault zone 
study area.  The study area extends from the western slope of the Irish Hills on the east to the 
edge of the continental shelf at the Hosgri fault zone on the west, and from Estero Bay on the 
north to Pismo Beach on the south (Figure B-1-1).  The geologic map is presented in four plates 
at 1:12,000 scale (Plates B-1A to B-1D).  

 

1.1  Purpose and Objectives 
 
The purpose of creating an onshore-offshore geologic map of the study area is to place the 
Shoreline fault zone in its geologic context.  The objectives of the mapping include:  

1. Complete a geologic map of the study area using previous and new field mapping plus 
the newly acquired MBES and LiDAR images, dive samples, seismic-reflection profiles, 
and high-resolution helicopter magnetic field data;     

2. Characterize the length, segmentation, style of faulting, and slip rate of the Shoreline 
fault zone;  

3. Accurately locate the fault trace where it lies offshore of DCPP;  

4. Assess the relation of the mapped traces of the Shoreline fault zone to the seismicity 
lineament that originally defined the Shoreline fault; and  

5. Evaluate the evidence, if any, of late Quaternary displacements on the fault. 

 

1.2  Previous Investigations  
 
Existing onshore geologic maps within the DCPP site vicinity are shown on Figure B-1-1.  
Mapping of the Irish Hills (i.e., Point San Luis and Morro Bay topographic quadrangles) was 
completed at 1:24,000-scale by Hall (1973a) and later incorporated into a regional compilation 
by Hall et al. (1979) with minor revisions at 1:48,000 scale.  Mapping of the Arroyo Grande 
topographic quadrangle at 1:48,000-scale by Hall (1973b) includes the Avila Beach and Pismo 
Beach area.  These quadrangle maps were adopted with revisions for geologic maps included in 
the DCPP Final Safety Analysis Report (FSAR) (PG&E, 1975) and in the LTSP (PG&E, 1988; 
1991) at 1:12,000 scale.  A geologic map of the Morro Bay South topographic quadrangle was 
recently produced at 1:24,000 scale by the California Geological Survey and includes the 
northern part of the Irish Hills (Wiegers, 2009). 

Detailed geologic maps (larger than about 1:6,000 scale) in the immediate area of DCPP include 
a map of coastline bedrock exposures from Discharge Cove to Green Peak completed in 1970 
(PG&E, 1975).  More recent geologic maps of the DCPP site are presented in the FSAR for the 
Independent Spent Fuel Storage Facility (PG&E, 2002).   

Offshore geologic mapping in the DCPP vicinity was initiated by oil exploration efforts and was 
expanded during a comprehensive investigation performed for the LTSP (PG&E, 1988).  
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Bathymetric data available at that time were insufficient for evaluating submarine landforms, and 
offshore interpretations focused mainly on ship-borne seismic-reflection profile line data and 
point sampling campaigns using drop coring equipment and divers (Niemi et al., 1987; PG&E, 
1989). 

Areas of late Quaternary deformation and uplift in the Irish Hills are delineated on a map of 
onshore Quaternary deposits and marine terrace shoreline angles along the southwest coast of the 
Irish Hills, as well as a map of offshore wave-cut platforms using the bathymetric data available 
at the time (PG&E, 1988; 1991; Hanson et al., 1994). 

 

1.3  New Base Map 
 
An important advancement in geologic mapping of the study area has been the acquisition of 
accurate and detailed topographic and bathymetric data.  Because of the benefits of a better 
geologic interpretation of the study area and adjacent areas, PG&E was permitted to use the San 
Luis Obispo County Interferometric Synthetic Aperture Radar (INSAR) Digital Elevation Model 
(DEM) that has an accuracy of 16 feet (5 meter) raster grid resolution.  This dataset is a 
substantial improvement over the existing U.S. Geological Survey 40-foot topographic contour 
maps of the area (Morro Bay South and Port San Luis quadrangles, scale 1:24,000).  The INSAR 
DEM was supplemented between Islay Creek and Point San Luis with newly acquired aerial 
photography (scale 1:12,000), and a LiDAR survey of the coastal strip at one of the lowest tides 
of the year (described in Appendix G).  The LiDAR DEM has an accuracy of 5 centimeters with 
pixel resolution of 0.2 meters.  Figure B-1-2 compares maps of a selected area at San Luis Hill 
that illustrates the improvement in the LiDAR-derived topography over the USGS topographic 
map. 

The offshore bathymetry fronting the Irish Hills has been improved substantially with the 
Multibeam Echosounder (MBES) survey of the continental shelf between Estero Bay and Pismo 
Beach (described in Appendix F).  The spatial resolution for this new bathymetry in water depths 
less than 50 meters is 1 meter, and in water depths greater than 50 meters the resolution is 2 
meters.  Figure B-1-3 illustrates the improvement in bathymetry in the area around Pecho Rock.  
Because of navigation hazards, shallow water, kelp beds, and submerged rocks, the bathymetry 
of the strip adjacent to the coastline as well as over and around shallow rocks was not obtained.  

 

1.4  New Data Sources 
 
High-resolution seismic-reflection profile data were obtained by the USGS along northeast-
southwest transect lines within the Shoreline fault study area (described in Appendix H).  The 
high-resolution seismic profiles provide a complementary dataset to deeper-penetrating 
common-depth point seismic-reflection profiles evaluated during the LTSP (PG&E, 1988).  The 
seismic-reflection profile data were collected as close as the boat could safely approach the rocky 
coastline to offshore beyond the Hosgri fault zone.  Trackline spacing is a nominal 800 meters 
(0.5 miles) with 400-meter spacing across the Shoreline fault zone.  Data records extend to about 
0.45 seconds two-way-travel time (338 meters at 1500 m/sec).  Seismic signal depth penetration 
ranges from zero (in some areas of Franciscan Complex) to about 200 meters in areas of soft 
sediment cover (including within and adjacent to the Hosgri fault zone).  Recent reprocessing of 
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a few seismic-reflection profiles improved resolution and reduced spurious noise relative to the 
initial processing done by the USGS. 

The magnetic field within the study area has been measured in several surveys to help identify 
rock units and structures having distinct magnetic signatures.  Recently acquired magnetic field 
data by the USGS include an overland fixed-wing aerial magnetic survey and a marine magnetic 
survey with ship line spacing at 400 meters (details in Appendix D).  These surveys were 
supplemented by a high-resolution helicopter magnetic survey across the Irish Hills coastline at 
150 feet “above deck” to better define magnetic anomalies associated with the Shoreline fault 
zone and to gain detailed data in the gap between the onshore and offshore measurements 
(Appendix D).   

 

2.  METHODOLOGY 
 
2.1  Onshore Mapping 
 
Detailed onshore geologic mapping documents structural and stratigraphic relationships exposed 
in sea cliffs and wave-cut platforms along 17 kilometers of coastline to the northwest and 
southeast of DCPP.  The objectives of this mapping effort were to identify and characterize the 
range and distribution of bedrock lithologies, to measure bedding attitudes, and to document 
structural discontinuities.  Mapping was conducted during the spring months of 2009 and 2010 
by Stephen Thompson, Michael Angell, Andrew Lutz, and Cooper Brossy of Fugro-William 
Lettis Associates (FWLA).  The mapping was peer reviewed in the field by William Lettis 
(FWLA), Ray Weldon (Consultant, University of Oregon) and William Page (PG&E 
Geosciences Department).  

Geologic mapping was conducted in accordance with standard field techniques described in 
sources such as Compton (1985).  This included examination of natural outcrop exposures and 
road-cuts, and these observations were located spatially by inspection of geo-registered aerial 
photographs and commonly confirmed by recording positions with a handheld GPS unit.  
Orientations of bedding planes, fault planes, and joint planes and lineations were measured with 
a transit compass.  Bedding features were considered carefully before measuring and were 
selected only when there was clear evidence of original horizontality, including consistent 
orientations of laminations and textural grading.  Measurements of bedding attitudes (both strike 
direction and dip amount) are accurate to within 5 degrees.  Bedding attitudes elsewhere in the 
DCPP site area were compiled from pre-existing sources (PG&E, 1975; 1988; 1991; 2002; Hall 
et al., 1979) and checked for accuracy by examining aerial photographs.  These prior 
measurements were included after checking for consistency with structural fabric characteristics 
defined by other available data.   

 
2.2  Offshore Mapping 
 
2.2.1  MBES bathymetric data  

The recently acquired MBES bathymetric data (Appendix F) allowed detailed interpretation of 
stratigraphic and structural relationships and seafloor geomorphology in the offshore area 
between Morro Bay and Pismo Beach.  The bathymetric data with one- to two-meter pixel 
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resolution covers large areas of nearly continuous rock exposure.  The general quality of the 
2008 and 2009 MBES bathymetric data is excellent.  The bathymetry data generally extend from 
as close to the shoreline as the boat could safely approach out to the approximate seaward limit 
of bedrock outcrops. Sea floor features such as sediment bedforms (mobile sand sheets) and 
bedding ridges with a few tenths of a meter relative elevation change are imaged.  

Where bedrock is imaged in the MBES bathymetric data, surface roughness and fabric allowed 
correlation and interpretation of different lithologies and structures.  Derivative maps of the 
MBES data, particularly shaded-relief maps presented at different illumination angles and slope 
maps, enhanced the view of erosional patterns that are consistent with inclined bedding, folds, 
and structural and stratigraphic discontinuities (faults and unconformities) that truncate or cross-
cut bedding and structures.  Bedding strike of laterally continuous strata can be resolved in the 
MBES bathymetric data with a high degree of confidence, and dip direction may be recognized 
based on erosional patterns, local inclination or slope, and structural and stratigraphic position.  
Dip angle, however, is not well constrained from the MBES image.  Estimated dips from the 
MBES bathymetric data were consistently lower when compared to measured dips on strike with 
the same beds onshore.  The reason for this under-prediction is probably either (1) the data have 
too large a pixel size to measure dips on rather narrow bedding surfaces, or (2) erosion has 
modified original dip slopes. Identification of lithologic units in the bathymetric data was based 
on a number of criteria, including: (1) diver sample and drop-core data (see description below); 
(2) correlation with onshore data from existing maps and from recent coastline mapping 
(described above); and, (3) extrapolation of bathymetric texture from well-constrained lithologic 
areas to less well-constrained areas.   

2.2.2  Sea floor samples 

Direct observation of offshore lithology was performed by diver sample and drop core 
campaigns conducted for the LTSP (PG&E, 1991), and is supplemented by an additional diver 
sample campaign conducted in July 2010.  Locations of drop cores collected for the LTSP were 
recorded using a LORAN C device and are assumed to be accurate within 10 to 20 meters.  
Locations of diver samples collected for the LTSP were calculated by using LORAN-C readings 
for the dive boat and then factoring divers’ estimates of direction and distance from the vessel.  
The reported positions of these diver samples are assumed to be accurate within 50 to 100 
meters.  The LTSP samples (including descriptions) are compiled in Table B-1 for the drop cores 
and Table B-2 for the diver samples.  Sample locations are plotted on Figure B-2-1 and are 
shown with revised interpretations on Plates B-1A to B-1D.   

In the course of interpreting the MBES data, alternative lithologic interpretations were 
considered for these older samples in order to resolve inconsistencies between onshore and 
offshore data.  Because the LTSP samples are not available to review, only those samples that 
were inconsistent with more recent samples or with the initial structural and stratigraphic 
interpretation of the MBES data were reviewed critically and often reinterpreted.  In particular, 
several fine-grained samples previously interpreted as Pismo Formation were reinterpreted as 
fine-grained interbeds within Cretaceous sandstone, several sandstone samples classified as 
Franciscan greywacke were reinterpreted as Cretaceous sandstone, and several fine-grained 
samples classified as Monterey Formation were reinterpreted as fine-grained facies within the 
Obispo Formation.   
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Fifty new diver samples were collected under the supervision of Andrew Lutz (FWLA) who was 
knowledgeable of the stratigraphic units and their variation from detailed mapping along the 
coast described above.  The July 2010 campaign used a targeted strategy to classify different 
areas of distinct bathymetric texture and specific locations where preliminary interpretations 
suggested a conflict of interpreted formations between the LTSP and the current mapping.   
Sample locations were recorded using a handheld GPS device on the dive vessel and are 
assumed to be accurate to within 10 to 20 meters.  Samples from this most recent dive campaign 
are located on Figure B-2-1 and summarized on Table B-3.  Sample descriptions and 
interpretations are in Attachment 1 to this Appendix.   

2.2.3  High-resolution seismic-reflection profiles  

The high-resolution sparker seismic-reflection profiles collected by the USGS in 2008 and 2009 
were interpreted using the Kingdom Suite Program by Seismic MicroTechnology to delineate 
structural features.  The sparker data provided improved resolution of shallow structures over 
previous datasets, and structures delineated from the seismic lines were integrated with the 
offshore geologic map.     

2.2.4  Integration of onshore and offshore mapping  

All the primary data sets used in the current map exist in digital format and were integrated into a 
GIS database.  The interpretive information (e.g., geological units and contacts, fold axes, and 
fault traces) were compiled digitally or were hand-annotated on the base maps, scanned, and then 
digitized.  

The detailed geologic map is presented in four sheets (Plates B-1A to B-1D) at a scale of 
1:12,000.  The map sheets cover the area from Morro Bay in the north to San Luis Obispo Bay in 
the south.  The map sheets extend from the shoreline area on the east to 3 to 12 kilometers 
offshore.  The maps show onshore topographic features, onshore geologic units and structures, 
offshore core and diver sample locations and units, MBES bathymetry images, and point 
locations where structures were observed in the seismic-reflection profiles.  Geological features 
interpreted from the data sets and shown on the sheets include geological units and contacts, fold 
axes, and fault traces. 

Offshore geologic mapping was correlated with existing onshore geologic maps by considering 
the projection of the geologic units, faults and contacts into the area covered by MBES 
bathymetric data.  Tertiary rock contacts were mapped along prominent beds visible in the 
bathymetric data and bedding was traced through folds.  Pre-Tertiary (basement) lithologic 
boundaries were mapped by following prominent changes in bathymetric fabric that are 
consistent with sea floor samples and magnetic susceptibility data (Appendix D).  Stratigraphic 
units mapped southwest of the Shoreline fault are generally not identified to the member or 
subunit level due to reduced control on stratigraphic position and difficulty in identifying the 
rock type from texture alone without sufficient samples to confirm the selection of lithology.   

The magnetic field data were interpreted by overlaying the total magnetic intensity and 
reduction-to-pole images (Appendix D) on a preliminary draft of the geologic map to help define 
the limits of the main magnetic rock types in the area, particularly diabase in the Obispo 
Formation, Franciscan Complex greenstone, and Jurassic pillow basalt.  Several contacts were 
adjusted to better match the magnetic field data.  
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The high-resolution seismic-reflection profiles were used in the areas of the shelf covered with 
sediments to map folds and faults in the Tertiary rocks and to evaluate potential deformation of 
wave-cut platforms (see also Appendix I).  The integrated map that exhibits the interpreted 
geology using all the data sources allows for a greatly improved geologic map offshore.  As an 
example, Figure B-2-2 compares the geology mapped onshore and offshore near Olson Hill and 
illustrates the improvement in the geologic interpretation over previous efforts.  

Folds and faults interpreted from the MBES bathymetric and seismic-reflection profile data sets 
are separately identified.  Structures mapped primarily on the basis of MBES bathymetric 
imagery are shown as thin black lines.  Folds are annotated with arrows indicating fold type and 
plunge if identified.  Fault offsets are indicated by a UP/DN symbol for vertical displacement if 
that can be determined from the MBES bathymetric data.  Solid lines indicate a feature observed 
in the MBES bathymetric imagery.  Dashed lines indicate the inferred continuation of the 
structure (folds and faults) where sea floor evidence is not present due to sediment cover.   

Folds and faults interpreted from the seismic-reflection data are shown as yellow squares at the 
intersection of the seismic line and the structural feature.  Correlated structures are indicated by 
thin lines for older faults and all fold axes.  If faults are interpreted as buried by 2 to 3 meters or 
more of sediment the fault is shown as a dotted line.  Faults that are strands of the Hosgri fault 
zone are shown as thick black lines.  Solid lines indicate that in at least one location the fault was 
interpreted to intersect the sea floor; dotted lines indicate the fault is everywhere interpreted as 
buried by 2 to 3 meters or more of sediment.  Dashed lines with query marks indicate there is 
uncertainty about the line-to line correlation or continuation of the structural feature.   

Buried wave-cut platforms and shoreline angles interpreted from the seismic-reflection profile 
data are presented in Appendix I.   

Seismic reflection, side-scan sonar, and bathymetric data collected for the FSAR and LTSP 
between 1975 and 1988 were used to produce Structural Trend and Sediment Isopach maps in 
this area for the LTSP (PG&E, 1990).  These maps were compared to the current maps but the 
previous data were not directly incorporated into the current mapping program as the basic data 
sets are currently in analog, not digital formats. 

 
3.  GEOMORPHOLOGY 
 
The study area lies along the central California coast, between Morro Bay and Pismo Beach, 
southwest of San Luis Obispo.  The geomorphic regions in the area include the Irish Hills, the 
marine terrace flanking the western margin of the hills, the continental shelf, and slope offshore. 
The continental shelf is subdivided into the Islay and Santa Rosa Reef shelves (Figure B-3-1). A 
third shelf, named the San Luis shelf, is located east of the Santa Rosa Reef shelf in San Luis 
Obispo Bay and is discussed in Appendix I. 

 

3.1  San Luis Range 
  
Irish Hills - The Irish Hills are an oval-shaped, northwest-trending range, 18 km long and 14 km 
wide, that form the northern end and highest part of the San Luis Range, a prominent west-
northwest-trending topographic and structural high.  The Irish Hills are bordered on the north 
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and west by the Los Osos Valley and the coastal embayment formed by the Estero and Morro 
bays and on the south and east by San Luis Obispo Creek Valley and San Luis Obispo Bay.  The 
crest of the Irish Hills reaches elevations of 1600 to 1800 feet (500 to 550 meters) with the 
highest ridges near the head of Diablo Creek, including Saddle Peak (554 m; 1819 feet).  Point 
San Luis and San Luis Hill (660 feet) are separate from the Irish Hills and form a prominent 
point on the southwest side of the range.  Islay, Coon, Diablo, See, and Pecho creeks originate 
near the center of the range and form a crude radial pattern dominated by reaches that follow the 
northwest structural grain as canyons cut into the hills.  These creeks formed as consequent 
streams as the range emerged from the Pacific in the middle Pliocene; but as erosion continued, 
the creeks favored and eroded along the northwest structural grain of bedding along most of their 
lower reaches. The top of the range has a broad accordance of hilltops that form a surface that 
slopes gently east and southeast; this surface records a degraded late-Pliocene erosion surface 
(PG&E, 1988; 1991).   

Marine terraces onshore - Bordering the Irish Hills and the coastline is a narrow, seaward-
sloping terrace that is up to 1 kilometer wide.  The east side is bordered by the steep slopes of the 
Irish Hills and the west side by the sea cliffs that form the coastline whose western-most 
extremity is Point Buchon.  This terrace is underlain by alluvial fan deposits that are in turn 
underlain by multiple marine wave-cut platforms and paleostrandlines whose seaward edges are 
exposed in the sea cliffs and in some valleys.  The landward side of the terrace in the north 
reaches up to 36 meters elevation but is at only 12 to 18 meters in elevation in the south.  This 
terrace was carved into the Irish Hills by wave erosion during the late Pleistocene sea-level high 
stands at approximately 81,000 to 240,000 years ago (Hanson et al, 1994) and subsequently 
covered by alluvial fan deposits.  This is discussed in more detail in Appendix I.  

The western edge of the terrace consists of rugged headlands, sea cliffs, coves, arches, stacks, 
and a few pocket beaches, the largest of which is at the mouth of Islay Creek.  The sea cliffs on 
the southeast side of Point San Luis approach 60 meters elevation but are only 12 to 24 meters 
elevation on northwest of Point San Luis to Islay Creek.    

Where the northwestern Irish Hills north of Islay Creek terminate at Morro Bay, the marine 
terrace and lower slopes are covered by Pleistocene and modern sand dunes. The older dunes are 
stabilized by vegetation cover.  In contrast, the marine terrace is nearly absent at the southern end 
of the Irish Hills between Point San Luis and San Luis Obispo Creek.  Here, the coastline 
consists of a bluff on the west and a steep hillslope with a narrow beach on the east.  Where San 
Luis Obispo Creek enters San Luis Obispo Bay there is a small filled estuary and Avila Beach.  

 
3.2  Continental Shelf  
 
The continental shelf offshore of the Irish Hills slopes gently westward. The shelf here is 5- to 
10-kilometers wide and lies between the coastline and a prominent break-in-slope to the steeper 
(1.0° to 2.0°) inclined continental slope at water depths of 100 to 225 meters, which is generally 
coincident with the Hosgri fault zone. Numerous rocks extend above sea level close to the 
shoreline, including Lion Rock near of Diablo Canyon, and Pecho Rock west of Olson Hill.  The 
Santa Rosa Reef and Wesdahl Rock are shallow bedrock projections west of Point San Luis that 
lie about 6 meters below mean sea level.   
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Niemi et al. (1987), who first described the offshore shelf for the LTSP, note that much of this 
“inner” shelf is a rocky near-shore zone corresponding to the general seaward limit of the sea 
floor bedrock outcrops at approximately 70 to 80 meters depth.  They point out that the rocky 
near-shore shelf is buried to the north and south by on-lapping Quaternary marine sediments in 
Estero and San Luis Obispo bays and to the west by sediment of the outer shelf.   

The inner shelf is underlain by folded, fractured and faulted bedrock of Cretaceous and Tertiary 
rocks that has been planed by wave activity and etched by differential erosion during multiple 
sea-level transgressions and regressions in the Quaternary.  As a result, the upper surface of 
bedrock is essentially planar but with a rough relief generally less than 5 meters (Figure B-3-2).  
The rocky bedrock shelf is locally incised by stream channels and troughs eroded by marine 
processes into the less resistant rocks.  The more resistant rocks preserved in many places are 
represented by submerged paleosea stacks, wave-cut platforms, paleosea cliffs, and 
paleostrandlines (former coastlines) that formed during one or more Pleistocene sea-level 
stillstands.  

Islay and Santa Rosa Reef shelves – Analysis of the MBES bathymetry allows the division of 
the inner continental shelf off the Irish Hills into two parts, the Islay shelf on the north and the 
Santa Rosa Reef shelf on the south (Figure B-3-2).  Both shelves have a rocky near-coast portion 
and a sediment-covered portion further offshore. The Islay shelf has a steeper slope than the 
Santa Rosa Reef shelf that is reflected in the structure contours on top of bedrock (Figure B-3-3).  
These are further described in Appendix I.    

Paleo-stream Channels – Prominent submerged sediment-filled paleo-stream channels and 
narrow to moderately wide paleo-valleys are preserved in the near-shore shelf (Plates B-1A to B-
1D; Figure B-3-3).  Although generally covered by unconsolidated sediment (mobile sand 
sheets), the channels range up to several kilometers long and appear to broaden into valleys at 
their distal western ends.  The unconsolidated deposits filling paleo-channels are part of the 
mobile sand sheets and other fine-grained marine deposits; one seismic-reflection profile 
indicates the depth of sediments in the Islay Creek channel is about 8 meters.  Remnants of 
alluvium and older marine deposits may underlie the surficial sand deposits.   

Four prominent submerged stream channels are preserved in the Tertiary sedimentary rocks in 
Islay shelf.  The northern-most channel is the shortest at approximately 800 meters long; it is 
preserved completely within sedimentary rock of the Pismo Formation offshore and is aligned 
with the mouth of Hazard Creek on shore.  The longest (approximately 4.5 kilometers long), 
channel with the largest and best developed meanders is the Islay Creek channel.  This channel is 
located just offshore of Islay Creek where its headward parts appear to have eroded across a 
north-northwest striking fault zone.  This channel extends west of a rocky shelf to where it is 
buried by a mobile sand sheet that fills a shallow bedrock valley.  The third channel is 
approximately 2.5 kilometers long and approximately 75 meters wide at its mouth.  In bedrock 
the channel has well-developed incised meanders.  The channel is located just offshore of Coon 
Creek, north of Point Buchon.  The fourth channel is a pair of short, approximately 1.5-
kilometer-long channels that head toward a small cove south of Point Buchon, but do not appear 
to align with any onshore stream.  These channels broaden to the west into what may have been a 
wide valley or lagoon.  The two channels are structurally controlled with one aligned along a 
fault and the other eroded along bedding. 
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Three channels are carved into the Cretaceous sandstone in the Santa Rosa Reef shelf (Plate B-
1B).  All are 1 to 2 kilometers offshore and none have clear onshore equivalents.  The northern 
channel is a narrow and weakly meandered channel that trends southwest.  This channel is 
approximately 2.5 kilometers long and is roughly on trend with three small creeks: Irish, Pecho 
and Rattlesnake Creeks.  At its landward end, the channel makes a right bend of approximately 
200 meters along an interpreted fault. South of the channel is a network of intersecting channels 
that trend northeast, west-southwest and west.  Individual channels are approximately 1 to 2.5 
kilometers long with the southern-most channel being the longest.  The southern west-trending 
channel has eroded along a fault in the sandstone.  The third channel is a kilometer offshore of 
Point San Luis.  It trends westerly and parallel to the coast.  It is narrow and approximately 1 
kilometer long.   

The larger channels generally exhibit meanders showing that erosion occurred subaerially when 
the streams were near or at base level probably during one or more prolonged sea-level 
lowstands during the late Pleistocene.  This interpretation is supported by the smooth concave-up 
profiles of the Islay Creek and Pecho Creek channels (Figure B-3-4).  The absence of prominent 
knick points shows that these streams eroded their channels to a base level offshore during sea-
level low stands.   

The preservation of the paleo-channels below 20 meters water depth attests to the minimal 
erosion on the shelves during the rapid sea-level rise that began after the Last Glacial Maximum 
(LGM) 20,000 to 22,000 years ago. In contrast, the near-absence of paleo-channels above 20 
meters water depth probably results from erosion since the rate of sea-level rise slowed about 
7,000 years ago (Figure B-3-4 and Appendix I).   

The gap between the head of the offshore channels and the onshore streams results from the 
Holocene erosion and cliff retreat that destroyed the channels since approximately 7,000 to 5,000 
years ago (Figure B-3-4) .  The amount of Holocene erosion on the northern Islay shelf may be 
estimated based on the preservation of the paleo-channel of Islay Creek.  The Islay Creek paleo-
stream channel is incised approximately 1 to 2 meters into the 800-meter-wide Holocene wave-
cut platform and approximately 8 meters into Pismo Formation rock west of the Holocene 
platform.  The 6 to 7 meters of differential stream incision may represent the amount of vertical 
lowering of Pismo Formation strata in approximately 7,000 years.     

Sand Sheet ‘Dunes’ - Thin mobile sediment (sand) deposits cover parts of the near-shore 
continental shelf to water depths of 80 meters (Plates B-1A to B-1D).  These are well-defined, 
low, less than one meter high, dune-like features with long wave-lengths, approximately 25 to 
125 meters (Figure B-3-2).  The sand sheets cover marine sediments, and on-lap low bedrock 
outcrops, partly fill low areas, including paleo-stream channels, in the exposed bedrock 
platforms, and undoubtedly cover shallow marine deposits from the post-LGM transgression and 
locally earlier transgressions or sea-level stillstands.  The sand sheets are particularly well 
expressed on the outer, sediment-covered part of the Islay shelf, opposite Islay Creek to Diablo 
Canyon where sand sheet fronts (lee slope) are perpendicular to a S35°E direction.  The 
morphology appears to be formed by strong southeast-flowing currents most likely generated 
from storm events and may vary seasonally, or from particularly severe storms.  For example, 
sand sheets in the Point Buchon area bathymetrically imaged both in 2007 and 2009 have been 
reported to cover upwards of 80% of what was rocky habitat in 2007 in the 20 to 10 meter depth 
zone with half a meter of sediment (written communication, Rikk Kvitek to Sam Johnson, 
October 30, 2009).  
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Migration of the sand sheets northwest of Olson Hill is documented from MBES bathymetric 
surveys undertaken in 2009 and 2010 in which previously buried bedrock is exposed (Figure B-
3-5).  In addition, Figure B-3-5 shows two pockmarks on the 2009 bathymetry that are absent in 
the 2010 bathymetry.  If the pockmarks are real (and related to episodic expulsion of gas or 
fluids) and not data artifacts, their disappearance also indicates the mobile, ephemeral nature of 
the sand sheet deposits.  Presumably sand sheets located in deep water are mobilized during 
strong winter storms with large waves that mobilize the sands in the deeper waters. Their age is 
estimated to range from modern to less than a few hundred years.   

Paleostrandlines - The rocky inner continental shelf is characterized by bedrock at the seafloor 
and thin, local deposits of Quaternary sediment.  Numerous submerged paleostrandlines and 
features related to old shorelines along the coastline are preserved in the offshore bedrock, both 
exposed and where covered with sediment (Figure B-3-6).  Offshore wave-cut platforms and 
associated paleostrandlines and their use as late Quaternary strain gauges are discussed in 
Appendix I. 

 
4.  STRATIGRAPHY 
 
The sequence of bedrock lithologies mapped in the coastline sea cliffs and wave-cut platforms to 
the north and south of DCPP and the lithologies interpreted from diver samples and bathymetry 
data offshore are generally very consistent with the onshore map relationships described by Hall 
(1973a; 1973b), Hall et al. (1979), and PG&E (1988; 1991).  The rocks described in this 
Appendix include two Mesozoic formations, Franciscan Complex and Cretaceous sandstone, 
which are considered basement rocks, and three Tertiary marine formations, Obispo, Monterey, 
and Pismo, each with basal unconformities.  Plates B-1A to B-1D and the summary geologic 
map (Figure B-4-1) show the different formations and Figure B-4-2 is the stratigraphic column 
based on Hall (1973b).  In addition, Quaternary marine terraces and their associated deposits and 
marine sediments occur in the area.  

 

4.1  Mesozoic Formations  
 
Pre-Tertiary rock is exposed between the Hosgri fault zone on the west and the San Miguelito 
fault on the east in the southern half of the Shoreline fault study area.  These rocks consist of 
fault-bounded slices of the Jurassic-Cretaceous Franciscan Complex (JKf) and Cretaceous 
sandstone (Ks).  This group of rocks was extensively deformed in a subduction zone accretionary 
prism.  Tertiary strata on-lap and locally are faulted against the pre-Tertiary rock.  

4.1.1  Franciscan Complex  

Franciscan Complex rocks include a chaotic assemblage of various lithologies, including fine-
grained metavolcanic rocks (greenstone, KJmv), sheared claystone (mélange, KJf), glaucophane 
schist, serpentinite, and chert.  The greenstone is dark greenish gray with common very fine 
quartz and calcite veins, and the glaucophane schist is bluish to greenish gray with very fine 
quartz veins and a pervasive shear fabric.  The greenstone and glaucophane schist are associated 
with a greenschist facies and strong magnetic-field anomalies observed offshore of San Luis Hill, 
along the south side of the San Miguelito fault, and elsewhere west of the Shoreline fault zone 
(Figure B-4-3).  Onshore the mélange is black claystone with a pervasive shear fabric and 
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includes pebble- to cobble-size angular clasts of fine-grained lithic sandstone (greywacke). The 
mélange is exposed in narrow bands along the coastline north and south of Olson Hill and is 
associated with chert and greywacke exposures. The chert is reddish brown to light brown with 
prominent banding (exposed at Olson Hill and Double Rock).   

The texture of Franciscan Complex rocks in the MBES bathymetric data is variable, due to the 
highly variable levels of erosional resistance among the different rock types.  Areas of the sea 
floor with diver samples or drop core samples identified as metavolcanic rock or glauconite 
schist (Plate B-1C) exhibit a hackled, isotropic texture in the MBES bathymetric image.   The 
mélange is expressed as narrow to wide, easily eroded low areas with various-sized knockers of 
resistant greenstone and Cretaceous sandstone protruding above the general mélange surface.  In 
the southern Santa Rosa Reef shelf the mélange separates large Cretaceous sandstone terranes 
and other rock types, but toward the north it is more localized near the shoreline and separates 
Tertiary strata from Cretaceous rocks along the coast south of Lion Rock.  The mélange on the 
sea floor where exposed above the sand sheet is a low-relief, smooth surface with a shallow 
dimpled texture (Figure B-4-4).  Some planar seafloor areas that are smooth but have a 
significant number of rocks three meters or higher above a low-relief bedrock plane or sand sheet 
are interpreted as underlain by mélange with rock knockers.  Strong magnetic field anomalies are 
associated with the mélange.  The South and Central segments of the Shoreline fault zone, 
discussed in Section 5.4.3, are located within the mélange.   

4.1.2  Cretaceous sandstone  

Cretaceous sandstone (Ks) exposed along the coast onshore south of DCPP is brown, thickly 
bedded, fine- to medium-grained greywacke.  Grain lithologies are dominantly quartz with minor 
amounts of feldspar and lithic grains.  Interbeds of siltstone and sandy siltstone included within 
the exposures of Cretaceous sandstone are rare.   

Regionally, greywacke is the most abundant rock type within the Franciscan Complex (Hall, 
1973b) but is only exposed in small pods in association with mélange along the coastline in the 
study area.  This relative lack of onshore greywacke exposures is a leading motivation to 
reinterpret certain diver samples and drop core samples from the LTSP as Cretaceous sandstone 
instead of Franciscan Complex greywacke (Tables B-1 and B-2). Reinterpretation of these 
samples provides a simpler and more consistent geologic map that more closely resembles the 
local onshore geology.  Silt beds within the greywacke deposits are locally extensive and 
samples of these silty interbeds were recovered offshore of Olson Hill during the most recent 
diver sampling campaign (Table B-3). Recognition of these silt interbeds in the offshore 
provided a good criterion to reinterpret fine-grained siltstones previously mapped as Pismo 
Formation and reclassify them as Cretaceous sandstone (Table B-3).  The MBES bathymetry 
images the Cretaceous sandstone as a homogenous, rough textured outcrop with consistent 
differentially eroded beds.  Locally the texture records crude bedding.   

 

4.2  Tertiary Stratigraphy 
 
Along the coastline and east of the Shoreline fault zone, the Tertiary section is exposed south of 
DCPP at the base of Green Peak and is continuously exposed as younger strata to the north-
northwest beyond Islay Point and into Estero Bay (Plates B-1A and B-1B; Figure 4-1). West of 
the Shoreline fault zone, the offshore Tertiary section is exposed northwest of an unconformity 
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with pre-Tertiary rocks that lies southeast of DCPP and becomes younger to the west and 
northwest towards the Hosgri fault zone (Plate B-1C).  Additional Tertiary strata are exposed 
east of the southern end of the Shoreline fault zone, within San Luis Obispo Bay and onshore to 
the north and east (Plate B-1D).  The majority of the Tertiary section is composed of three 
formations, the Miocene Obispo, the Miocene Monterey, and the Miocene-Pliocene Pismo 
Formations.  Each of these formations is bounded with a basal unconformity. 

4.2.1  Tertiary/basement contact  

The basal contact of the Tertiary section is exposed in three locations: (1) in the Santa Rosa Reef 
shelf, southwest of San Luis Hill; (2) along the base of Green Peak south of DCPP; and, (3) 
offshore on the east side of San Luis Obispo Bay (Plates B-1B to B-1D).  Along the base of 
Green Peak, the basal contact of the Tertiary section is generally concealed and is an intrusive 
contact between Obispo Formation diabase and basement rock (Hall, 1973a; Hall et al., 1979).  
Directly to the northeast this contact is a moderately dipping depositional contact with Rincon 
and Vaqueros Formations overlying basement rock (Hall, 1973a).  Farther northeast the base of 
the Tertiary section is truncated by the San Miguelito fault.  At an inaccessible coastline 
exposure south of DCPP, the base of the Tertiary section appears as a subvertical fault or 
possibly intrusive contact between Obispo Formation diabase and Franciscan Complex rocks 
(Plate B-1B).  Farther west the base of the Tertiary is truncated along the Shoreline fault zone 
that juxtaposes Obispo diabase and basement rocks.   

The lowermost Tertiary section in the San Luis Obispo region includes the Vaqueros Sandstone 
and Rincon Shale, locally representing a total of approximately 180 meters feet of marine 
conglomeratic sandstone and interbedded shale and tuff (Hall, 1973b).  These units were not 
recognized along the DCPP coastline exposures, presumably because they (1) have been 
truncated by Tertiary faulting, (2) have been obscured by intrusion of the large diabase sill at the 
base of the Obispo Formation, (3) were not deposited in this portion of the Tertiary basin, or (4) 
have been mapped as lower Obispo Formation.  However, offshore in the Santa Rosa Reef shelf, 
the basal Tertiary section is characterized by a package of thin, concordant beds that overlie 
weakly bedded Cretaceous sandstone (Plate B-1C).  This may be thin Vaqueros Sandstone and/or 
Rincon strata that off-laps basement rock, but there are no samples to confirm this interpretation.  
For mapping purposes these rocks are included within the Obispo Formation.  

Near the town of Avila Beach the base of the Tertiary section is constrained to lie between 
basement rocks on the west side of San Luis Obispo Creek and Obispo Formation exposures on 
the east side of San Luis Obispo Creek.  The fault or unconformable contact can be projected 
offshore but is concealed beneath sand and is inferred to separate exposures of Obispo resistant 
tuff on the east side of San Luis Obispo Bay from basement rock of San Luis Hill.  The degree of 
late Tertiary deformation of this contact is unclear and difficult to evaluate due to lack of 
exposure.   

4.2.2  Obispo Formation  

The Obispo Formation (Tmo) is a roughly 1300-foot-thick section of marine volcanic and 
volcaniclastic deposits (Hall, 1973a; Hall et al., 1979) and occurs throughout the Shoreline fault 
study area (Plates B-1A to B-1D).  Lithologies and facies associations within the Obispo 
Formation vary considerably on a regional basis (e.g., Hall et al., 1979), but along the coastline 
of the Irish Hills three subunits within the Obispo Formation are recognized: resistant tuff 
(Tmor), fine-grained sandstone and claystone (Tmof), and intrusive diabase (Tmod).  Tuff within 
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the Obispo Formation has been dated at 15.5 to 15.3 million years before present (Ma) (Turner, 
1970). 

The resistant tuff subunit is exposed along the coastline from the base of Green Peak to the south 
headland of Discharge Cove, and is structurally repeated at the north headland of Discharge 
Cove.  The resistant tuff subunit may be structurally repeated at Crowbar Hill, though these 
exposures may also represent a second, later episode of tuff deposition.  The subunit includes 
multiple 15- to 45-meter-thick intervals of bedded and massive, well lithified, zeolotized tuff that 
forms prominent headlands, steep cliff faces, and sea stacks.  These tuff deposits are intercalated 
with intervals of thinly bedded and laminated fine-grained sandstone and mudstone that 
differentially erode to form narrow surge channels at the coast. The massive tuff facies is most 
common and includes chaotic and unstratified deposits with basal scour features, rip-up blocks of 
shale and tuff, and evidence for soft-sediment deformation (indicating gravity flow transport).  
The bedded tuff facies includes packages of planar bedding continuous over tens of feet with 
weakly expressed textural grading and no large clasts or evidence for syn-depositional 
deformation (indicating suspension settlement).  The intervals of laminated and thinly bedded 
sandstone and mudstone within the subunit of resistant tuff include common layers of tephra and 
are probably turbidite deposits, suggesting a deep marine depositional environment for the entire 
resistant tuff subunit. 

The fine-grained sandstone and mudstone subunit is exposed along the coastline from the south 
headland of Discharge Cove to south of Crowbar Hill and is probably structurally repeated north 
of Crowbar Hill.  This fine-grained subunit is a greater than 100 meter thick section of regularly 
bedded sandstone with minor shale and mudstone that coarsens gradually up-section.  Bedding is 
laterally continuous over tens of feet, but packages of bedding are difficult to correlate between 
exposures in different shoreline coves and across Tertiary faults and folds, suggesting that there 
are significant lateral variations in the subunit.  Along the coastline, lithologies include a basal 
interbedded shale and calcareous sandstone that overlies the resistant tuff subunit and grades up-
section into laminated fine-grained sandstone and then into coarsely bedded medium- to coarse-
grained sandstone.  A package of diatomaceous sandstone has been recognized within the fine-
grained subunit in the DCPP area of Diablo Canyon (PG&E, 2002), but only a small exposure of 
this lithology was found exposed in the sea cliffs south of Crowbar Hill.  The well-bedded and 
generally coarsening-upward trend in the subunit records progradation of clastic sediments and 
filling of a distal marine basin during a period of local volcanic quiescence.   

The diabase subunit has intruded into the resistant tuff subunit along approximately one 
kilometer of coastline south of DCPP, consistent with the onshore mapping by Hall (1973a) and 
PG&E (1988; 1991) that documented the subunit along the base of Green Peak.  This dike/sill 
complex is also mapped on the modern wave-cut platform in the intertidal zone directly south of 
the breakwater at Intake Cove.  Diabase was also identified north of Crowbar Hill where it is 
exposed as dikes and bedding-parallel sills within the fine-grained subunit.  This exposure is a 
continuation of the diabase body mapped by Hall (1973a) and PG&E (1988; 1991) on the north 
side of Diablo Canyon.  Texture of the diabase varies from aphanitic rock to phaneritic matrix 
with plagioclase porphyry up to 3 centimeters in diameter.  Emplacement of the diabase may 
have begun coincident with the volcanism that produced the resistant tuff subunit and/or it may 
have intruded after deposition of the fine-grained subunit. 

As imaged in the offshore MBES bathymetric data, the Obispo Formation is characterized by 
distinct and continuous beds that off-lap basement rock on the Santa Rosa Reef shelf southwest 
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of San Luis Hill.  Portions of this section appear more resistant to erosion, have higher seafloor 
relief, and are probably composed of the resistant tuff subunit.  The well-bedded part is inferred 
to be the fine-grained subunit.  However, in the area far offshore the few diver samples collected 
are insufficient to differentiate lithology, so the subunits are lumped together as undifferentiated 
Obispo Formation.  Similarly, in San Luis Obispo Bay, much of the Obispo Formation on the sea 
floor is inferred to be either the resistant tuff subunit or the fine-grained subunit.  Closer to the 
coastline, the geologic relationships observed onshore are extrapolated to offshore and the 
subunits are mapped based on the resistant texture of the resistant tuff subunit, the bedded habit 
of the fine-grained subunit, and the smooth, hummocky texture of the diabase subunit. 

4.2.3  Monterey Formation  

The Monterey Formation occurs onshore and offshore in the study area (Plates B-1A to B-1D).  
It overlies the Obispo Formation and is a roughly 600-meter-thick section of bedded dolomitic 
siltstone, diatomite, and cherty shale where it is exposed along the coast between Crowbar Hill 
and south of Coon Creek at Point Buchon (Hall, 1973a; Schwalbach and Bohacs, 1995).  The 
Monterey Formation is thinly bedded and bedding packages are continuous over several tens of 
feet.  The lower half of the Monterey section at Point Buchon records a gradual decrease in 
clastic deposits (dolomitic siltstone, similar to the fine-grained subunit of the Obispo Formation) 
and an increase in siliceous shale and porcelaneous chert.  This trend reverses in the upper half of 
the Monterey section where the proportion of clastic strata increases gradually toward the basal 
unconformity at the base of the overlying Pismo Formation. The depositional environment for 
the Monterey Formation is deep marine, probably lower slope to distal basin (Schwalbach and 
Bohacs, 1995).  Age dating analyses indicate an age of 11.4 to 10.5 Ma for the middle of the 
section at Point Buchon (Schwalbach and Bohacs, 1995).  

Offshore exposures of the Monterey Formation were interpreted from MBES bathymetric data 
(Plate B-1A) assisted by projecting the strike of prominent bedding and the basal contact mapped 
onshore by Hall (1973a; 1973b) south of Point Buchon and west of the town of Pismo Beach. 
The basal contact of the Monterey Formation was mapped on the Santa Rosa Reef shelf by 
selecting a stratigraphic position that roughly divides bathymetric texture representing the 
Obispo Formation (thicker, less regular beds with intervals of resistant tuff) with texture 
representing the Monterey Formation (thinner, regular or rhythmically bedded layers with no 
resistant interbeds). The accuracy of this contact along the Santa Rosa Reef shelf is assumed to 
be within 10 to 15 meters of stratigraphic section in part because the diver and drop core samples 
near this contact were generally non-diagnostic and of little use in further constraining the 
contact location.  Both the lower Monterey Formation and the upper Obispo Formation (subunit 
Tmof) include significant proportions of dolomitic sandstone and mudstone, but only the 
Monterey includes the unique lithology of chert or porcelaneous shale. 

4.2.4  Pismo Formation  

The Pismo Formation overlies the Monterey Formation and at the north end of the Irish Hills is 
an approximately 600-meter-thick section of marine sandstone and siltstone (Plates B-1A to B-
1D) that includes five different members (Hall and Surdam, 1967; Hall, 1973a; 1973b, and Hall 
et al., 1979).  The lower portion of the Pismo Formation includes the Miguelito and Edna 
Members, which interfinger and roughly define the extent of a Miocene-Pliocene subbasin that 
occupied the area of Irish Hills east to near Arroyo Grande.  The Miguelito Member consists of 
basinal mudstone and diatomite, and the Edna Member consists of inner shelf sandstone (Stanley 
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and Surdham, 1984).  The Miguelito Member is exposed along the coastline north of Point 
Buchon in the south limb of the Pismo syncline and offshore in the Islay Shelf.   

The upper portion of the Pismo Formation includes the Gragg, Belleview, and Squire Members, 
all of which have a significantly smaller areal extent than the strata of the lower Pismo 
Formation and are composed of inner-shelf sandstone and sandy mudstone.  The Gragg and 
Squire Members have basal unconformities.  The basal portion of the Pismo Formation 
(Miguelito Member) at Point Buchon has been dated at about 10.4 to 9.0 Ma, and the upper strata 
exposed along the coastline to the north was dated at about 6.7 to 6.0 Ma (Keller, 1992; Keller 
and Baron, 1993). The base of the Gragg Member was estimated at 4.2 Ma by Stanley and 
Surdham (1984) through correlation to the global sea-level record, and the base of the Squire was 
similarly estimated at 3.8 Ma.  Initial results of microfossil analysis of the Squire Member for 
our investigations indicate deposition at about 3.0 to 3.3 Ma (PaleoResource Consultants, Inc, 
personal communication, 2010).   

No strata were recognized that would correlate with the Pismo Formation in the Santa Rosa Reef 
shelf, but a small section of the Miguelito Member strata is inferred to form the core of a 
syncline on the east side of San Luis Bay.  Squire Member deposits directly overlie basement 
rock south of the San Miguelito fault northwest and north of San Luis Hill and in the sea cliff 
west of the town of Avila Beach.  The Squire Member was also identified overlying basement 
rock in cores described from the Union Oil pier in San Luis Obispo Bay (PG&E, 1990), but is 
not evident on the flanks of San Luis Hill or offshore to the south or west of San Luis Hill. 

Similarly to the Monterey Formation, the Pismo Formation was mapped in the offshore using 
MBES bathymetric images assisted by projecting along clear bedding trends the basal contacts as 
mapped onshore by Hall (1973a; 1973b) south of Point Buchon and west of the town of Pismo 
Beach. 

 

4.3  Quaternary Stratigraphy  
 
The major Quaternary deposits are included on the geologic map (Plates B-1A to B-1D): marine 
terrace and overlying deposits, alluvium, landslides, and marine sediments.   

4.3.1  Onshore deposits associated with marine terraces  

The onshore marine terraces (Figure B-3-6) (Qm) are described by Hanson et al. (1994).  
Between Morro Bay and Avila Beach, Hanson et al. (1994) map remnants of at least 12 marine 
terraces ranging from sea level to 247 meters elevation.  The terraces generally consist of a 
wave-cut platform veneered by thin (1 to 2 meters) marine sand and gravel overlain by up to 30 
meters of alluvium, alluvial fan deposits, colluvium, and eolian sand.  The two lowest terraces of 
Hanson et al. (1994) are nearly continuous along the coast: the Q1 terrace is correlated to Marine 
Isotope Stage 5a that formed about 80,000 years ago, and the Q2 terrace is correlated with 
Marine Isotope Stage 5e that formed during the last interglacial interval about 120,000 years ago.  
For additional discussion of the terrace sequence, see Hanson et al. (1994) and Appendix I.   

4.3.2  Eolian sand  

Eolian sand deposits (Qe) in the form of dunes occurs on the northwestern end of the Irish Hills.  
These consist of reworked beach sands blown inland and deposited onshore as dunes behind the 
sand spit and beach north of Hazard Canyon as well as plastered on the hills facing the coast 
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southeast of Estero Bay.  The sand dunes are late Pleistocene and Holocene in age and are 
described in more detail by Wiegers (2009).    

4.3.3  Beach deposits  

Beach deposits occur along the coast of the Irish Hills but are not shown on the geologic map 
because they are too narrow.  They consist of modern beach sands at the south end of Morro Bay 
and at the small beach at Islay Creek.  To the south of Islay Creek the beach deposits are 
confined to the base of the sea cliffs and consist of rounded gravel, cobbles and boulders, locally 
sandy, concentrated in coves between headlands. More extensive beach sands are present at 
Avila Beach and at Pismo Beach in the southeast part of the study area.        

4.3.4  Offshore marine deposits  

The offshore marine deposits (Qs) are known from the drop cores taken during the LTSP.  The 
thickness of these deposits is locally constrained by the high-resolution seismic-reflection 
profiles.  They consist of sand and silty sand with minor gravel deposits that become finer 
grained progressively offshore.  Thin dune-like sand sheets (Qsw) cover parts of the sea floor.  
Evidence for their mobile, ephemeral nature is discussed in Section 3.2 and shown in Figure B-3-
5.   At the base of the marine sand and silt, a gravel-cobble lag is inferred to overlie the top of 
bedrock.  Paleo-beach deposits and talus or cliff-fall debris are interpreted from the MBES 
bathymetric images below submerged paleosea cliffs, particularly where they are concentrated 
along the leeward south and southeast sides of the cliffs.   

 

5.  STRUCTURE 
 
The Shoreline fault zone study area is within the San Luis/Pismo structural block as described by 
Lettis et al., (1994; 2004).  This block is bordered by three active fault zones: the Hosgri, Los 
Osos and Southwestern Boundary fault zones (including the San Luis Bay fault) (Figure B-4-1).  
The Hosgri fault zone borders the west side of the study area and separates the Islay and Santa 
Rosa Reef shelves from the outer continental shelf.  The marine bedrock platform and geologic 
structures are truncated by the Hosgri fault zone (Plates B-1A to B-1C).  The south- to 
southwest-dipping Los Osos fault is on the north and northeast side of the Irish Hills (Lettis and 
Hall, 1994). The Southwestern Boundary fault zone consists of the north-dipping San Luis Bay 
fault zone (which in turn includes the Olson and Rattlesnake faults) and the widely spaced 
Wilmar Avenue, Pecho, Los Berros, and Oceano faults (PG&E, 1988; Lettis et al., 1994).  The 
Wilmar Avenue, Los Berros, and Oceano faults project offshore into San Luis Obispo Bay in the 
southeastern part of the Shoreline fault zone study area (Plate B-1D).  Within these bounding 
faults are folds and fault zones that record one or more episodes of deformation since the Jurassic 
(Plates B-1A to B-1D; Figure B-4-1).   

 
5.1  Tectonic History 
 
The regional tectonic history includes several distinct tectonic events that are recorded in the 
geology of the study area.  A recognition of the regional tectonic history helps put the faulting 
observed in the Shoreline fault zone study area in context; much of the structural fabric and 
faulting is inherited from one or more past episodes of deformation, and is not active in the 
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current tectonic regime.  On the other hand, faults that are currently active are probably, at least 
in part, reactivating older faults that formed under a different tectonic regime.  In addition, 
ancestral faults and structures formed during a prior deformational episode have the potential to 
be offset markers where they cross currently active faults.   

The earliest recorded tectonic event in the study area is the coast-parallel subduction that lasted 
during the Mesozoic and early Cenozoic and produced the chaotic Franciscan Complex 
(Atwater, 1970; 1998).  This episode juxtaposed Jurassic ophiolite (including pillow basalt), 
various rock bodies within the Franciscan Complex (including serpentinite), and small to large 
blocks of Cretaceous sandstone within the study area.  Localized deformation produced sheared 
zones of mélange and an overall highly anisotropic rock mass, and all pre-Tertiary rock 
boundaries are marked by mélange or narrower fault zones.   

As the transform Pacific-North America plate boundary was established in central California in 
the Miocene, coast-parallel subduction was replaced by west-northwest-directed transtensional 
deformation (McCulloch, 1987).  This episode of deformation is associated with the main 
Miocene depositional basins of the Obispo, Monterey, and lower Pismo Formations.  Faults 
within the study area probably included basin-bounding or intra-basin normal, normal-oblique, 
and strike-slip faults, many of which may have reactivated pre-existing faults related to 
subduction.  It is probable that the San Miguelito, Edna, and Hosgri were active basin-bounding 
normal faults at this time.  

About 8 million years ago, the direction of relative Pacific-North America plate motion changed 
from west-northwest to about N37°W (Atwater and Stock, 1988). Later, about 5 million years 
ago, the major Pacific-North America plate boundary fault system stepped east and gradually 
initiated capture of Baja California and central coastal California within the Pacific Plate.  Some 
time at or since about 5 million years ago, regional deformation switched from transtension to 
more coast-parallel strike-slip to transpression.  A regional change to transpression in the middle 
to late Pliocene is recognized throughout coastal California (e.g., Page et al., 1998; Ducea et al., 
2003) and may correlate with the progressive eastward development of the Pacific-North 
America plate boundary.  In the study area, the transpressional deformation episode is associated 
with Tertiary unconformities, contractional folding of Tertiary strata including the Pismo 
syncline, and probably inversion of the formerly normal San Miguelito, Edna, and Hosgri faults 
as reverse, oblique, or strike-slip faults.  Offshore mapping with MBES bathymetry and high-
resolution seismic-reflection profile data clearly reveal folded and faulted Tertiary strata 
consistent with this episode of deformation (Plates B-1A to B-1D).  The deformation also warps 
and folds pre-existing fault contacts or angular unconformities that separate the Tertiary section 
from the underlying Cretaceous basement section.   

The most recent episode of deformation in the study area is characterized by near-uniform block 
uplift of the San Luis/Pismo block relative to adjacent blocks in the larger Los Osos/Santa Maria 
tectonic domain (PG&E, 1988; Lettis et al., 1994; 2004).  The block uplift mode of deformation 
is recorded by flights of Pleistocene marine terraces along the flanks of the Irish Hills (Hanson et 
al., 1994) that demonstrate the mode of a coherently uplifting block over the past half-million 
years or more rather than tilting or folding as recorded in the Tertiary rocks.  The estimated 
timing of the transition from folding-thrusting-dominated deformation to block uplift is broadly 
defined to between about 2 and 0.5 million years ago (Hanson et al., 1994).   
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5.2  Basement Structures   
 
Deformation of Mesozoic and early Tertiary Formations - The Franciscan Complex basement 
rock in the Shoreline fault zone study area is a composite terrain with a high degree of structural 
and stratigraphic complexity.  Faults within the Franciscan Complex are generally difficult to 
follow along strike but in outcrop are clearly recognizable as zones of intense localized shearing 
that separate different Franciscan lithologies.  Deformation is generally localized and pervasive 
within zones of sheared claystone onshore and in the mélange offshore and is less penetrative in 
sandstone and greenstone rocks away from these mélange zones. 

The Franciscan Complex rocks were faulted against overlying Cretaceous sandstone during one 
or more subsequent episodes of deformation during the early Tertiary (Wahl, 1995).  The faulted 
contacts between the Franciscan Complex and separate blocks of Cretaceous sandstone onshore 
are generally narrow in outcrop, commonly less than a few meters wide.  Offshore on the Santa 
Rosa Reef shelf, however, the sheared rock forms wide bands of mélange that separate large 
bodies of Cretaceous sandstone (Figure B-4-4).    

Two northwest-striking faults interpreted to be in mélange displace broad outcrops of Cretaceous 
sandstone offshore (Figure B-4-4 and Plate B-1C).  The westernmost is 3.4 kilometers west of 
Point San Luis and strikes N48°W.  A strand of this fault may displace a paleo-stream channel 
right laterally about 80 meters; however, the data also allow the offset to be a bend in the channel 
and hence be erosional.  The other fault is the South Segment of the Shoreline fault discussed in 
Section 5.4.3.2.   

 
5.3  Tertiary Structures  
 
Tertiary bedrock faults and folds commonly truncate or repeat stratigraphic section exposed 
along the coastline and are clearly imaged offshore in the MBES bathymetric data.  The Tertiary 
strata record unconformities between formations and different styles of folding and faulting that 
represent one or more episodes of deformation.  Within the study area, map relations suggest that 
structures vary from one formation to the next.  Alternative interpretations of this are: (1) the 
structures record different tectonic episodes in the Tertiary, (2) the structures record different 
strain responses of the different rheologies, or (3) different structures formed in different 
locations within the map area due to differential movement of deeper crustal faults.     

5.3.1  Deformation of the Tertiary/basement contact  

Faulting and folding deform the basal contact between basement rocks and the overlying Tertiary 
strata.  The base of the Tertiary section is probably late Oligocene to early Miocene, based on 
regional age estimates for the Rincon and Vaqueros Formations (Hall, 1973b).  This basal 
contact records a broad-scale deformation evident in its outcrop pattern on the Santa Rosa Reef 
shelf and onshore (Plates B-1B and B-1C; Figure B-4-1).  The northeast end of the contact west 
of DCPP is inferred from an interpretation of Tertiary rocks exposed through the mobile sand 
sheets and by seismic-reflection profile data that indicate a contact at depth between basement 
and bedded Tertiary rocks. 

5.3.2  Deformation within the Obispo Formation  
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Coastline exposures of the Obispo Formation record several forms of syn- and post-depositional 
deformation.  Syn-depositional deformation is recorded by the disruption of fine-grained 
intervals within the resistant subunit of the Obispo Formation and incorporation of these 
lithologies into the chaotic packages of tuff.  There is also some evidence for post-depositional 
slumping.  Post-depositional faulting of the Obispo Formation in the coastline exposures 
includes at least three different fault sets with clear cross-cutting relationships.   

The oldest post-depositional deformation in the coastline exposures of Obispo Formation is a 
narrow zone of northeast-southwest-oriented faults that places the fine-grained subunit of the 
Obispo Formation against the resistant subunit at the south end of the Discharge Cove at DCPP 
(Plate B-1B; Figure B-5-1).  This fault zone dips steeply southeast, has a reverse-sinistral sense 
of displacement, and is cross-cut by one or both of the adjacent east-west and approximately 
north-south bedrock fault systems described in the following paragraphs.   

Bedrock faults striking about north-south displace an intrusive contact between the resistant 
subunit and the diabase subunit of the Obispo Formation exposed along the south breakwater at 
Intake Cove at DCPP (Plate B-1B; Figure B-5-1).  A section of distinctive beds within the 
resistant Obispo subunit adjacent to the subunit contact is systematically displaced in a right-
lateral sense several hundred feet along two faults in Intake Cove.  Two additional north-south 
oriented faults separate resistant subunit strata on the west from fine-grained subunit strata on the 
east:  one of these faults is at the northwest headland of Discharge Cove, and the other is about 
300 meters southeast of Crowbar Hill and projects south to the east side of Lion Rock (Figure B-
5-1).  The sense of displacement along these north-south faults is dextral with no indication of 
the amount of vertical displacement.  The north-south fault that crosses the northwest headland 
of Discharge Cove may continue for about 1.5 kilometers farther south, as suggested by an 
apparent right-lateral separation of two magnetic lineaments in the enhancement shown in Figure 
B-5-1.  If so, this older right-lateral fault crosses the Shoreline fault and provides a limit to the 
total right-lateral displacement on the younger fault (described below with the Shoreline fault 
zone in Section 5.4.3.2).   

East-west-striking faults in Discharge Cove and the next cove north truncate at least some of the 
faults that strike approximately north-south (Figure B-5-1).  The sub-vertical east-west fault in 
Discharge Cove is observed in the sea cliff where it separates a sliver of resistant Obispo from 
fine-grained Obispo Formation.  A northwest-southeast-striking fault that juxtaposes Obispo 
subunits at the south end of Discharge Cove projects northwest to the east bank of Diablo Creek.  
The lack of a similar fault near the mouth of Diablo Creek supports the interpretation that the 
northwest-striking fault is truncated by the east-west fault.  In another example, the sub-vertical 
east-west fault in the cove north of Discharge Cove is clearly visible in the modern wave-cut 
platform and in the sea cliff where it truncates a fold and juxtaposes fine-grained subunits of the 
Obispo Formation.  This east-west fault must truncate the north-south fault mapped at the 
northwest headland of Discharge Cove as this north-south fault is absent on the opposite side of 
the cove to the north.     

Deformation of the Obispo Formation in the Santa Rosa Reef shelf (Plates B-1B and B-1C) 
includes small displacements (less than 3 meters) visible in the MBES bathymetric data along 
generally N20°W to N30°W striking faults.  Folds in the Santa Rosa Reef shelf include the large-
scale folds that deform the basal Tertiary contact and several other smaller-scale east-west 
oriented parasitic folds.  Deformation of the Obispo Formation evident in the Islay shelf (Plate 
B-1A) includes several short, discontinuous, roughly east-west-oriented lineaments and faults 
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that appear to terminate at the N40W fault (described in Section 5.4.2).  Folding of the Obispo 
Formation in the Islay shelf is tight but mapable at a detailed scale from coastline exposures.  
However, this same folding is weakly expressed in the offshore MBES bathymetric data, 
probably because of the tight folding combined with extensive and complicated intrusion of 
diabase.  Deformation of the Obispo Formation in San Luis Obispo Bay includes some east-
west-oriented folding defined by MBES bathymetric data offshore similar to those in coastline 
exposures (Hall, 1973b).  A series of discontinuous east-west-oriented lineaments in the Obispo 
Formation south of the town of Avila Beach may represent faults, joint discontinuities, or the 
dominant orientation of resistant beds within the Obispo Formation. 

5.3.3  Deformation within the Monterey Formation  

Late Tertiary deformation of the Monterey Formation has been primarily accommodated through 
folding, rather than through the brittle faulting that characterizes most of the deformation of the 
Obispo Formation.  In the Islay shelf the Monterey Formation forms a moderately dipping 
homocline with abundant small, parasitic folds (Plate B-1A) such as the minor doubly-plunging 
syncline imaged in the MBES bathymetric data that appears to correlate with a small syncline 
mapped onshore near Point Buchon by Hall et al. (1979).  Faults within the Monterey Formation 
appear to be caused by bedding-parallel shearing and drag folding within tight folds, and offset 
equivalents are difficult to identify.  In the Santa Rosa Reef shelf the east-west folds recognized 
in the Obispo Formation generally continue east into the Monterey Formation.  In one case, 
folding along the approximate Obispo-Monterey contact has been rotated into a northwest-
southeast orientation by drag folding along a strand of the Hosgri fault zone (Plate B-1C).  
Deformation of the Monterey Formation in San Luis Obispo Bay includes the same 
approximately east-west-oriented folding described above in the Obispo Formation.   

5.3.4  Deformation within the Pismo Formation  

The Pismo syncline is a major structure that underlies the crest of the Irish Hills and plunges 
northwest toward the coast.  At and southeast of the coastline, the Miguelito Member of the 
Pismo Formation is at the core of the syncline.  In the Islay shelf along the northwest projection 
of the syncline axis, folds and faults are imaged on the MBES bathymetric data with growing 
complexity but are clearly correlative to folds mapped at the coastline (Plate B-1A).  Bedding 
attitudes in the northern portion of the Islay shelf define a broad, northwest-plunging antiform 
that marks the end of the Pismo syncline and perhaps results from deformation related to the 
nearby Hosgri or Los Osos fault zones in southern Estero Bay.   

Although folds, faults and fractures in the Pismo Formation are less pronounced than in the 
underlying Obispo and Monterey formations, they are clearly observed on the Islay shelf.  Folds 
in the Pismo Formation strike N60°W to N70°W and associated with the folds are short faults 
that lie along and parallel to the fold axes.  Other short faults striking N50°W slightly displace 
bedding.  The largest fault zone in the Pismo strata lies northwest of the mouth of Islay Creek.  
This prominent fault zone strikes N25°W and trends onshore at the mouth of Islay Creek where 
Hall et al. (1979) maps a small anticline.  Offshore it extends about 5.5 kilometers ending in a 
syncline.  The 300-meter-wide fault zone appears to offset Pismo strata with possible right-
lateral separation.  The fault projection onshore does not deform the youngest emergent 
strandlines, associated with the 80,000- and the 120,000-year-old sea-level highstands (Hanson 
et al., 1994).   

 
Shoreline Fault Zone Report, Appendix B Geology

 
Page B-24 of 112



The LTSP analysis identified a group of northwest striking faults in the offshore that were 
collectively called the Crowbar faults (PG&E, 1988).   In the analysis of the MBES bathymetric 
data and the high-resolution seismic-reflection profiles, a series of small, northwesterly striking 
faults associated with the folds were identified.  These structures are more westerly striking than 
those mapped as the Crowbar faults in 1988.  Most of these small faults are associated with the 
northwest folding in Monterey and Pismo Formation strata (Figure B-5-2) and are not the 
through-going, more northerly Crowbar faults extending between the coast and the Hosgri fault 
zone as interpreted in the LTSP.  It appears that the LTSP-interpreted extension of faults between 
the widely spaced older seismic-reflection profiles crossed structures visible in the MBES 
bathymetric data.   

 

5.4 Quaternary Structures  
 

5.4.1  Hosgri fault zone  

The Hosgri fault zone is an active transpressional right-slip fault zone that extends southeastward 
approximately 110 kilometers from 6 kilometers offshore Cambria in the north to a point 5 
kilometers northwest of Point Pedernales in the south (Hanson et al., 2004).  The fault zone lies 
offshore for its total length and separates two tectonic domains with contrasting styles of crustal 
deformation.  These domains are the offshore Santa Maria Basin on the western side of the fault 
zone and the onshore Los Osos domain on the eastern side (PG&E, 1988; 1990; Lettis et al., 
2004).   

The Hosgri fault zone was mapped along its entire length using petroleum industry multichannel 
seismic-reflection profile data that imaged the fault planes to depths of 1.5 to 3 kilometers 
beneath the sea floor (PG&E, 1988; 1990).  Part of the fault zone has been re-mapped for this 
study using the USGS single channel, high-resolution seismic-reflection profile data (Appendix 
H).  The USGS data set provides improved near-surface resolution of the fault traces and 
associated structures but with limited depth penetration.  The surface traces of the fault zone for 
an approximate 33-km long section are shown on three sheets of the geological map, Plates B-1A 
to B-1C, but the fault zone extends both northwest and southeast out of the Shoreline fault zone 
study area.  

In the study area the fault zone strikes N25°W-N30°W and consists of many separate subparallel 
and en-echelon strands.  It generally controls the shelf break and truncates many geologic 
structures east of the fault.  With the exception of a few rock outcrops and changes in sea-floor 
slope, the fault zone has little surface expression.  The fault zone appears to form a seaward limit 
to the Santa Rosa Reef and Islay shelves, restricting the sea-floor outcrops to the near-shore part 
of the continental shelf.   

As mapped from the high-resolution seismic-reflection data, the Hosgri fault zone consists of 
multiple traces that are continuous for as long as 18 kilometers.  The fault zone is 1- to 2.5-
kilometers wide and contains strands that appear to extend to the sea floor and strands that are 
buried by sediment.  Within the fault zone are several associated en-echelon faults and folds.  On 
the relatively high-resolution seismic-reflection profiles the faults appear vertical to steeply 
dipping in the upper few hundreds of meters.  On the common-depth point exploration seismic-
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reflection profiles with several seconds of signal penetration some of the faults dip steeply to the 
east within the upper 1 to 2 kilometers of Tertiary and pre-Tertiary rock (PG&E, 1988). 

South of Estero Bay the Hosgri fault zone has three traces, A2, C, and C1 (Plate B-1A).  The 
average strike is about N22°W.  Trace A2 is buried, whereas both traces C and C1 appear to 
extend to the seafloor.  Trace C1 is less than 7 kilometers long.  Trace C extends south of Point 
Buchon where five other traces, A, A1, A2, B, and C2, are mapped (Plate B-1B).  Southwest of 
DCPP the average strike changes from N22°W to N35°W to N40°W.  Trace A is exposed at the 
seafloor over most of its length and associated with bedrock outcrops (probably Monterey 
Formation).  The northern kilometer of trace A, most of trace A1, and traces A2 and B are 
buried.  Trace C is exposed at the seafloor for all but its southern 2 kilometers.  Trace C2 
overlaps the southern 4 kilometers of trace C and is exposed at the seafloor for most of its length.  
Seafloor outcrops of the Monterey Formation are seen at several places along the eastern side of 
trace C2 and locally at the left bend (a restraining bend) between traces C2 and A.   

West of Point San Luis the Hosgri fault zone has two main traces and several shorter traces 
between the two main traces (Plate B-1C).  The two main traces are labeled the West and East 
traces (trace names are taken from the LTSP report, PG&E, 1988).    The intermediate traces lie 
between the East and West traces and are generally buried by several meters of sediment.  The 
general trend of the West and East traces is about N25°W.  The seafloor outcrops along the 
eastern side of the East trace are mapped as Monterey and Obispo Formations.  There are several 
folds that locally come to the seafloor in the 2.5-kilometer wide zone between the West and East 
traces. 

Offshore (west) and south of DCPP, the Hosgri fault zone has a left restraining bend that is 
prominently exhibited in the zone’s two major fault traces (Hosgri West and Hosgri East, Plate 
B-1B).  East of this restraining bend, folds and faults in Tertiary strata also show a major shift in 
orientation with structural trends becoming more east-west (approximately N70°W) in 
orientation than those structures to the north.  Typically, fold axes bend northward into the 
Hosgri East trace or are truncated by the fault. 

 

Comparison with LTSP maps – Maps showing bathymetry, seafloor sediment thickness and 
geologic structural trends were prepared for the LTSP (PG&E, 1988; 1990).  These maps were 
also at a scale of 1:12,000 and showed similar features and interpretations to those shown on 
Plates B-1A to B-1C.  Although the LTSP maps used different projections and datums, the 
differences are very minor at this scale.  The LTSP maps were based on single-beam echo 
sounder, side-scan sonar, high-resolution seismic reflection, and multichannel CDP exploration 
seismic-reflection data sets.  In general the older survey tracklines did not approach as close to 
shore as the high-resolution seismic-reflection survey lines and the data were not in digital 
formats, making mapping a labor-intensive drafting effort.   

A cursory comparison of the LTSP maps with Plates B-1A to B-1C was made by overlaying the 
former interpretations over those produced from the 2008 MBES bathymetry and high-resolution 
seismic-reflection data sets.  Locations of the Hosgri Fault traces are in good agreement 
(generally within 5 to 10 meters) between the 1988 exploration and 2008-2009 seismic-reflection 
data sets, although the deeper data from the earlier surveys suggests a buried westerly trace not 
seen in the 2008 near-surface high-resolution profiles.  The major differences are listed below for 
the individual plates. 
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On Plate B-1A, the major differences between the LTSP mapping and the new mapping are in 
the area east of the Hosgri fault zone (Plate B-1A and Figure B-5-2).  The LTSP mapping of the 
“Crowbar faults” and offshore extension of the Los Osos fault zone are not imaged by the MBES 
bathymetric data.  Although there are folds and short, older, bedrock faults in the area where the 
Crowbar faults were mapped, the through-going faults extending from the shoreline to the Hosgri 
fault zone are not seen in the upper rock units in the high-resolution seismic-reflection and 
MBES bathymetry data sets.  The previously mapped area of the Los Osos fault zone appears to 
contain zones of continuous uninterrupted bedding outcrops as well as smaller structures 
trending across at angles to the previously mapped fault zone.  A surface feature mapped as a 
fault on the 2008 high-resolution seismic-reflection profiles trends parallel to the former Los 
Osos fault trace, but lies about 1.5 kilometers to the northeast.  

As on Plate B-1A, the locations of the traces of the Hosgri fault zone on Plate B-1B are in good 
agreement between the LTSP study and the traces imaged on the 2008 high-resolution seismic-
reflection profiles.  However, the earlier surveys did not approach close enough to the shoreline 
to map any of the lineaments that may be associated with the Shoreline fault zone.  In addition, 
the Pecho fault mapped from the LTSP data (PG&E, 1988) intersects the Hosgri fault zone in the 
southern part of this plate.  The 2008 MBES bathymetry and high-resolution seismic-reflection 
data do not clearly define a through-going Pecho fault in this area, suggesting it may be a blind 
fault.  

On Plate B-1C, the traces of the Hosgri fault zone based on the 2008 high-resolution seismic-
reflection profiles generally agree with the mapping based on the LTSP data (PG&E, 1988).  
Similar to the area farther north, the LTSP data provided little information regarding the details 
of the near-shore area including the Shoreline fault zone.  Also, the southeastward extension of 
the Pecho fault cannot be confirmed in the MBES bathymetry or high-resolution seismic-
reflection data. 

5.4.2  N40W fault  

The N40W fault parallels the coast 1 to 1 1/2 kilometers offshore north from Lion Rock and to 
the west of Point Buchon (Plate B-1A).  Its characteristics are summarized in Table B-4 and 
described below.   

The N40W fault is about 5 to 7 kilometers long and generally strikes about N40°W (N35° to 
44°W).  The fault cuts the Obispo, Monterey and Pismo Formations.  It is expressed in the north 
by sharp linear truncations of rock strata in contact with the mobile sand sheets to the west.  
Based on its linearity, the N40W fault is assumed to be a steeply dipping to vertical fault.  The 
N40W fault, and its northwestward projection, is crossed by a few deep Comap seismic-
reflection profiles (Figure B-5-3) and several 2008 high-resolution seismic-reflection profiles 
(Appendix H).  In general the images of the structures (folds and faults) on the eastern side of the 
Hosgri fault zone are better on the Comap profiles than the high-resolution profiles.  Comap 
profile CM-21 and several 2008 high-resolution profiles show little coherence of reflectors 
across the N40W fault and thus provide little information about fault dip, structural 
characteristics, or estimated cumulative offset.  The north end of the fault is determined based on 
the northwestern extent of the abrupt linear truncation of rock and the apparent absence of 
faulting in the Comap profile CM-23 (Figure B-5-3).   

Comparison of the current map with the LTSP map (PG&E, 1988) for the northern portion of the 
N40W fault is shown in Figure B-5-2.  The northern part of the N40W fault shown in this 
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Appendix is located along several traces of the more west-northwest- trending Crowbar faults 
than shown in the LTSP interpretation.  The latter interpretations were based not only on the 
Comap data, but also on more closely spaced lines from the analog Aquatronics and BBN 
surveys.  In areas covered by the MBES bathymetric data the structural trends are clear. 

West of Crowbar Hill, the N40W fault juxtaposes contrasting sedimentary units in the Obispo 
Formation (Figure B-5-4).  The southern end is interpreted to continue beneath a sand sheet for 
approximately 2 kilometers along a steep magnetic gradient (Appendix D) and end west of Lion 
Rock (Plate B-1B).  The magnetic anomaly that crosses the N40W fault at a low angle is 
interpreted to be an Obispo diabase dike, but the N40W fault itself does not appear to have a 
magnetic anomaly associated with it.  At its southern end, the N40W fault projects beneath a 
mobile sand sheet toward the Central segment (C-1) of the Shoreline fault zone with a 25 degree 
difference in strike.  Based on the available data, the structural relationship between the Central 
segment and the N40W fault is unclear.   

The N40W fault is crossed by a wave-cut platform that corresponds to the paleostrandline at 38 
meters depth (Figure B-5-4).  This platform is estimated to be approximately 49,000 to 60,000 
years old (marine oxygen-isotope stage (MIS) 3) or older (Appendix I).  Considering multiple 
bathymetric profiles across the fault and the natural variability of the wave-cut platform, the 
estimated vertical separation across the N40W fault is zero with a combined uncertainty of 
approximately 2 meters (Appendix I, Section 7.3.1).  The limited amount of vertical deformation 
is similar to that observed on the Central segment of the Shoreline fault zone (discussed below in 
Section 5.4.3.5).     

5.4.3  Shoreline fault zone 

The Quaternary structural aspects of the Shoreline fault zone have been identified and 
characterized through an extensive program of onshore and offshore data acquisitions and 
analyses that commenced in late 2008 and continued through 2010.  Preliminary results were 
presented in the PG&E (2010) Progress Report.  Additional investigations completed since the 
Progress Report have led to an improved understanding of the Shoreline fault zone, including 
information on fault location, geometry, segmentation, slip rate, and relationship to the Hosgri 
fault zone, Southwestern Boundary fault zone, and older Tertiary structures.  

The geologic characteristics of the Shoreline fault zone were developed from the following:  

1. Geologic interpretation of MBES bathymetric imagery; 

2. Assessment of submerged marine terraces from MBES bathymetric imagery (Appendix 
I);  

3. Correlation of geologic units and structures onshore and offshore using a low-tide LiDAR 
base map (Appendix G); 

4. Reinterpretation of offshore diver and core samples from the LTSP and collection of 50 
additional offshore samples (Tables B-1 to B-3);  

5. Interpretation of high-resolution seismic-reflection profiles acquired in 2008 and 2009 
(Appendix H), and seismic-reflection profiles from the LTSP (PG&E, 1988); and 

6. Analysis of magnetic field data from helicopter and ship-borne measurements (Appendix 
D).  
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This section describes the location, length, faulting style, dip, recency of activity, slip rate, and 
relationship of the Shoreline fault zone to other faults in the region.  Characteristics of individual 
segments of the fault are summarized in Table B-5 for the North segment, Table B-6 for the 
Central segment, and Table B-7 for the South segment. Alternative interpretations and 
uncertainties in the fault characteristics are explicitly addressed to provide a clear rationale for 
seismic source characterization. Several comparative maps illustrate the interpretations of 
geology and submerged marine terraces with the MBES bathymetric imagery along the Central 
and South segments of the Shoreline fault zone at key locations along the fault zone at 1:12,000 
scale.  These comparative maps highlight the following areas: (1) west of Lion Rock, (2) directly 
west of DCPP, (3) directly south of DCPP, (4) southwest of Olson Hill, (5) west of Rattlesnake 
Creek, and (6) southwest of Point San Luis (Figures B-5-4 to B-5-9).  

 

5.4.3.1 Location of the Shoreline fault zone and its relationship to older                                                         
Tertiary structures  

The Shoreline fault zone appears to involve local reactivation of a pre-existing fault.  Although 
the pre-existing fault is not reflected in the regional gravity data, this older fault is associated 
with a distinct, linear magnetic anomaly as seen in the high-resolution helicopter magnetic field 
data (Appendix D and Figure B-4-3).  The magnetic anomalies associated with the older fault 
zone between about Olson Hill and offshore Point San Luis probably result from serpentinite or 
greenstone lenses within Franciscan mélange (Plates B-1A to 1-C).  Juxtaposition of magnetic 
(e.g., greenstone) against non-magnetic (e.g., sandstone) blocks of pre-Tertiary rock along the 
older fault zone also likely contribute to the strong signal in the magnetic field anomaly.  This 
juxtaposition of distinct blocks of pre-Tertiary rock and the development of mélange has its 
origins in Cretaceous to early Tertiary coast-parallel subduction and development of the 
Franciscan accretionary wedge complex, and suggests the Shoreline fault zone represents at least 
local reactivation of an older well-developed fault zone that had significant cumulative 
displacement during prior episode(s) of deformation.   

From a location northwest of Olson Hill to the area directly west of DCPP, the magnetic 
anomalies are spatially associated with intrusive diabase that is part of the Miocene Obispo 
Formation on the landward side of the older fault zone, and probable Franciscan Complex 
greenstone on the seaward side of the older fault zone (Plates B-1A to B-1C).  Here, the pre-
existing fault juxtaposes Franciscan Complex rocks against the Tertiary Obispo and Monterey 
Formations, which indicates a prior episode of faulting dating to late Miocene and perhaps 
Pliocene time.  This Tertiary episode of deformation probably occurred either during a regionally 
recognized mid-Miocene to early Pliocene period of transtensional deformation or during a later 
middle to late Pliocene period of transpressional deformation (PG&E, 1988 and references 
therein).  Other structural features in the DCPP area that were active during these regional 
episodes of deformation include the San Miguelito fault, Pismo syncline, and Edna fault, which 
originated as extensional faults and basins during the earlier transtensional tectonic regime.  
These structures were reactivated in a transpressional deformation episode in about the middle 
Pliocene coincident with reorganization of the Pacific-North America plate boundary (Lettis et 
al., 2004 and references therein).  Many of these faults have been inactive since 1 to 2 million 
years ago when the mode of deformation in the Irish Hills switched from folding to block uplift 
(Lettis et al., 2004; Lettis and Hanson, 1992).  
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More recently, differential erosion along the pre-existing fault zone during periods of lower sea 
level produced a prominent series of bathymetric lineaments and associated scarps. The probable 
northern reach of the pre-existing fault zone includes a prominent escarpment off the coast of 
Point Buchon along the N40W fault (shown on Plate B-1A).  The linear magnetic gradient 
(Figure B-4-3) associated with the N40W fault probably is derived from intrusive Tertiary 
diabase, as pre-Tertiary basement rocks are not mapped along the coast or in the near-shore 
bedrock platform north of the DCPP.  Based on the linearity of the anomaly, it is likely that the 
geometry of the diabase is structurally controlled.  The N40W fault is interpreted to cut across 
the diabase.     

The central and southern seismicity sub-lineaments align with parts of the pre-existing Tertiary 
fault (within the half-kilometer location resolution of the seismicity comprising the lineament) 
(see main report, Plate 1), indicating that the older fault has been locally reactivated in the 
current stress regime.   In particular, the central and southern seismicity sub-lineaments closely 
align with the pre-existing older Tertiary fault. The Central and South segments of the Shoreline 
fault zone are thus interpreted to represent reactivation of this part of the older Tertiary fault.   

Seismicity along the northern sub-lineament trends northwest toward the Hosgri fault zone and 
lies west of the N40W fault (Figure 4-1).  Late Quaternary marine sedimentary and ephemeral 
drifting sand sheets on the seafloor mask existing geomorphic expression of an active fault and 
any direct observation of youthful geologic structure that may be associated with the seismicity 
lineament.  The origin of the northern seismicity sub-lineament and direct linkage to a bedrock 
fault, therefore, is less plausible than for the central and southern seismicity sub-lineaments and 
the older Tertiary faults.  As described in the main report, Section 4.2.4, alternative structural 
origins of the northern seismicity sub-lineament include: (1) a steeply east-dipping Hosgri fault 
zone; (2) a sub-vertical fault (buried or emergent) coincident with the seismicity sub-lineament; 
and (3) the N40W fault, with a steeply west-dipping shallow crustal portion to link the surface 
trace of the fault with the seismicity trend.   

Three methods were used to evaluate whether a direct structural geologic link can be made 
between the Hosgri fault zone and a distinct fault that could be associated with the northern 
seismicity sub-lineament:  (1) re-examination of the USGS high-resolution seismic-reflection 
profiles that cross the northern seismicity sub-lineament to look for evidence of faulting; (2) 
reprocessing of three of these high-resolution seismic-reflection profiles to improve data 
resolution; and (3) re-examination of high-energy Comap seismic-reflection profiles interpreted 
during the LTSP (PG&E, 1990) that cross the northern seismicity sub-lineament and the N40W 
fault trend.  The Progress Report (PG&E, 2010) concluded based on a preliminary examination 
of the 2008 and 2009 high-resolution sparker data that there was no evidence for a bedrock fault 
along the northern seismicity sub-lineament.   

Re-examination of Comap line (CM-21) collected across the northern end of the seismicity 
lineament reveals gently folded Tertiary strata east of the Hosgri fault zone with no evidence of 
faulting across the northern seismicity sub-lineament within the resolution of the seismic-
reflection profile (Figure B-5-3).  In contrast, this line shows disruptions in reflectors consistent 
with faulting or tight folding across the nearby N40W fault.  

Reprocessed high-resolution seismic-reflection profiles (PBS-22, PBS-26, and PBS-296) at the 
northern and southern ends of the northern seismicity sub-lineament provide significant 
improvement in overall data clarity compared to the basic processing by the USGS.  Although 
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the seismic-reflection data are presently insufficient to definitively evaluate the presence or 
absence of faulting, careful re-examination of the high-resolution profiles crossing the central 
part of the northern seismicity sub-lineament permits a preliminary interpretation of probable 
minor vertical separations across sub-vertical faults in Tertiary strata that were plotted on Plates 
B-1A and B-1B as two concealed, queried, en-echelon faults.  The southwestern one follows the 
axis of a well-expressed syncline in Monterey(?) strata and the fault to the northeast is sub-
parallel. These faults generally align with the northern seismicity sub-lineament (see main report, 
Plate 1).  Preliminary estimates of vertical separations are on the order of 5 to 10 meters with the 
northeast side down.  Direct correlation of Tertiary strata across the faults also suggests that the 
amount of cumulative lateral displacement is limited to a few tens of meters or less.  These faults 
clearly lie west of the N40W fault, and are tentatively named the North segment of the Shoreline 
fault. Given the minor displacement of Tertiary strata, this newly-identified North segment of the 
Shoreline fault zone does not appear to be reactivating a well-developed older Tertiary fault 
similar to the Central and South segments of the Shoreline fault zone.    

Based on the above evidence, the relative merits of the three alternative interpretations of the 
North segment of the Shoreline fault zone are assessed.  The preferred alternative is that the 
newly-identified North segment of the Shoreline fault coincides generally with the northern 
seismicity sub-lineament (Figure B-4-1).  The fault either has produced only minor displacement 
in the Tertiary strata in the near surface (similar to the small faults in the Monterey and Pismo 
Formation rocks imaged in the MBES bathymetric data), or is “blind” and does not extend to the 
near-surface. This location for the fault is preferred because it most closely aligns with the 
northern seismicity sub-lineament.  The second alternative locates the North fault segment along 
the N40W fault.  This alternative is less preferred because the N40W fault departs from the 
seismicity lineament, but the alternative does have the advantage of being associated with a 
recognizable pre-existing fault.  The third alternative is that some or all of the northern seismicity 
sub-lineament is associated with an east-dipping Hosgri fault zone, in which case the North 
segment of the Shoreline fault does not exist or is limited to a few kilometers in length beyond 
the better-defined Central segment.   

5.4.3.2  Length and segments  

The Shoreline fault zone, including all three segments, has an overall strike of about N60°W and 
is up to 23 kilometers long (Plates B-1A to B-1C). The total length of individual segments and 
the continuity and integration of the fault as a whole are discussed below.  

The North segment is up to 8 kilometers long.  The uncertainty in the segment length 
encompasses the range of alternative locations described in Section 5.4.3.1 of the main report, 
ranging between zero length (with seismicity occurring on an east-dipping Hosgri fault zone at 
depth) and the maximum 8 kilometers length extending southeast from the Hosgri fault zone to 
south of Lion Rock (Table B-5).  The alternative N40W fault trace also yields an 8 kilometer 
segment length (Table B-4).  The North segment is at least partially concealed beneath marine 
sediments and the ephemeral drifting sand sheet on the seafloor and has no geomorphic 
expression.  The alternative surface trace along the N40W fault coincides with a linear 
escarpment formed by a composite series of submerged paleostrandlines (Appendix I).   

The two alternative locations of the North segment have different expressions in the magnetic 
intensity data (Figure B-4-3).  The preferred trace that follows the seismicity sub-lineament does 
not coincide with a strong magnetic anomaly.  The alternative N40W trace is subparallel to but 
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crosses a linear magnetic anomaly associated with intrusive diabase (Section 5.4.2).  The south 
ends of the North segment and the N40W fault are obscured by mobile sand sheets so the 
boundary between the North and Central segments is unclear.  However, in this area magnetic 
anomalies are not continuous and appear complex. This complexity in the magnetic field is 
interpreted to represent structural complexity that suggests a segment termination and possible 
structural barrier to rupture.   

The Central segment is approximately 8 kilometers long and follows an older reactivated 
Tertiary fault that is well expressed in the geology and as a magnetic anomaly (Plate B-1B; 
Figure B-4-3; Table B-6).  The Central segment is further divided into three geomorphically and 
structurally defined en-echelon subsegments, C-1, C-2, and C-3.  These subsegments are not 
considered to be rupture segments in the seismic source characterization of the Shoreline fault 
zone.  Subsegment C-1 connects with C-2 at a change in strike and the boundary between C-2 
and C-3 is a right step of 100 to 200 meters.  Subsegment C-1 is west of Discharge Cove and its 
faulting appears to die out northward beneath the sand sheet directly south of Lion Rock.  The 
northern end of C-1 does not follow the magnetic anomaly high that characterizes the majority of 
the Central and South segments but transitions into a magnetic trough.  Subsegment C-1 forms a 
prominent and well-defined bathymetric lineament and, where mapped at the seafloor, 
juxtaposes Tertiary diabase against Franciscan mélange (Figure B-5-5).   

Subsegment C-2 also forms a prominent, well-defined bathymetric lineament and juxtaposes 
Obispo diabase, Cretaceous sandstone and Franciscan mélange on the east against a thin mobile 
sand sheet covering Franciscan mélange on the west (Figures B-5-6 and B-5-7).  The sub-
segment coincides with a linear peak in the magnetic anomaly data (Figure B-4-3 and B-4-4).  
West of Olson Hill, a moderate to strong, 900-meter-long geomorphic lineament is evident on 
the MBES bathymetric image.  It lies within a shallow, 2- to 4-meter deep, 25-meter wide trough 
in Franciscan mélange and is likely accentuated by differential erosion (Figure B-5-7).  To the 
south, subsegment C-2 ends near where the Olson Hill deformation zone (considered a part of 
the San Luis Bay fault zone) projects offshore.  A direct structural or geomorphic linkage 
between the Central segment of the Shoreline fault zone and the bedrock faults near Olson Hill 
has not been established (Figure B-5-7).  The step-over between subsegments C-2 and C-3 is 
southeast of Olson Hill where the linear magnetic anomaly high ends.        

Subsegment C-3 also is expressed as a well-defined bathymetric lineament (Plates B-1B and B1-
C; Figure B-5-8).  The lineament is primarily in Cretaceous sandstone and Franciscan mélange 
and coincides with a magnetic anomaly high (Figure B-4-4).  As shown on Figure B-5-8, the 
southern end of subsegment C-3 may bend to the east and follow a lineament (also interpreted to 
be a paleostrandline) that projects directly toward the Rattlesnake fault (the southern strand of 
the San Luis Bay fault zone).  The apparent connection of the two faults suggests that there may 
be a kinematic link between these two structures (see main report, Section 5.4.4).     

The South segment is approximately 7 kilometers long and, like the Central segment, follows a 
reactivated older bedrock fault (Table B-7).  It is expressed as a poor to moderate bathymetric 
lineament inferred to be in a band of mélange covered by a thin mobile sand sheet.  Locally, the 
South segment truncates bedding in Cretaceous sandstone along a low, northeast-facing 
escarpment (Plate B-1C; Figure B-5-9).  It is also associated with a strong linear magnetic high 
(Figure B-4-3).  In detail, the fault trace defined on the MBES bathymetric data follows the west 
flank of the magnetic anomaly high rather than the crest.  The northern end of the South segment 
lies within a broad zone of Franciscan mélange that is covered by a mobile sand sheet, so its 
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exact location is uncertain.  The junction between the Central and South segments is interpreted 
as either a right stepover of 100 to 500 meters, or the two segments meeting at the north end of 
the linear magnetic anomaly southeast of Rattlesnake Creek.  The south end of the South 
Segment projects beneath a mobile sand sheet southwest of Point San Luis (Figure B-4-1).   

5.4.3.3  Faulting style  

The Shoreline fault zone is inferred to be primarily a right-lateral fault based on earthquake focal 
mechanisms, vertical alignment of seismicity, and the linear geologic expression of the fault on 
the seafloor along the Central and South segments.  However, some focal mechanisms along the 
North and Central segments show right-oblique or right-reverse motion, and one focal 
mechanism along the South segment shows right-normal motion.  These oblique mechanisms 
suggest that the fault may accommodate some vertical displacement as well as lateral 
displacement.  In earthquake rupture scenario models considered in the seismic hazard analysis 
where the Central and North segments are linked with the San Luis Bay fault zone, the fault zone 
forms an uplift rate boundary and is considered to have a significant northeast-side up vertical 
component (see main report, Section 5.1.1). 

5.4.3.4  Geometry  

The seismicity defines a nearly vertical seismic source zone and is discussed in the main report, 
Section 4.2).  A vertical fault zone is consistent with the linear geologic and geomorphic 
expression of the fault on the seafloor along the Central and South segments, but geologic data 
(including high-resolution seismic-reflection profiles) are lacking to independently measure the 
dip of the Shoreline fault zone.  Local 2D modeling of the helicopter magnetic data across the 
Central segment of the Shoreline fault zone shows that magnetic anomalies coincident with the 
Shoreline fault zone can be explained by a vertical fault in the shallow crust, but the solutions are 
not unique (Appendix D).   

5.4.3.5  Evidence of activity  

This subsegment addresses only the geologic or geomorphic evidence for recency of activity of 
the Shoreline fault zone; the seismicity lineament as evidence for activity is discussed in the 
main report (Section 4.2).  The Shoreline fault zone lies entirely offshore and thus it is difficult 
to evaluate its activity with direct evidence.  The MBES bathymetric images were extensively 
probed to identify geologic or geomorphic features that would record late Quaternary activity.  
Such features include potentially datable sediments that appeared offset, or geomorphic features 
such as paleostrandlines, wave-cut platforms, or channels on both sides of the fault zone that 
could be used to constrain cumulative slip.  No geologic or geomorphic features were found that 
definitively prove or disprove activity of the Shoreline fault zone.  Two lines of evidence are 
available to qualitatively assess the recency of activity of the Shoreline fault zone: (1) the 
geomorphic expression of the fault zone, and (2) vertical deformation of submerged wave-cut 
platforms that cross the fault zone.   

The well-expressed geomorphic scarps along certain sections of the fault zone described in 
Section 5.4.3.2 are indirect indicators of activity of the fault.  These scarps include the 
southwest-facing fault-line scarps along the Central segment (Figures B-5-5 to B-5-7) and the 
northeast-facing fault-line scarps along parts of the Southern segment (Plates B-1C and B-1D).  
Most of the scarps are expressed as a juxtaposition of rock against mobile sand sheets, and in one 
location (sub-segment C-2) there is a fault-line scarp within bedrock interpreted as mélange.  All 
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the scarps are interpreted to result from differential erosion.  Their size and locally sharp 
expression is suggestive of a contrast in erodability of rock on opposite sides of the fault; this 
sharp expression is probably accentuated by easily eroded fault rock within the fault zone.  
Additionally, it is reasonable that the existence and linearity of a scarp with vertical separation 
across it is maintained by cumulative movement on the fault, even if the amount of vertical 
separation is attributed to both differential erosion and long-term cumulative deformation.    
However, with the current lack of detailed understanding of the geology along the scarps, 
differential erosion alone is sufficient to produce the observed geomorphic expression, and thus 
the existence and sharpness of the fault-line scarps does not require the fault zone to be active. 

The second line of evidence available to evaluate activity of the Shoreline fault zone comes from 
three locations where the Central and South segments cross late Quaternary wave-cut platforms, 
and one location where a correlated paleostrandline is mapped on opposite sides of the South 
segment.  These locations are described in detail in Appendix I, Section 7.3, and are summarized 
from north to south below:  

• Central segment, subsegment C-2 near intersection with subsegment C-1– In the stepover 
region between the C-1 and C-2 subsegments of the Shoreline fault zone the Shoreline 
fault zone locally is buried by a mobile sand sheet that is thought to cover a wave-cut 
platform associated with a -25 meter (m) paleostrandline (Figure B-5-5).  Based on its 
depth, the wave-cut platform is estimated to have developed during MIS 5 or earlier, and 
hence is older than approximately 75,000 years (Appendix I).  Contours of the top-of-
rock surface are interpreted from high-resolution seismic-reflection profiles, and an 
elevation profile across the contours shows a 1-m-high scarp (with northeast-side up) 
with a combined uncertainty of 2.5 m (Appendix I, Section 7.3.2).  The preferred 
interpretation is that this scarp is a fault-line scarp formed by differential erosion that was 
not completely removed during development of the -25 m wave-cut platform.  The basis 
for the preferred interpretation is the presence of fault-line scarps northwest and southeast 
of the -25 m wave-cut platform and the lack of evidence for vertical separation on 
subsegment C-2 where it crosses the -21 m wave-cut platform (discussed below).  
However, we cannot preclude the scarp is vertical separation on the Shoreline fault zone 
and is caused by late Quaternary tectonic deformation.  Along strike to the southeast, the 
Shoreline fault zone appears to follow a sediment-filled trough etched in bedrock, 
indicating local differential erosion along the fault trace (Figures B-5-5 and B-5-6).  
Therefore, we conclude that vertical offset on the Shoreline fault zone since 
approximately 75,000 years is either zero (from the preferred interpretation that the 
apparent scarp is due to differential erosion) or 1 ± 2.5 meters with the center value 
having a northeast-side up vertical separation (Section 5.4.3.5 and Appendix I, Section 
7.3.2).  Using the vertical separation and the estimated minimum age of 75,000 years for 
the wave-cut platform yields a vertical separation rate of 0 or 0.01 ± 0.03 mm/yr. 

• Central segment, subsegment C-2 – South and southwest of the entrance to DCPP the 
Shoreline fault zone locally crosses a wave-cut platform associated with a -21 m 
paleostrandline (Figure B-5-6).  Based on its depth, the wave-cut platform is estimated to 
have developed at least 75,000 years ago (Appendix I).  Analysis of elevation profiles 
across the wave-cut platform suggests there is zero vertical separation across the mapped 
fault trace with a combined uncertainty of approximately ±1.5 m (Appendix I, Section 
7.3.2).     
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• South segment – South of Point San Luis, the South segment of the Shoreline fault zone 
locally crosses a wave-cut platform associated with a -31 m paleostrandline (Figure B-5-
9).  Although the paleostrandline itself is not preserved for approximately 100 meters 
directly adjacent to the fault zone, sections of the paleostrandline several hundred meters 
long are mapped on either side of the fault zone and are correlated.  Based on its depth, 
the wave-cut platform is estimated to have developed at least 75,000 years ago (Appendix 
I).  Analysis of elevation profiles across the wave-cut platform suggests there is zero 
vertical separation across the mapped fault trace with a combined uncertainty of 
approximately ± 1.5 m (Appendix I, Section 7.3.3).   

The results summarized above suggest that there is no strong evidence for activity on the 
Shoreline fault zone in the last 75,000 years.  Although the buried wave-cut platform along the 
C-1 sub-segment has an apparent scarp, a preferred interpretation for this scarp is that it is not 
due to late Quaternary surface-fault rupture, and the wave-cut platform located approximately 
1.3 km to the southeast along the C-2 sub-segment shows no evidence for vertical separation 
across the fault zone with a lower combined uncertainty.  Given the measurement and geologic 
context uncertainties in the data, however, we cannot preclude that the approximately 75,000-
year-old wave-cut platforms are offset by the Shoreline fault zone. 

5.4.3.6  Slip rate  

Similar to assessing activity, the offshore location of the Shoreline fault zone makes it difficult to 
develop direct quantitative estimates of slip rate.  The MBES bathymetric data were extensively 
probed to identify piercing points (i.e., potentially datable geomorphic features such as 
paleostrandlines or submerged channels on both sides of the fault zone that could be used to 
constrain cumulative slip and slip rate).  No geomorphic features that could be reliably used as 
offset markers were observed, hence no conclusive piercing points were identified.  In the 
absence of more direct information, important constraints to slip rate are provided by four 
qualitative and indirect quantitative estimates of slip rate.  These are summarized below: 

(1) Comparison to the Hosgri-San Simeon fault system.  The Hosgri-San Simeon fault 
system has a slip rate in the range of 0.5 to 6 mm/yr, with a preferred rate of 1 to 3 mm/yr 
(PG&E, 1988; 1990; Hanson and Lettis, 1994; Hall et al., 1994; Hanson et al., 2004).  Onshore, 
the San Simeon fault is well expressed geomorphically and clearly displaces late Pleistocene and 
Holocene deposits at numerous locations.  Offshore, the Hosgri fault zone locally produces 
scarps on the sea floor, and, along the reach of the fault directly west of the Irish Hills, abruptly 
truncates the westward extent of the offshore bedrock platform.  In addition, individual fault 
strands within the Hosgri fault zone produce linear escarpments in bedrock that appear to be 
pressure ridges on the sea floor.  All of these features on the Hosgri fault zone occur in water 
depths shallower than 120 meters, and thus if present at the time of the last transgression, were 
subject to erosion.  The Shoreline fault zone is not associated with similar geomorphic or 
geologic features identified on the Hosgri fault zone offshore or with the San Simeon fault zone 
onshore, with the exception of the distinct lineament west of Olson Hill (Figure B-5-7) and the 
lineament and scarp west of the Intake Cove (Figure B-5-5) discussed above.  Elsewhere along 
the Shoreline fault zone, geomorphic features of high slip-rate faults are lacking, even in 
locations where the fault zone extends into deeper water where the rapid rise in sea level since 
the last glacial maximum would not have destroyed significant fault features (Appendix I).   
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In addition, if the Shoreline fault zone had a slip rate comparable to the Hosgri-San Simeon fault 
system, it is likely that it would have maintained a seafloor expression southwest of Point San 
Luis, and evidence of higher slip-rate faults in the associated Southwest Boundary zone would be 
evident onshore in the vicinity of San Luis Obispo Bay or the Santa Maria Valley.  Despite 
extensive onshore mapping in this area both during the LTSP and during this study, no faults 
with comparable geomorphic expression to the San Simeon fault have been identified.   

Based on these observations, the slip rate on the Shoreline fault zone is qualitatively estimated to 
be an order of magnitude less that the slip rate on the Hosgri-San Simeon fault zone.  This 
qualitative comparison yields an estimate of slip rate in the range of 0.05 to 0.6 mm/yr for the 
Shoreline fault zone.  

(2) Estimates of vertical separation.  Two approaches are used to constrain the amount of 
vertical separation on the Shoreline fault zone.  Along the North segment (associated with the 
northern seismicity sub-lineament), possible displaced Tertiary strata from high-resolution 
seismic-reflection profiles are interpreted to constrain the cumulative amount of vertical 
separation on the segment to be about 5 to 10 meters, with a northeast-side down vertical 
separation.  The northeast-side down sense of vertical separation is opposite the expected 
northeast-side up vertical separation if the fault is partially accommodating uplift of the San 
Luis/Pismo block.  In addition to the apparent limited vertical stratigraphic separation, the 
similarity in the seismic stratigraphy across the fault zone observed at these two locations 
probably indicates limited lateral displacement as well.  These interpreted faults are similar to the 
faults imaged in the MBES bathymetric data that are associated with seafloor-exposed folds in 
the Monterey and Pismo Formations west of Point Buchon.   

The second approach to constrain vertical separation rates across mapped traces of the Shoreline 
fault zone is based on evaluation of the submerged wave-cut platforms that are mapped across 
the N40W and Central and South segments as described above in Section 5.4.3.5 and in 
Appendix I, Section 7.3.  Estimates of vertical separation rate at the four sites are summarized 
from north to south below:     

• N40W fault – The estimated vertical separation of the wave-cut platform associated with 
the -38 m paleostrandline across the N40W fault is zero with an uncertainty of 
approximately ± 2 meters (Section 5.4.3.5 and Appendix I, Section 7.3.1).  Using the 
vertical separation and the estimated age of 49,000 to 60,000 years for the wave-cut 
platform yields a vertical separation rate of 0 ± 0.04 mm/yr (i.e., with either a northeast- 
or southwest-side up sense of vertical separation).   

• Central segment, sub-segment C-1 – The estimated vertical separation of the buried 
wave-cut platform associated with the -25 m paleostrandline across the C-1 sub-segment 
of the Shoreline fault zone is either 0 (from the preferred interpretation that the apparent 
scarp is due to differential erosion) or 1 ± 2.5 meters with the center value having a 
northeast-side up vertical separation (Section 5.4.3.5 and Appendix I, Section 7.3.2).  
Using the vertical separation and the estimated minimum age of 75,000 years for the 
wave-cut platform yields a vertical separation rate of 0 or 0.01 ± 0.03 mm/yr.   

• Central segment, sub-segment C-2 – The estimated vertical separation of the wave-cut 
platform associated with the -21 m paleostrandline across the C-2 sub-segment of the 
Shoreline fault zone is zero with an uncertainty of approximately ± 1.5 mm/yr (Section 
5.4.3.5 and Appendix I, Section 7.3.2).  Using the vertical separation and the estimated 
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minimum age of 75,000 years for the wave-cut platform yields a vertical separation rate 
of 0 ± 0.02 mm/yr.       

• South segment – The estimated vertical separation of the wave-cut platform associated 
with the -31 m paleostrandline across the South segment of the Shoreline fault zone is 
zero with an uncertainty of approximately ± 1.5 mm/yr (Section 5.4.3.5 and Appendix I, 
Section 7.3.3).  Using the vertical separation and the estimated minimum age of 75,000 
years for the wave-cut platform yields a vertical separation rate of 0 ± 0.02 mm/yr.   

The results summarized above suggest that the vertical separation rate on the Shoreline fault 
zone is indistinguishable from zero.  In order to estimate a maximum horizontal slip rate from 
the wave-cut platform data, the maximum vertical separation rates are considered with a fault 
having an assumed 10:1 horizontal to vertical slip ratio.  This assumption yields maximum 
horizontal slip rates on the order of 0.2 to 0.4 mm/yr.   

(3) Estimates of cumulative right-lateral strike-slip displacement.  Toward the northern end 
of the Central segment of the Shoreline fault zone, directly west of Discharge Cove, two west-
northwest-trending, subparallel magnetic anomaly highs show an apparent right-lateral step of 
about 300 meters (Figure B-5-1).  Although not a unique interpretation, the apparent right-lateral 
step occurs across a N15ºE striking basement fault whose north end aligns with the north-south 
to N25ºW striking fault mapped in the headland at the northwest end of Discharge Cove.  The 
mapped fault onshore and in the rocks at low tide juxtaposes two Obispo Formation units: 
resistant tuff against bedded sedimentary rock in a broad zone of shearing that is associated with 
hydrothermal alteration.  The N15ºE fault is truncated to the north by an east-west-striking fault 
that is clearly mapped in the intertidal zone and in the sea cliff (Plate B-1B; Figure B-5-1).  This 
east-west fault does not displace an approximately 80,000 year-old wave-cut platform exposed in 
the sea cliff.  Similarly, approximately north-south-striking faults mapped elsewhere in the direct 
vicinity of DCPP exhibit right-lateral separation, supporting the interpretation that the right-
lateral separation in the magnetic anomaly highs reflects offset bedrock structure.  The 
interpreted N15ºE fault provides a possible piercing line or strain gauge from which to estimate 
cumulative right-lateral displacement where the Central segment of the Shoreline fault crosses 
the N15ºE fault.  Alternative interpretations of possible traces of the N15ºE fault through the 
MBES bathymetric data that satisfy the right-lateral separation in the twin magnetic anomaly 
highs, limits the possible offset to less than 100 meters (possibly 200 meters) right-lateral, and 
possibly zero (Figure B-5-1).  Estimating an onset of deformation at between 1 and 2 million 
years ago (coinciding with the estimated onset of block uplift recorded by emergent marine 
terraces on the adjacent coast (Hanson et al., 1994) the horizontal slip rate of the fault would be 
no more than about 0.05 to 0.2 mm/yr, and could be zero.    

(4) San Luis Bay fault zone.  An alternative structural interpretation of the Shoreline fault 
zone is that it is kinematically linked to the San Luis Bay fault zone such that the slip on the 
North and Central segments of the Shoreline fault zone continues onshore and follows the 
Rattlesnake fault of the San Luis Bay fault zone and forms part of a strike-slip restraining bend 
(Plates B-1C and 1D; Figure B-5-8).  In characterizations based on this linked structural model, 
the slip rate on the San Luis Bay fault zone can be used to provide information on the slip rate of 
the Shoreline fault zone.  The San Luis Bay fault zone has a cumulative rate of vertical 
separation of 0.14 mm/yr as recorded in the emergent marine terraces at the coast, with about 
half of that vertical rate occurring on the Rattlesnake fault (PG&E, 1990; Hanson et al., 1994).  
In addition, detailed mapping along the coastline shows steeply (approximately 70 degrees) 
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north-dipping beds of Cretaceous sandstone and siltstone across the Rattlesnake fault (Figure B-
5-10).  Tentative correlation of an approximately 35- to 40-meter-thick sequence of resistant 
sandstone beds on the modern wave-cut platform across the Rattlesnake fault yields an estimate 
of about 70 ± 20 meters of apparent right-lateral separation across the fault, indicating that the 
Rattlesnake fault does not have significant cumulative deformation across it.  Because the beds 
dip steeply to the north, the apparent right-lateral separation is consistent with pure north-side up 
dip-slip motion on a vertical fault of about 190 meters.  Oblique motion of the Rattlesnake fault 
would yield a range of horizontal displacements up to approximately 70 meters (consistent with 
pure strike-slip displacement).  An estimated onset of deformation of 1 to 2 million years ago 
and a maximum horizontal displacement of 70 meters yields a limiting lateral slip rate of about 
0.14 to 0.07 mm/yr.  The absolute maximum lateral slip rate on the fault would be obtained by 
considering the limiting horizontal offset of 70 meters and a minimum age of 120,000 years, the 
age of the marine terrace that records the offset of the Rattlesnake fault.  In this very unlikely 
consideration, the extreme maximum lateral slip rate would be about 0.6 mm/yr.  Given the 
roughly equal distribution of vertical separation between the Rattlesnake fault and Olson 
deformation zone, the lateral slip rate is also assumed to be equally distributed, giving a 
cumulative absolute maximum lateral slip rate for the entire San Luis Bay fault zone of 1.2 
mm/yr.  As described earlier, given the absence of geomorphic expression onshore along the San 
Luis Bay fault zone similar to the San Simeon fault, a slip rate of over 1 mm/yr is not credible.  
Thus, this analysis concludes that a lateral slip rate of up to 1 mm/yr may branch from the San 
Luis Bay fault onto the Shoreline fault zone. 

Given the above four lines of reasoning, the slip rate on the Shoreline fault zone ranges from 
0.05 to possibly 1 mm/yr, with a preferred value of about 0.2 to 0.3 mm/yr.  The slip rate could 
also be zero. 

5.4.3.7 Relationship to other structures  

The Shoreline fault zone lies between the active Hosgri fault zone on the west and faults of the 
Southwest Boundary fault zone on the south and east: the Los Berros, Oceano, Wilmar Avenue, 
and San Luis Bay faults.  Two alternatives are considered for the kinematic relationship of the 
Shoreline fault zone to adjoining structures.  One alternative, named herein the “independent 
fault” alternative, is that the Shoreline fault zone is an independent strike-slip fault that may or 
may not branch from the Hosgri fault zone.  In this alternative, the Shoreline fault zone does not 
accommodate uplift of the Irish Hills but rather is a strike-slip fault within the uplifting block and 
occurs in the hanging wall of the Hosgri, Los Osos, and San Luis Bay fault zones that are 
responsible for uplift of the range.  In the second alternative, named herein the “linked fault” 
alternative, the Shoreline fault zone is kinematically linked to the San Luis Bay fault zone, and 
possibly to other faults of the Southwest Boundary fault zone to the south (i.e., the Los Berros, 
Wilmar Avenue, and Oceano faults).  In this scenario, the Shoreline fault zone is part of a system 
of strike-slip and oblique-slip faults that border the southwestern margin of the uplifting San 
Luis/Pismo structural block, and slip rate on the San Luis Bay fault zone may be used to provide 
information on slip rate on the Shoreline fault zone, as discussed above. 

In the “independent fault” alternative, the western extent of the San Luis Bay fault zone would 
cross the Shoreline fault zone and extend to the Hosgri fault zone to accommodate uplift of the 
Irish Hills portion of the San Luis/Pismo block.  In the “linked fault” alternative, the San Luis 
Bay fault zone proper likely ends or merges with the Shoreline fault zone and does not extend 
farther west to the Hosgri fault zone.  In this case, the Shoreline fault zone is predicted to be an 
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uplift rate boundary and accommodate a significant oblique component of slip.  This alternative 
is not consistent with the evidence from wave-cut platforms that are crossed by the Shoreline 
fault zone and show minor, if any, vertical separation.  However, within the “linked fault” 
alternative there may be other kinematic models that do not require the Shoreline fault zone to be 
an uplift rate boundary.  For example, the Shoreline fault zone may act as a strike-slip fault as 
part of the Southwestern Boundary fault zone, and differential uplift between the Islay and Santa 
Rosa Reef shelves may be accommodated by other structures, including the steeply east-dipping 
Hosgri fault zone and the southwest-dipping Los Osos fault zone.  

5.4.4  San Luis Bay fault zone  

The San Luis Bay fault zone is part of the longer Southwestern Boundary fault zone that forms 
the southwestern boundary of the uplifting San Luis/Pismo structural block (PG&E, 1990; Lettis 
et al., 1994; 2004).  The late Quaternary-active and approximately east-west-striking San Luis 
Bay fault zone contains one or more fault strands and accommodates north-side-up vertical 
displacement and an unknown amount of horizontal displacement.  At a minimum, the San Luis 
Bay fault zone is located between the Pacific coast near Rattlesnake Creek, across a low saddle 
separating San Luis Hill from the rest of the Irish Hills, and eastward to the mouth of San Luis 
Obispo Creek (Avila Beach) where a strand of the fault zone is exposed faulting Franciscan 
rocks over alluvium (Figure B-4-1).  Detailed mapping of the stream exposure and radiocarbon 
dating of faulted fluvial terrace deposits shows approximately 20 centimeters of apparent vertical 
separation since about 20,000 years ago (PG&E, 1990).  Along the sea cliff directly west of San 
Luis Obispo Creek (exposures now covered), the fault juxtaposes Franciscan Complex rocks 
over the Squire Member of the Pismo Formation.  At these two locations, fault exposures suggest 
a moderate dip to the north, and, in one location, striations are consistent with dip-slip 
movement.  The continuation of the San Luis Bay fault zone across the saddle north of San Luis 
Hill without a significant deviation in trend suggests the average dip of the San Luis Bay fault 
zone is probably steep (70 degrees or higher) rather than moderate (PG&E, 1988; 1990). 

As the extent of the fault has not been directly observed, the eastern and western ends of the fault 
zone must be inferred based on structural and geomorphic observations.  East of San Luis Obispo 
Creek, the San Luis Bay fault zone probably continues to about Mallagh Landing (Figure B-4-1).  
Here, geologic mapping suggests a complex intersection between the northwest-striking San 
Miguelito fault zone and the northeast-striking Avila fault (PG&E, 1990).  Interpretation of 
MBES bathymetric data and integration with mapping performed during the LTSP suggest that 
the San Miguelito fault probably continues to the southeast from Mallagh Landing and 
juxtaposes Obispo Formation on the southwest against a syncline of Monterey and Pismo 
Formation strata on the northeast (Plate B-1D).   Thus the eastern limit of the San Luis Bay fault 
is considered to be at the intersection with the through-going San Miguelito fault and conjugate 
Avila fault near Mallagh Landing. 

The western end of the San Luis Bay fault zone and its relationship with the Shoreline fault zone 
is also uncertain.  At the coast, the San Luis Bay fault zone consists of two separate structures, 
the Rattlesnake fault and the more northerly Olson Hill deformation zone (called the Olson fault 
in the LTSP reports) (Plate B-1C) (PG&E, 1988; 1990).  These structures were identified based 
on the analysis of longitudinal profiles of emergent marine terrace shoreline angles that show 
down-to-the south offsets of the 80,000 and 120,000 year old marine terraces dating to sea-level 
highstands during the last interglacial interval (MIS 5a and 5e, respectively) (PG&E, 1990; 
Hanson et al., 1994).  Borehole and survey data define a narrow warp or step in the buried 
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120,000 year-old wave-cut platform directly west of Rattlesnake Creek (PG&E, 1990).  
Likewise, borehole and map data show down-to-the south deformation of the 80,000 and 
120,000 year old shoreline angles across Olson Hill (Figure B-5-7).  The current elevations of 
these terraces and estimates of paleosea level at the time of their formation provide estimates of 
uplift rate north of Olson Hill (0.2 mm/yr), between the Olson Hill deformation zone and 
Rattlesnake faults (0.14 mm/yr), and south of the Rattlesnake fault (0.06 mm/yr).  The 
differential uplift rate across the San Luis Bay fault zone is about 0.14 mm/yr, with about 0.08 
mm/yr uplift rate across the Rattlesnake fault and 0.06 mm/yr uplift rate across the Olson Hill 
deformation zone (PG&E, 1990; Hanson et al., 1994).  In this report, we informally name the 
portion of the San Luis/Pismo block uplifting at 0.2 mm/yr north of the San Luis Bay fault zone 
the Irish Hills sub-block, and the portion uplifting at 0.06 mm/yr south of the San Luis Bay fault 
zone the Point San Luis sub-block.   

5.4.4.1  Bedrock exposures of the San Luis Bay fault zone 

Although the geomorphic evidence for and quantification of differential uplift rates at the coast 
are clear, the exact location of the faults in bedrock at the coastline is not.  A primary objective 
of the coastline geologic mapping was to identify and characterize the active Rattlesnake fault 
and bedrock faults near Olson Hill within the sea cliff and/or modern wave-cut platform exposed 
at low tide.   

Rattlesnake fault 

The bedrock geology at the coast across the Rattlesnake fault consists of steeply dipping and 
bedded Cretaceous sandstone (Figures B-5-8, B-5-10, and Plate B-1C).  The strata in the direct 
vicinity of the active fault generally strike approximately east-southeast and bedding-up 
indicators within the siltstone and sandstone sequence consistently suggest the beds are 
overturned with steep dips to the north-northeast of about 70 degrees.  Brittle, penetrative fabric 
within siltstone interbeds record significant bedding-parallel shear within the unit, and detailed 
mapping shows several minor faults and sub-vertical-axis folds cutting and folding bedding.  
Based on the step or warp in the buried wave-cut platform, the exact location of the Rattlesnake 
fault is constrained to be within a southwest-facing cove that has a coarse sandy beach and a 
combination of bedrock and shallow slide/slump debris covering the sea cliff (Figure B-5-10).  
Structural bedrock mapping and observations of the emergent paleo-wave-cut platform suggest 
the Rattlesnake fault may intersect the sea cliff at one or both of two locations, labeled 
“Rattlesnake fault #1” and “Rattlesnake fault #2” on Figure B-5-10.  The exact fault planes were 
not identified in the field as they are obscured by shallow slide debris derived from deposits 
capping the wave-cut platform.  In addition, slumping or sliding has obscured the contact 
between bedrock and overlying deposits (the wave-cut platform) so that it could not be directly 
evaluated whether the wave-cut platform was discretely offset across one or both of the 
alternative fault strand locations.  At the base of the sea cliff at the location of the “Rattlesnake 
fault #1” trace is a narrow zone of saturated clayey gouge and seeps, although it is unclear 
whether the sheared rock represent older bedding-parallel shears that are common in the strata or 
the active fault strand.  South of the “Rattlesnake fault #2” trace is a clear wave-cut platform 
with overlying marine sands, but north of the trace the equivalent wave-cut platform with 
overlying marine deposits was not exposed.  A higher wave-cut platform with no capping marine 
deposits is visible as discontinuous fragments, but this higher surface may represent paleo-sea-
stacks and not the offset equivalent wave-cut platform surface.  Both traces project seaward 
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towards the lineament mapped in the MBES bathymetric data and suggest a branching 
relationship between the Rattlesnake fault and the Shoreline fault (Figure B-5-8). 

The similarity of Cretaceous strata across the Rattlesnake fault suggests that cumulative offset of 
the Rattlesnake fault is limited, and the Rattlesnake fault here is not reactivating a pre-existing 
fault.  One possible measure of the cumulative offset comes from a sequence of similar thick 
sandstone beds with thin sandy and silty interbeds that are observed on either side of the fault 
(Figure B-5-10).  These sequences are about 35 to 40 meters thick, overturned with an 
approximately70 degree dip to the north, bounded on the landward side by a sequence of thin 
sandstone and siltstone beds that record significant bedding-parallel shear, and bounded on the 
seaward side by a row of eroded sea stacks that may represent a correlative resistant bed.  These 
sedimentary packages, if correlatives, show right-lateral separations on the order of 50 to 70 
meters (Figure B-5-10).  Because the beds dip steeply to the north, the apparent right-lateral 
separation is consistent with end-members of pure strikes-slip or pure north-side up dip-slip 
motion.  If the apparent right-lateral separation is caused by dip-slip motion, the total amount is 
estimated based on a vertical fault to be about (70 meters * tan(70°) = 190 meters).  Thus, 
cumulative displacement between about 70 and 190 meters in about 0.5 to 2 million years yields 
slip rates that are on the same order as the 0.08 mm/yr vertical rate on the Rattlesnake fault 
calculated based on the offset 120,000 year old marine terrace. 

Olson Hill deformation zone 

Exposed in the bedrock geology near Olson Hill are several faults that juxtapose Franciscan 
complex greenstone, chert, and mélange and blocks of Cretaceous sandstone (Figure B-2-2, B-5-
7, and Plate B-1C).  The narrow wave-cut platform and sea cliff north and south of Olson Hill 
provide excellent and almost continuous exposure of bedrock under low tide conditions, with 
very limited reaches of the coastline that cannot be accessed safely.  The bedrock faults near 
Olson Hill include the North Olson fault north of Olson Hill, the South Olson fault directly south 
of Olson Hill, an unnamed fault zone farther south exposed near the mouth of Deer Creek, and 
the Double Rock fault exposed southeast of Double Rock.  These bedrock faults are all clearly 
exposed in the sea cliff, dip subvertically, juxtapose Cretaceous sandstone and Franciscan 
Complex rocks, and contain several meters of penetrative, fissile fault rock indicating that these 
are pre-existing faults with significant cumulative displacement that may date to coast-parallel 
subduction.  The North Olson, South Olson, and Double Rock faults all strike east-northeast, and 
their offshore projections do not correlate with well-defined lineaments observed in the MBES 
bathymetric data and thus do not clearly connect with the Shoreline fault zone (Figures B-2-2 
and B-5-7).  Furthermore, these faults do not appear to offset the overlying wave-cut platform.  
The fourth fault zone located near the mouth of Deer Creek between Olson Hill and Double 
Rock has ambiguous structural relationships such that it is unclear whether the fault is itself 
tightly folded or whether it cross-cuts a fold.  This unnamed fault is observed beneath the coastal 
terraces to strike in a coast-parallel northwest-southeast trend and sub-parallel to the Shoreline 
fault zone.  The relationship between this bedrock fault and the overlying wave-cut platform is 
ambiguous and partially obscured by vegetation that exists within the mouth of Deer Creek.  
Nevertheless, no clear and direct observations were made in the field to correlate the offset 
Pleistocene marine terraces across the Olson Hill area with discrete bedrock fault offsets.  Based 
on the data points defining the shoreline angle of the 120,000 year old terrace (Figure B-5-7) 
(PG&E, 1990; Hanson et al., 1994), it is probable that the deformation across the Olson Hill area 
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occurs as a southwest-facing monoclinal fold, herein named the Olson Hill deformation zone, 
between north of Olson Hill and Double Rock and not as a discrete fault offset. 

5.4.4.2  Westward offshore extent of the San Luis Bay fault zone 

The offshore extent of the San Luis Bay fault zone is uncertain.  As stated above, there is a 
reasonable connection between the likely intersection of the Rattlesnake fault at the coast and a 
lineament mapped in the MBES bathymetric data that suggests a branching relationship between 
the Rattlesnake and Shoreline faults (Figure B-5-8).  Therefore, one reasonable western limit of 
the San Luis Bay fault zone is at the Shoreline fault zone.  This endpoint and the eastern 
endpoint at Mallagh Landing yields an 8 km-long fault (Figure B-4-1).  In this scenario, the 
Shoreline fault zone may be considered a part of the Southwestern Boundary fault zone that 
accommodates relative uplift between the Irish Hills and Point San Luis sub-blocks.  However, 
as described above in Section 5.4.3 and in Appendix I, there is evidence suggesting a zero to low 
vertical displacement rate across the Shoreline fault zone.   

Alternatively, multiple lines of evidence suggest that a broad structural boundary separating two 
sub-blocks with different uplift rates exists in the offshore west of the Shoreline fault zone along 
the westward continuation of the onshore San Luis Bay fault zone.  The lines of evidence 
suggesting the westward continuation of the San Luis Bay fault zone include: (1) a west-
northwest-trending magnetic intensity anomaly that continues along trend with the San Luis Bay 
fault zone west of the Shoreline fault (Appendix D); (2) the broad boundary in the offshore 
geologic map between pre-Tertiary bedrock to the north and Tertiary deposits to the south 
(particularly the northern limit of Obispo Formation southwest of the Shoreline fault), suggesting 
north-side-up structural relief (Figure B-4-1 and Plates B-1B and B-1C); (3) permissible 
correlation of submerged marine terraces south and north of the magnetic anomaly consistent 
with an uplift rate boundary separating the Santa Rosa Reef and Islay shelves there (Appendix I, 
Section xx); and (4) apparent deformation of the approximately 80,000 year old (MIS 5a) wave-
cut platform in the nearshore across the Rattlesnake fault and Olson Hill deformation zone 
(Appendix I, Section 7.3 and Figure I-7-1).  The offset MIS 5a wave-cut platform suggests that 
deformation of the terraces onshore documented in the LTSP (PG&E, 1990) continues offshore 
and across the Shoreline fault zone.    

The geologic map indicates a west-northwest trending structural grain between the coastline and 
the Hosgri fault zone along this possible westward continuation of the San Luis Bay fault zone, 
but the MBES bathymetric data do not show a through-going fault zone at the seafloor along this 
trend.  This finding is consistent with the westward continuation of the San Luis Bay fault zone 
as a south-facing monoclinal flexure separating the Irish Hills and Point San Luis sub-blocks 
west of the Shoreline fault zone and extending to the Hosgri fault zone.  This alternative 
relationship is generally consistent with the findings near Olson Hill that the 120,000-year-old 
(MIS 5e) terrace may be deformed in a monoclinal warp instead of as a discrete offset across a 
mapped fault, and would imply that the San Luis Bay fault zone may be partially blind at the 
coast and offshore, with only some strands (such as the Rattlesnake fault) intersecting the 
surface.   
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6.  CONCLUSIONS  
The following conclusions are based on the data and analyses presented above. 

Data bases 

1. The low-tide LiDAR and concurrent air photos of the coastal strip allowed detailed 
geologic mapping of the stratigraphy and structure of the nearly continuous exposures to be 
correlated with the detailed MBES bathymetry offshore and topography onshore.  This allowed 
interpretation and correlation of geologic units and structures onshore and offshore referenced to 
a GIS database. 

2. MBES bathymetric images provided, in places, continuous coverage of bedrock and 
permitted accurate depiction of geologic structures and separation of rock types by textures.   

3. The offshore high-resolution seismic-reflection profiles at 800- and 400-meter spacing 
provided limited interpretations of structures in the areas covered by marine deposits and mobile 
sand sheets.   

4. The detailed magnetic-field maps from the marine survey and particularly the helicopter 
surveys helped delineate bedrock structures and differentiate rock types in the Obispo Formation 
and Franciscan Complex.  

5. Reinterpretation of the LTSP diver samples and drop cores combined with the new diver 
samples clarified some questionable stratigraphic and structural relationships offshore.  

Integration to make onshore-offshore geologic map 

1. Combining all the information allowed for the interpretation of the geology and the 
creation of a nearly seamless onshore-offshore geologic map. This detailed geologic map 
illustrates what can be accomplished using the various types of data acquired for this study. 

 

Shoreline fault zone   

1. The Central and South segments of the Shoreline fault zone are clearly expressed as a 
strong lineament on the MBES bathymetric image and have distinct magnetic-field signatures.  

a. Vertical displacement is less than 1 to 2 meters in the past 75,000 years providing a 
vertical separation rate of zero to < 0.02 mm/yr. 

b. Horizontal displacement is difficult to measure as no definitive geologic or geomorphic 
piercing points were identified.  However, an inferred, north-south striking fault mapped 
based on apparent offsets of magnetic anomalies across the Central segment of the 
Shoreline fault zone suggests limited right-lateral offset of the Shoreline fault zone (range 
is 0 to less than 200 meters and probably less than 100 meters).  If this deformation has 
occurred in the past 1 to 2 million years, this possible piercing line indicates an estimated 
slip rate of zero to less than 0.05 to 0.2 mm/yr.    

2. Some important characteristics remain uncertain, including:  

a. The relationship between the Shoreline fault zone and the Southwestern Boundary zone, 
in particular the San Luis Bay fault zone.  

 
Shoreline Fault Zone Report, Appendix B Geology

 
Page B-43 of 112



b. The geologic character of the North segment of the Shoreline fault zone.  It may or may 
not be expressed as the small faults in Tertiary strata that overlie the seismicity trend; an 
alternative interpretation that it coincides with the N40W fault is permissible but not 
preferred.   

c. The connection between the N40W fault and the Central segment of the Shoreline fault; 
and, 

d. The late Quaternary horizontal slip rate on the Shoreline fault zone.  Current best 
estimates of horizontal slip rate are based on comparisons to other faults with measured 
slip rates and constraints on offset of inferred structures based on magnetic anomaly 
trends. 
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 Table B-1. Drop Core Samples from LTSP 

Table B-1.  Drop Core Samples from LTSP 

Sample 
ID Date Location LTSP Sample 

Description 
LTSP Unit 
Interpretation 

2010 Re- 
interpretation Additional Comments 

ANTI-1-
2DC 1974 

SE of 
Point 
Estero 

"Greywacke" Cretaceous 
Sandstone (Ks) n/a Not located in area mapped for this 

study 

AQ-24 1974 
SW of 
Morro 
Bay 

"Argillite" Not determined Tmpm 
Consistent with Miguelito Member 
of the Pismo Formation, mapped 
along coastline 

AQ-34 1974 
W of Pt. 
San 
Luis 

Argillaceous 
carbonate 

Probably 
Monterey 
Formation  

Tmm or 
Tmof 

Consistent with Monterey 
Formation or fine-grained subunit 
of the Obispo Formation 

AQ-101 1974 Estero 
Bay Ultramafic rock Mesozoic n/a Not located in area mapped for this 

study 

AQ-103 1974 
W of 
Morro 
Bay 

Silty argillite 
Probably 
Monterey 
Formation  

n/a Not located in area mapped for this 
study 

AQ-104 1974 
W of 
Morro 
Bay 

Silty argillite Not determined n/a Not located in area mapped for this 
study 

AQ-108 1974 
W of 
Morro 
Bay 

Argillite Not determined n/a Not located in area mapped for this 
study 

AQ-110 1974 
W of 
Morro 
Bay 

Argillite Not determined Tmpm 
Consistent with Miguelito Member 
of the Pismo Formation, mapped 
along coastline 

AQ-111 1974 
W of 
Morro 
Bay 

Silty argillite Not determined Tmpm 
Consistent with Miguelito Member 
of the Pismo Formation, mapped 
along coastline 

AQ-113 1974 
SW of 
Morro 
Bay 

Argillite 
Probably 
Monterey 
Formation  

Tmpm 
Consistent with Miguelito Member 
of the Pismo Formation, mapped 
along coastline 

AQ-115 1974 
SW of 
Morro 
Bay 

Argillite Not determined  Tmpm 
Consistent with Miguelito Member 
of the Pismo Formation, mapped 
along coastline 

AQ-118 1974 

San 
Luis 
Obispo 
Bay 

Greywacke Not determined Ks 
Bedded habit in bathymetric data is 
consistent with Cretaceous 
Sandstone (Ks) 

NCAL-
75-1G 1975 

SW of 
Pt. San 
Luis 

Siltstone Not determined n/a Not located in area mapped for this 
study 
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Table B-1.  Drop Core Samples from LTSP 

Sample LTSP Sample LTSP Unit 2010 Re- Date Location Additional Comments ID Description Interpretation interpretation 

NCAL-
75-1I 1975 

SW of 
Pt. San 
Luis 

Sandstone Not determined Ks 
Bedded habit in bathymetric data is 
consistent with Cretaceous 
Sandstone (Ks) 

NCAL-
75-1J 1975 

SW of 
Pt. San 
Luis 

Sandstone Not determined Ks 
Bedded habit in bathymetric data is 
consistent with Cretaceous 
Sandstone (Ks) 

NCAL-
75-1K 1975 

SW of 
Pt. San 
Luis 

Sandstone Not determined Ks 
Bedded habit in bathymetric data is 
consistent with Cretaceous 
Sandstone (Ks) 

NCAL-
75-1L 1975 

SW of 
Pt. San 
Luis 

Sandstone Not determined Ks 
Bedded habit in bathymetric data is 
consistent with Cretaceous 
Sandstone (Ks) 

NCAL-
75-1M 1975 

SW of 
Pt. San 
Luis 

Sandstone Not determined Ks 
Bedded habit in bathymetric data is 
consistent with Cretaceous 
Sandstone (Ks) 

NCAL-
75-1Q 1975 

SW of 
Pt. San 
Luis 

Sandstone Not determined Ks 
Bedded habit in bathymetric data is 
consistent with Cretaceous 
Sandstone (Ks) 

NCAL-
75-2A 1975 

W of Pt. 
San 
Luis 

Sandstone/silt
stone 

Early to middle 
Miocene Tmo Stratigraphic position and lithology 

is consistent with Obispo Formation

NCAL-
75-2B 1975 

W of Pt. 
San 
Luis 

Sandstone/sha
le Middle Miocene Tmo Stratigraphic position and lithology 

is consistent with Obispo Formation

NCAL-
75-2C 1975 

W of Pt. 
San 
Luis 

Sandstone/silt
stone 

Early to middle 
Miocene Tmo Stratigraphic position and lithology 

is consistent with Obispo Formation

NCAL-
75-2D 1975 

W of Pt. 
San 
Luis 

Siltstone/shale Early to middle 
Miocene Tmo Stratigraphic position and lithology 

is consistent with Obispo Formation

NCAL-
75-2H 1975 

W of Pt. 
San 
Luis 

Sandstone/mu
dstone 

Middle (?) 
Miocene  Tmo Stratigraphic position and lithology 

is consistent with Obispo Formation

NCAL-
75-2K 1975 

W of Pt. 
San 
Luis 

Mud over 
shale Not determined Tmo Stratigraphic position and lithology 

is consistent with Obispo Formation

NCAL-
75-2M 1975 

W of Pt. 
San 
Luis 

Siltstone or 
shale Not determined Tmo Stratigraphic position and lithology 

is consistent with Obispo Formation
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Table B-1.  Drop Core Samples from LTSP 

Sample LTSP Sample LTSP Unit 2010 Re- Date Location Additional Comments ID Description Interpretation interpretation 

NCAL-
75-2O 1975 

W of Pt. 
San 
Luis 

Sand over 
shale Not determined Tmm 

Stratigraphic position and lithology 
is consistent with Monterey 
Formation 

NCAL-
75-2Q 1975 

W of Pt. 
San 
Luis 

Clay/siltstone/li
mestone 

Monterey type 
lithology  Tmm 

Stratigraphic position and lithology 
is consistent with Monterey 
Formation 

NCAL-
75-3A 1975 

W of Pt. 
San 
Luis 

Siltstone/tuff Miocene (?) Tmo Stratigraphic position and lithology 
is consistent with Obispo Formation

NCAL-
75-3E 1975 

W of Pt. 
San 
Luis 

Shale Not determined Tmm 
Stratigraphic position and lithology 
is consistent with Monterey 
Formation 

NCAL-
75-3I 1975 

W of Pt. 
San 
Luis 

Siliceous shale Not determined Tmm 
Stratigraphic position and lithology 
is consistent with Monterey 
Formation 

NCAL-
75-3J 1975 

W of Pt. 
San 
Luis 

Siltstone Not determined Tmo Stratigraphic position and lithology 
is consistent with Obispo Formation

N-3K 1975 
W of Pt. 
San 
Luis 

Siltstone or 
shale Not determined Tmm 

Stratigraphic position and lithology 
is consistent with Monterey 
Formation 

NCAL-
75-3L 1975 

W of Pt. 
San 
Luis 

Siltstone/chert Miocene type 
lithology Tmm 

Stratigraphic position and lithology 
is consistent with Monterey 
Formation 

NCAL-
75-3N 1975 

W of Pt. 
San 
Luis 

Siltstone Miocene type 
lithology Tmm 

Stratigraphic position and lithology 
is consistent with Monterey 
Formation 

NCAL-
75-3O 1975 

W of Pt. 
San 
Luis 

Mudstone/siltst
one/chert 

Middle or late 
Miocene Tmo Stratigraphic position and lithology 

is consistent with Obispo Formation

NCAL-
75-4P 1975 

W of Pt. 
San 
Luis 

Mud over 
mudstone Not determined Tmm 

Stratigraphic position and lithology 
is consistent with Monterey 
Formation 

NCAL-
75-5A 1975 

W of Pt. 
San 
Luis 

Mud/sandston
e Not determined Tmm 

Stratigraphic position and lithology 
is consistent with Monterey 
Formation 

NCAL-
75-5D 1975 

W of Pt. 
San 
Luis 

Siltstone Not determined Tmm 
Stratigraphic position and lithology 
is consistent with Monterey 
Formation 
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Table B-1.  Drop Core Samples from LTSP 

Sample LTSP Sample LTSP Unit 2010 Re- Date Location Additional Comments ID Description Interpretation interpretation 

NCAL-
75-8C 1975 

W of 
Morro 
Bay 

Mudstone/siltst
one/shale Not determined Tmpm 

Consistent with Miguelito Member 
of the Pismo Formation, mapped 
along coastline 

NCAL-
75-8G 1975 

W of 
Morro 
Bay 

Clay/silt Miocene (?) Tmpm 
Consistent with Miguelito Member 
of the Pismo Formation, mapped 
along coastline 

NCAL-
75-8H 1975 

SW of 
Morro 
Bay 

Mudstone Not determined Tmpm 
Consistent with Miguelito Member 
of the Pismo Formation, mapped 
along coastline 

NCAL-
75-8I 1975 

SW of 
Morro 
Bay 

Shale Miocene type 
lithology Tmpm 

Consistent with Miguelito Member 
of the Pismo Formation, mapped 
along coastline 

NCAL-
75-8O 1975 

SW of 
Morro 
Bay 

Clay over 
shale Not determined Tmpm 

Consistent with Miguelito Member 
of the Pismo Formation, mapped 
along coastline 

NCAL-
75-8Q 1975 

SW of 
Morro 
Bay 

Mudstone/cher
t 

Middle (?) 
Miocene  Tmpm 

Consistent with Miguelito Member 
of the Pismo Formation, mapped 
along coastline 

NCAL-
75-8S 1975 

SW of 
Morro 
Bay 

Mudstone Not determined Tmpm 
Consistent with Miguelito Member 
of the Pismo Formation, mapped 
along coastline 

NCAL-
75-8T 1975 

SW of 
Morro 
Bay 

Mudstone Not determined Tmpm 
Consistent with Miguelito Member 
of the Pismo Formation, mapped 
along coastline 

NCAL-
75-9B 1975 

W of 
Morro 
Bay 

Mudstone Not determined Tmpm 
Consistent with Miguelito Member 
of the Pismo Formation, mapped 
along coastline 

NCAL-
75-9C 1975 

W of 
Morro 
Bay 

Clay over 
mudstone Not determined Tmpm 

Consistent with Miguelito Member 
of the Pismo Formation, mapped 
along coastline 

NCAL-
75-9I 1975 

W of 
Morro 
Bay 

Clay over 
shale/siltstone 

Middle to late 
Miocene Tmpm 

Consistent with Miguelito Member 
of the Pismo Formation, mapped 
along coastline 

NCAL-
75-9K 1975 

W of 
Morro 
Bay 

Sand over 
mudstone Not determined Tmpm 

Consistent with Miguelito Member 
of the Pismo Formation, mapped 
along coastline 

NCAL-
75-9N 1975 

W of 
Morro 
Bay 

Sand over 
mudstone Not determined Tmpm 

Consistent with Miguelito Member 
of the Pismo Formation, mapped 
along coastline 
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Table B-1.  Drop Core Samples from LTSP 

Sample LTSP Sample LTSP Unit 2010 Re- Date Location Additional Comments ID Description Interpretation interpretation 

NCAL-
75-9P 1975 

W of 
Morro 
Bay 

Siltstone Not determined Tmpm 
Consistent with Miguelito Member 
of the Pismo Formation, mapped 
along coastline 

NCAL-
75-10B 1975 

W of 
Morro 
Bay 

Shale or 
siltstone Not determined n/a Not located in area mapped for this 

study 

NCAL-
75-10E 1975 

W of 
Morro 
Bay 

Clay over 
siltstone  

Quaternary 
coccoliths n/a Not located in area mapped for this 

study 

NCAL-
75-12F 1975 S of Pt. 

Estero Sand over clay Quaternary 
coccoliths n/a Not located in area mapped for this 

study 

NCAL-
75-17C 1975 W of Pt. 

Estero Siltstone Late Miocene or 
early Pliocene n/a Not located in area mapped for this 

study 

NCAL-
75-18A 1975 

NW of 
Pt. 
Estero 

Sand over 
shale Not determined n/a Not located in area mapped for this 

study 

NCAL-
75-18E 1975 

NW of 
Pt. 
Estero 

Sand over 
sandstone Not determined n/a Not located in area mapped for this 

study 

NCAL-
75-18F 1975 

NW of 
Pt. 
Estero 

Sandstone 
and shale Not determined n/a Not located in area mapped for this 

study 

NCAL-
75-18G 1975 

NW of 
Pt. 
Estero 

Shale or 
sandstone Not determined n/a Not located in area mapped for this 

study 

NCAL-
75-23A 1975 W of 

Cambria Clay  Late Miocene or 
early Pliocene n/a Not located in area mapped for this 

study 

NCAL-
75-25A 1975 

S of 
San 
Simeon 
Pt. 

Siltstone Middle Miocene, 
Relizian (?) n/a Not located in area mapped for this 

study 

NCAL-
75-25E 1975 

S of 
San 
Simeon 
Pt. 

Siltstone Middle Miocene, 
Relizian (?) n/a Not located in area mapped for this 

study 

NCAL-
75-25F 1975 

S of 
San 
Simeon 
Pt. 

Siltstone in 
clay matrix 

Middle Miocene, 
Luisian n/a Not located in area mapped for this 

study 
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Table B-2. Diver Samples from LTSP      

Table B-2.  Diver Samples from LTSP 

Sample 
ID* Date Location LTSP Sample 

Description 
LTSP Unit 
Interpretation 

2010 Re-
interpretation Additional Comments 

D1/S1 10/30/1980 Santa Rosa 
Platform 

"Black shale with 
albite (?) veinlets" 

Franciscan 
Complex 
(KJfm) 

Ks Franciscan Complex rock is not 
mapped along coastline within 1800 
meters of this location, this sample 
is probably from fine-grained 
interbeds within Cretaceous 
Sandstone 

D1/S2 10/30/1980 Santa Rosa 
Platform 

"Massive, medium-gr. 
greywacke; attitude 
on good planar 
surface, but may not 
be bedding" 

Cretaceous 
Sandstone (Ks) 
or Franciscan 
Complex (KJfg)

Ks Franciscan Complex rock is not 
mapped along coastline within 1800 
meters of this location, this sample 
is probably Cretaceous Sandstone 

D2/S3 10/30/1980 Santa Rosa 
Platform 

"Massive medium-gr. 
greywacke, abundant 
biotite, resembles 
Dive 1, Sta. 2" 

Cretaceous 
Sandstone (Ks) 
or Franciscan 
Complex (KJfg)

Ks Franciscan Complex rock is not 
mapped along coastline within 1800 
meters of this location, this sample 
is probably Cretaceous Sandstone 

D2/S4 10/30/1980 Santa Rosa 
Platform 

"Same as Dive 2, 
Sta. 3" 

Cretaceous 
Sandstone (Ks) 
or Franciscan 
Complex (KJfg)

Ks Franciscan Complex rock is not 
mapped along coastline within 1800 
meters of this location, this sample 
is probably Cretaceous Sandstone 

D3/S5 10/30/1980 Santa Rosa 
Platform 

"Slickensided black 
shale similar to Dive 
1, Sta. 1" 

Franciscan 
Complex 
(KJfm) 

KJfm Consistent with Franciscan 
Complex rock mapped along the 
coastline 

D3/S6 10/30/1980 Santa Rosa 
Platform 

"Red and green 
chert" 

Franciscan 
Complex 
(KJfm) 

KJfm Consistent with Franciscan 
Complex rock mapped along the 
coastline 

D3/S7 10/30/1980 Santa Rosa 
Platform 

"Medium-gr. 
greywacke" 

Cretaceous 
Sandstone (Ks) 
or Franciscan 
Complex (KJfg)

KJf Consistent with Franciscan 
Complex rock mapped along the 
coastline 

D4/S8 10/30/1980 Santa Rosa 
Platform 

"Greenstone" Franciscan 
Complex 
(KJfm) 

KJf Consistent with Franciscan 
Complex rock mapped along the 
coastline 

D4/S9 10/30/1980 Santa Rosa 
Platform 

"Very fine-gr, 
Microgreywacke"  

Franciscan 
Complex 
(KJfm) 

KJf Consistent with Franciscan 
Complex rock mapped along the 
coastline 

D4/S10 10/30/1980 Santa Rosa 
Platform 

"Serpentinite" Franciscan 
Complex 
(KJfm) 

KJf Consistent with Franciscan 
Complex rock mapped along the 
coastline 

D5/S1 10/30/1980 Islay 
Platform 

"Vesicular, zeolitized 
tuff; attitude may be 
on loose block" 

Obispo 
Formation (To) 

Tmor Consistent with resistant subunit of 
Obispo Formation mapped at 
Crowbar 

D5/S2 10/30/1980 Islay 
Platform 

"Orange-brown 
zeolitized tuff; 
attitude probably on 
car-sized block" 

Obispo 
Formation (To) 

Tmor Consistent with resistant subunit of 
Obispo Formation mapped at 
Crowbar 

D5/S3 10/30/1980 Islay 
Platform 

"White zeolitized tuff" Obispo 
Formation (To) 

Tmor Consistent with resistant subunit of 
Obispo Formation mapped at 
Crowbar 

D6/S4 10/30/1980 Islay 
Platform 

"Basalt; attitude may 
be on flow or dike 
surface, or on joint" 

Unnamed 
volcanic rocks 
(Tvr) 

Tmod Consistent with diabase mapped 
along the coastline 

D6/S5 10/30/1980 Islay 
Platform 

"Coarse-gr, Diabase" Unnamed 
volcanic rocks 
(Tvr) 

Tmod Consistent with diabase mapped 
along the coastline 
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Table B-2.  Diver Samples from LTSP 

Sample LTSP Sample LTSP Unit 2010 Re-Date Location Additional Comments ID* Description Interpretation interpretation 

D7/S6 10/30/1980 Islay 
Platform 

"Chert breccia" Monterey 
Formation 
(Tmm) 

Tmm Consistent with Monterey Formation 
mapped along the coastline 

D7/S7 10/30/1980 Islay 
Platform 

"Fractured, siliceous 
claystone/chert" 

Monterey 
Formation 
(Tmm) 

Tmm Consistent with Monterey Formation 
mapped along the coastline 

D8/S8 10/30/1980 Islay 
Platform 

"Massive brown 
mudstone" 

Miguelito 
Member of the 
Pismo 
Formation 
(Tpm) 

Tmpm Consistent with Pismo Formation 
mapped along the coastline 

D8/S9 10/30/1980 Islay 
Platform 

"Laminated opaline 
claystone"  

Miguelito 
Member of the 
Pismo 
Formation 
(Tpm) 

Tmpm Consistent with Pismo Formation 
mapped along the coastline 

D9/S10a 10/30/1980 Islay 
Platform 

"No sample taken; 
sand/rock contact 
may be Los Osos 
fault (?)" 

- n/a No sample, not reinterpreted 

D9/S10b 10/30/1980 Islay 
Platform 

"No sample taken; 
sand/rock contact 
may be Los Osos 
fault (?)" 

- n/a No sample, not reinterpreted 

D10/S11 10/30/1980 Santa Rosa 
Platform 

"Gray, medium-gr, 
sandstone well-
sorted sandstone" 

Pismo, Squire, 
or Edna(?) 
Members of the 
Pismo 
Formation (Tp) 

Ks or Tpp This sample is probably from fine-
grained interbeds within Cretaceous 
Sandstone, but may be Tertiary-age 
(Pismo or Obispo Formations) 

D11/S1 11/1/1989 Santa Rosa 
Platform 

"Gray, fine-gr, well-
sorted sandstone" 

Squire Member 
of the Pismo 
Formation (Tps)

Ks or Tpp This sample is probably from fine-
grained interbeds within Cretaceous 
Sandstone, but may be Tertiary-age 
(Pismo or Obispo Formations) 

D11/S2 11/1/1989 Santa Rosa 
Platform 

"Brown with white 
mottles, dolomitic 
siltstone" 

Miguelito 
Member of the 
Pismo 
Formation(?) 
(Tpm) 

Ks or Tpp This sample is probably from fine-
grained interbeds within Cretaceous 
Sandstone, but may be Tertiary-age 
(Pismo or Obispo Formations) 

D11/S3 11/1/1989 Santa Rosa 
Platform 

"Brown, crudely 
bedded siltstone" 

Miguelito 
Member of the 
Pismo 
Formation(?) 
(Tpm) 

Ks or Tpp This sample is probably from fine-
grained interbeds within Cretaceous 
Sandstone, but may be Tertiary-age 
(Pismo or Obispo Formations) 

D12/S4 11/1/1989 Santa Rosa 
Platform 

"Fine-gr. , tuffaceous 
white sandstone, 
outcrop trend 
measured on 2 large 
blocks" 

Obispo 
Formation(?) 
(To)  

Tmor/Tmof Stratigraphic position above basal 
Tertiary contact (recognized in 
bathymetric data) is consistent with 
resistant or fine-grained subunits of 
Obispo Formation 

D13/S5 11/1/1989 Santa Rosa 
Platform 

"Orange-brown, 
vesicular tuff" 

Obispo 
Formation (To) 

Tmor/Tmof Stratigraphic position above basal 
Tertiary contact (recognized in 
bathymetric data) is consistent with 
resistant or fine-grained subunits of 
Obispo Formation 

D14/S6 11/1/1989 Santa Rosa 
Platform 

"Greenstone with 
minor pyrite" 

Franciscan 
Complex 
(KJfmv) 

KJfmv Sample may be slightly mis-located, 
should be from Pecho Rock 
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Sample LTSP Sample LTSP Unit 2010 Re-Date Location Additional Comments ID* Description Interpretation interpretation 

D15/S7 11/1/1989 Santa Rosa 
Platform 

"Gray, very fine-gr, 
Sandstone" 

Squire Member 
of the Pismo 
Formation (Tps)

Ks or To/Tpp This sample is probably from within 
Cretaceous Sandstone, but may be 
Tertiary-age (Pismo or Obispo 
Formations) 

D15/S8 11/1/1989 Santa Rosa 
Platform 

"Brownish gray, 
dolomitic siltstone; 
resembles Dive 11, 
Sta. 2" 

Miguelito 
Member of the 
Pismo 
Formation(?) 
(Tpm) 

Ks or To/Tpp This sample is probably from fine-
grained interbeds within Cretaceous 
Sandstone, but may be Tertiary-age 
(Pismo or Obispo Formations) 

D15/S9 11/1/1989 Santa Rosa 
Platform 

"Dark brown, bedded, 
siltstone  calcareous" 

Miguelito 
Member of the 
Pismo 
Formation(?) 
(Tpm) 

Ks or To/Tpp This sample is probably from fine-
grained interbeds within Cretaceous 
Sandstone, but may be Tertiary-age 
(Pismo or Obispo Formations) 

D16/S10 11/1/1989 Santa Rosa 
Platform 

"Dark grayish brown, 
dolomitic siltstone; 
resembles Dive 15, 
Sta. 9" 

Miguelito 
Member of the 
Pismo 
Formation(?) 
(Tpm) 

Ks or To/Tpp This sample is probably from fine-
grained interbeds within Cretaceous 
Sandstone, but may be Tertiary-age 
(Pismo or Obispo Formations) 

D17/S1 11/2/1989 mislocated "Highly sheared 
greywacke 
greenstone" 

Franciscan 
Complex (Kjf) 

n/a sample mislocated 

D18/S2 11/2/1989 mislocated "Dark green, 
medium-gr, hard 
greywacke; surfaces 
measured may be 
joints" 

Cretaceous 
Sandstone (Ks) 
or Franciscan 
Complex (KJfg)

n/a sample mislocated 

D18/S3 11/2/1989 mislocated "Same as Dive 18, 
Sta. 2"  

Cretaceous 
Sandstone (Ks) 
or Franciscan 
Complex (KJfg)

n/a sample mislocated 

D19/S4 11/2/1989 mislocated "Tan, fine-gr, mod. 
sorted greywacke" 

Cretaceous 
Sandstone (Ks)

n/a sample mislocated 

D19/S5 11/2/1989 mislocated "Greenish brown, 
greywacke  fine-gr, 
Micaceous" 

Cretaceous 
Sandstone (Ks)

n/a sample mislocated 

D19/S6 11/2/1989 mislocated "Greenish gray, fine-
gr, greywacke 
Grayish tan, fine-gr, 
Greywacke" 

Cretaceous 
Sandstone (Ks)

n/a sample mislocated 

D20/S7 11/2/1989 mislocated "Grayish tan, fine-gr. 
Greywacke" 

Cretaceous 
Sandstone (Ks)

n/a sample mislocated 

D20/S8 11/2/1989 mislocated "Olive brown, fine-gr. 
Greywacke" 

Cretaceous 
Sandstone (Ks)

n/a sample mislocated 

D21/S1 11/3/1989 Islay 
Platform 

"Very dark brown, 
bedded siliceous 
mudstone; tar in 
fractures" 

Monterey 
Formation 
(Tmm) 

Tmm Sample located outside of the area 
discussed in this report 

D21/S2 11/3/1989 Islay 
Platform 

"Very dark brown, 
laminated mudstone 
(same color as Dive 
21, Sta, 1)" 

Monterey 
Formation 
(Tmm) 

Tmm Sample located outside of the area 
discussed in this report 

D21/S3 11/3/1989 Islay 
Platform 

"Very dark brown, 
laminated chert and 
siliceous mudstone; 

Monterey 
Formation 
(Tmm) 

Tmm Consistent with Monterey Formation 
mapped along the coastline 
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Sample LTSP Sample LTSP Unit 2010 Re-Date Location Additional Comments ID* Description Interpretation interpretation 

tarry" 

D22/S4 11/3/1989 Islay 
Platform 

"Med, to dark brown, 
siliceous mudstone 
laminated" 

Monterey 
Formation 
(Tmm) 

Tmm Consistent with Monterey Formation 
mapped along the coastline 

D22/S5 11/3/1989 Islay 
Platform 

"Med. to dark brown, 
siliceous mudstone 
with contorted 
laminations" 

Monterey 
Formation 
(Tmm) 

Tmm Consistent with Monterey Formation 
mapped along the coastline 

D23/S6 11/3/1989 San Luis 
Bay 

"White vitric tuff" Obispo 
Formation (To) 

Tmo Consistent with Obispo Formation 
mapped along the coastline 

D24/S7 11/3/1989 San Luis 
Bay 

"Light gray vitric tuff 
to E; brownish black, 
mottled, hard 
siltstone to" 

Obispo or 
Rincon(?) 
Formations 
To/Tr 

Tmor Stratigraphic position above basal 
Tertiary contact is consistent with 
interbedded tuff and siltstone as 
observed onshore in subunit Tmor 
of the Obispo Formation 

D25/S8 11/3/1989 San Luis 
Bay 

"Gray to orange, 
zeolitized, vesicular 
tuff with chalcedony 
veins" 

Obispo 
Formation (To) 

Tmor Consistent with Obispo Formation 
mapped along the coastline 

D26/S1 11/8/1989 Santa Rosa 
Platform 

"Fine-gr, fractured 
greywacke" 

Franciscan 
Complex(?) 
(KJfg) or 
Cretaceous 
Sandstone (Ks) 

Ks or KJf Mapped as Cretaceous Sandstone 
based on low magnetic values in 
aerial survey data, could be 
Franciscan Complex rock 

D26/S2 11/8/1989 Santa Rosa 
Platform 

"Fine-gr, biotite-rich 
greywacke" 

Franciscan 
Complex(?) 
(KJfg) or 
Cretaceous 
Sandstone (Ks) 

Ks or KJf Mapped as Cretaceous Sandstone 
based on low magnetic values in 
aerial survey data, could be 
Franciscan Complex rock 

D26/S3 11/8/1989 Santa Rosa 
Platform 

"Fine-gr, slickensided 
metagraywacke" 

Franciscan 
Complex (KJfg) 

Ks or KJf Mapped as Cretaceous Sandstone 
based on low magnetic values in 
aerial survey data, could be 
Franciscan Complex rock 

D27/S4 11/8/1989 Santa Rosa 
Platform 

"Med-gr, micaceous 
greywacke with 
slickensided shaly 
interbeds" 

Franciscan 
Complex(?) 
(KJfg) or 
Cretaceous 
Sandstone (Ks) 

KJf or Ks Mapped as Franciscan greywacke 
based on high magnetic values in 
aerial survey data, could be 
Cretaceous Sandstone 

D27/S5 11/8/1989 Santa Rosa 
Platform 

"Fine-gr, fractured 
greywacke"  

Franciscan 
Complex(?) 
(KJfg) or 
Cretaceous 
Sandstone (Ks) 

KJf or Ks Mapped as Franciscan greywacke 
based on high magnetic values in 
aerial survey data, could be 
Cretaceous Sandstone 

D27/S6 11/8/1989 Santa Rosa 
Platform 

"Slickensided 
metagraywacke with 
albite (?)" 

Franciscan 
Complex (KJfg) 

KJf or Ks Mapped as Franciscan greywacke 
based on high magnetic values in 
aerial survey data, could be 
Cretaceous Sandstone 

D28/S7 11/8/1989 Santa Rosa 
Platform 

"Fine-gr, tuffaceous 
sandstone" 

Obispo 
Formation(?) 
(To)  

Tmor Stratigraphic position above basal 
Tertiary contact (recognized in 
bathymetric data) is consistent with 
resistant subunit of Obispo 
Formation 

D28/S8 11/8/1989 Santa Rosa 
Platform 

"Fine- to med-gr, 
tuffaceous, vesicular 

Obispo 
Formation(?) 

Tmor Stratigraphic position above basal 
Tertiary contact (recognized in 
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Sample LTSP Sample LTSP Unit 2010 Re-Date Location Additional Comments ID* Description Interpretation interpretation 

sandstone" (To)  bathymetric data) is consistent with 
resistant subunit of Obispo 
Formation 

D28/S9 11/8/1989 Santa Rosa 
Platform 

"Vesicular, zeolitized 
tuff; based on trend 
of ridges strike" 

Obispo 
Formation (To) 

Tmor Stratigraphic position above basal 
Tertiary contact (recognized in 
bathymetric data) is consistent with 
resistant subunit of Obispo 
Formation 

D29/S10 11/8/1989 Santa Rosa 
Platform 

"Light gray, 
moderately 
indurated, fine-gr, 
sandstone" 

Squire Member 
of the Pismo 
Formation (Tps)

Ks or To/Tpp This sample is probably from within 
Cretaceous Sandstone, but may be 
Tertiary-age (Pismo or Obispo 
Formations) 

D29/S11 11/8/1989 Santa Rosa 
Platform 

"Gray, fine-gr, well-
sorted sandstone" 

Squire Member 
of the Pismo 
Formation (Tps)

Ks or To/Tpp This sample is probably from within 
Cretaceous Sandstone, but may be 
Tertiary-age (Pismo or Obispo 
Formations) 

D29/S12 11/8/1989 Santa Rosa 
Platform 

"Very dark brown 
mudstone, laminated  
with tan blebs < 1 
mm across" 

Monterey 
Formation, 
Phosphatic 
(Tmm) 

Ks or To/Tpp This sample is probably from within 
Cretaceous Sandstone, but may be 
Tertiary-age (Pismo or Obispo 
Formations) 

D30/S1 11/9/1989 Santa Rosa 
Platform 

"Fine- to med-gr,  
greywacke" 

Franciscan 
Complex (KJfg) 

KJf or Ks Mapped as Franciscan Complex 
rock based on high magnetic values 
in aerial survey data, could be 
Cretaceous Sandstone 

D30/S2 11/9/1989 Santa Rosa 
Platform 

"Dark gray to black, 
sheared greywacke 
(strike to NE-SW)" 

Franciscan 
Complex (KJfg) 

KJf or Ks Mapped as Franciscan Complex 
rock based on high magnetic values 
in aerial survey data, could be 
Cretaceous Sandstone 

D31/S3 11/9/1989 Santa Rosa 
Platform 

"Coarse-gr, 
crystalline albite (?), 
and greenish black, 
sheared 
metagraywacke"  

Franciscan 
complex (KJfm) 

KJf or Ks Mapped as Franciscan Complex 
rock based on high magnetic values 
in aerial survey data, could be 
Cretaceous Sandstone 

D31/S4 11/9/1989 Santa Rosa 
Platform 

"Orange-brown, 
foliated, aphanitic 
silica-carbonate (?) 
rock" 

Franciscan 
Complex 
(KJfm)  

KJf or Ks Mapped as Franciscan Complex 
rock based on high magnetic values 
in aerial survey data, could be 
Cretaceous Sandstone 

D31/S5 11/9/1989 Santa Rosa 
Platform 

"Weathered/altered 
serpentinite" 

Franciscan 
Complex 
(KJfm)  

KJf or Ks Mapped as Franciscan Complex 
rock based on high magnetic values 
in aerial survey data, could be 
Cretaceous Sandstone 

D32/S6 11/9/1989 Santa Rosa 
Platform 

no data no data n/a No sample, not reinterpreted 

D32/S7 11/9/1989 Santa Rosa 
Platform 

"Dark green, med-gr, 
diabase" 

Unnamed 
volcanic rock 
(Tvr) 

Kv or Tmod Could be Cretaceous volcanic rock 
with sandstone, or diabase subunit 
of the Obispo Formation 

D33/S8 11/9/1989 Santa Rosa 
Platform 

"Cobble of dark 
brown, faintly bedded 
mudstone with 
abundant forams" 

Monterey 
Formation, 
Phosphatic (?) 
(Tmm)  

Ks or To/Tpp This sample is probably from fine-
grained interbeds within Cretaceous 
Sandstone, but may be Tertiary-age 
(Pismo or Obispo Formations) 

D33/S9 11/9/1989 Santa Rosa 
Platform 

"Same as Dive 33, 
Sta. 8" 

Monterey 
Formation, 
Phosphatic (?) 
(Tmm)  

Ks or To/Tpp This sample is probably from fine-
grained interbeds within Cretaceous 
Sandstone, but may be Tertiary-age 
(Pismo or Obispo Formations) 
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D34/S1 11/10/1989 Santa Rosa 
Platform 

"Med. to dark brown, 
siliceous mudstone 
with silica-filled 
fractures" 

Monterey 
Formation 
(Tmm) 

Ks or To/Tpp This sample is probably from fine-
grained interbeds within Cretaceous 
Sandstone, but may be Tertiary-age 
(Pismo or Obispo Formations) 

D34/S2 11/10/1989 Santa Rosa 
Platform 

"Orange-brown, 
pyrite  dense, hard 
tuff with" 

Obispo 
Formation(?) 
(To)  

Tmor Stratigraphic position above basal 
Tertiary contact (recognized in 
bathymetric data) is consistent with 
the resistant subunit of Obispo 
Formation 

D34/S3 11/10/1989 Santa Rosa 
Platform 

"Black, flow-banded, 
vesicular basalt" 

Unnamed 
volcanic rock 
(Tvr) 

Tmod Stratigraphic position above basal 
Tertiary contact (recognized in 
bathymetric data) is consistent with 
the diabase subunit of Obispo 
Formation 

D35/S4 11/10/1989 Santa Rosa 
Platform 

"Greenish black, 
med. porphyritic 
diabase  to coarse  
gr" 

Unnamed 
volcanic rock 
(Tvr) 

Tmod Stratigraphic position above basal 
Tertiary contact (recognized in 
bathymetric data) is consistent with 
the diabase subunit of Obispo 
Formation 

D35/S5 11/10/1989 Santa Rosa 
Platform 

"Gray-brown, 
aphanitic tuff with 
pyrite" 

Obispo 
Formation(?)  
(To) 

Tmor Sample may be slightly mislocated, 
stratigraphic position above basal 
Tertiary contact (recognized in 
bathymetric data) is consistent with 
the resistant subunit of Obispo 
Formation 

D35/S6 11/10/1989 Santa Rosa 
Platform 

"Gray-brown, 
massive siltstone 
(could also be 
Monterey or Pt. Sal. 
fms.)" 

Rincon(?) (Tr),  
Monterey(?) 
(Tmb), or Point 
Sal 
formations(?) 
(Tpsa)  

Tmo or Tr Sample may be slightly mislocated, 
stratigraphic position consistent with 
Obispo or Rincon Formations 

D36/S7 11/10/1989 Santa Rosa 
Platform 

"Fine- to med-gr 
greywacke; near T/K 
ctc., clasts of To, 
diabase observed 
nearby"  

Franciscan 
Complex(?) 
(KJfg), or 
Cretaceous 
Sandstone (Ks) 

KJf or Ks Mapped as Franciscan Complex 
rock based on high magnetic values 
in aerial survey data, could be 
Cretaceous Sandstone 

D36/S8 11/10/1989 Santa Rosa 
Platform 

"Fine-gr greywacke 
with abundant lithic 
grains" 

Franciscan 
Complex(?) 
(KJfg), or 
Cretaceous 
Sandstone (Ks) 

KJf or Ks Mapped as Franciscan Complex 
rock based on high magnetic values 
in aerial survey data, could be 
Cretaceous Sandstone 

D36/S9 11/10/1989 Santa Rosa 
Platform 

"Like Dive 36, Sta. 8 
with scattered, 700 
SE flattened lithic 
grains" 

Franciscan 
Complex(?) 
(KJfg), or 
Cretaceous 
Sandstone (Ks) 

KJf or Ks Mapped as Franciscan Complex 
rock based on high magnetic values 
in aerial survey data, could be 
Cretaceous Sandstone 

D37/S10 11/10/1989 Santa Rosa 
Platform 

"Dark greenish gray, 
very fine-gr, highly 
sheared greywacke" 

Franciscan 
Complex (KJfg)

KJf or Ks Mapped as Franciscan Complex 
rock based on high magnetic values 
in aerial survey data, could be 
Cretaceous Sandstone 

D38/S11 11/10/1989 Santa Rosa 
Platform 

"Fine- to med-gr, 
greywacke with rare 
lithic clasts; like Dive 
36, Sta. 7" 

Franciscan 
Complex(?) 
(KJfg), or 
Cretaceous 
Sandstone (Ks) 

KJf or Ks Mapped as Franciscan Complex 
rock based on high magnetic values 
in aerial survey data, could be 
Cretaceous Sandstone 
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D38/S12 11/10/1989 Santa Rosa 
Platform 

"Very fine-gr, 
sheared 
micrograywacke; 
shears give rock 
laminated 
appearance" 

Franciscan 
Complex(?) 
(KJfg), or 
Cretaceous 
Sandstone (Ks) 

KJf or Ks Mapped as Franciscan Complex 
rock based on high magnetic values 
in aerial survey data, could be 
Cretaceous Sandstone 

D39/S1 11/11/1989 Santa Rosa 
Platform 

"Greenish-black, 
greywacke  fine-gr,  
sheared" 

Franciscan 
Complex (KJfg) 

Ks or KJf Mapped as Cretaceous Sandstone 
based on low magnetic values in 
aerial survey data, could be 
Franciscan Complex rock 

D39/S2 11/11/1989 Santa Rosa 
Platform 

"Yellow-brown, med-
gr sandstone with 
black shale rip-up 
clasts (turbidite)" 

Rincon 
Formation(?) 
(Tr), Vaqueros 
sandstone(?) 
(Tv) (turbidite)  

Tmo or Tr Sample may be slightly mislocated, 
stratigraphic position consistent with 
Obispo or Rincon Formations 

D39/S3 11/11/1989 Santa Rosa 
Platform 

"Gray, v. fine- to fine-
gr tuff" 

Obispo 
Formation (To) 

Tmor Sample may be slightly mislocated, 
stratigraphic position consistent with 
resistant subunit of the Obispo 
Formation 

D40/S4 11/11/1989 Santa Rosa 
Platform 

"Sheared red chert"  Franciscan 
Complex 
(KJfm)  

KJf Consistent with Franciscan 
Complex rock mapped along the 
coastline 

D40/S5 11/11/1989 Santa Rosa 
Platform 

"Serpentinite, plus 
low ridge of 
pervasively sheared 
black shale" 

Franciscan 
Complex 
(KJfm)  

KJf Consistent with Franciscan 
Complex rock mapped along the 
coastline 

D40/S6 11/11/1989 Santa Rosa 
Platform 

"Serpentinite, Sta. 5 
same as Dive 40" 

Franciscan 
Complex 
(KJfm)  

KJf Consistent with Franciscan 
Complex rock mapped along the 
coastline 

D41/S7 11/11/1989 Santa Rosa 
Platform 

"Massive, dark, fine-
gr greywacke with 
rare crystal-lined 
vugs" 

Franciscan 
Complex(?) 
(KJfg), or 
Cretaceous 
Sandstone (Ks) 

Ks or KJf Mapped as Cretaceous Sandstone 
based on low magnetic values in 
aerial survey data, could be 
Franciscan Complex rock 

D41/S8 11/11/1989 Santa Rosa 
Platform 

"Gray, v. fine-gr. to 
aphanitic tuff, with 
scattered phenos, 
zeolitized pumice; 
possible depositional 
K/T contact" 

Obispo 
Formation(?) 
(To) or Cambria 
Felsite 

Tmor Stratigraphic position above basal 
Tertiary contact (recognized in 
bathymetric data) is consistent with 
the resistant subunit of Obispo 
Formation 

D41/S9 11/11/1989 Santa Rosa 
Platform 

"Gray, very fine-gr, 
slightly vesicular tuff, 
zeolite-lined vugs" 

Obispo 
Formation (To) 

Tmor Stratigraphic position above basal 
Tertiary contact (recognized in 
bathymetric data) is consistent with 
the resistant subunit of Obispo 
Formation 

D41/S10 11/11/1989 Santa Rosa 
Platform 

"Dark gray, massive 
mudstone (Dive 41, 
Sta. 8 -10 crossed 
synclinal axis)" 

Rincon 
Formation(?) 
(Tr) 

Tmor Stratigraphic position above basal 
Tertiary contact is consistent with 
interbedded tuff and siltstone as 
observed onshore in subunit Tmor 
of the Obispo Formation 

51 9/19/1986 San Luis 
Bay 

"Gry to tan tuff" Tmor Tmor Stratigraphic position above basal 
Tertiary contact (recognized in 
bathymetric data) is consistent with 
the resistant subunit of Obispo 
Formation 
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52 9/19/1986 San Luis 
Bay 

"wht tuff" Tmot Tmot Consistent with tuffaceous subunit 
of Obispo Formation mapped along 
the coastline 

53 9/19/1986 San Luis 
Bay 

"blk slt" Tmr Tr Sample may be slightly mislocated, 
consistent with Rincon Formation 
mapped along the coastline 
northwest of the Wilmar Avenue 
fault 

54 9/19/1986 San Luis 
Bay 

"md gr diabase" Tmod Tmod Consistent with diabase subunit of 
Obispo Formation mapped along 
the coastline southeast of the 
Wilmar Avenue fault 

55 9/19/1986 San Luis 
Bay 

"md-fn gr diabase" Tmod Tmod Consistent with diabase subunit of 
Obispo Formation mapped along 
the coastline southeast of the 
Wilmar Avenue fault 

56 9/19/1986 San Luis 
Bay 

"md-fn gr diabase" Tmod Tmod Consistent with diabase subunit of 
Obispo Formation mapped along 
the coastline southeast of the 
Wilmar Avenue fault 

57 9/19/1986 San Luis 
Bay 

"gry diabase" Tmod Tmod Consistent with diabase subunit of 
Obispo Formation mapped along 
the coastline southeast of the 
Wilmar Avenue fault 

58 9/19/1986 San Luis 
Bay 

"dk gry-grn diabase" Tmod Tmod Consistent with diabase subunit of 
Obispo Formation mapped along 
the coastline southeast of the 
Wilmar Avenue fault 

59 9/19/1986 San Luis 
Bay 

"gry blk slt" Tmr Tr Sample may be slightly mislocated, 
consistent with Rincon Formation 
mapped along the coastline 
northwest of the Wilmar Avenue 
fault 

60 9/19/1986 San Luis 
Bay 

"gry-grn diabase" Tmod Tmod Consistent with diabase subunit of 
Obispo Formation mapped along 
the coastline northwest of the 
Wilmar Avenue fault 

61 9/19/1986 San Luis 
Bay 

"diabase" Tmod Tmod Consistent with diabase subunit of 
Obispo Formation mapped along 
the coastline northwest of the 
Wilmar Avenue fault 

62 9/19/1986 San Luis 
Bay 

"wht tuff, might be 
somewhat calcified" 

Tmo/Tmor? Tmot/Tmor Consistent with tuffaceous or 
resistant subunit of Obispo 
Formation mapped along the 
coastline northwest of the Wilmar 
Avenue fault 

63 9/19/1986 San Luis 
Bay 

"lt brn tuff, might be 
slight sil." 

Tmo/Tmor? Tmot/Tmor Consistent with tuffaceous or 
resistant subunit of Obispo 
Formation mapped along the 
coastline northwest of the Wilmar 
Avenue fault 

64 9/19/1986 San Luis 
Bay 

"gry tuff, might be 
slight sil. or calcified"

Tmo/Tmor? Tmot/Tmor Consistent with tuffaceous or 
resistant subunit of Obispo 
Formation mapped along the 
coastline northwest of the Wilmar 
Avenue fault 
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65 9/19/1986 San Luis 
Bay 

"gry blk slt" Tmr Tr Sample may be slightly mislocated, 
consistent with Rincon Formation 
mapped along the coastline 
northwest of the Wilmar Avenue 
fault 

66 9/19/1986 San Luis 
Bay 

"dk-gry diabase" Tmod Tmod Consistent with diabase subunit of 
Obispo Formation mapped along 
the coastline northwest of the 
Wilmar Avenue fault 

67 9/19/1986 San Luis 
Bay 

"gry tuff" Tmot Tmot Consistent with tuffaceous subunit 
of Obispo Formation mapped along 
the coastline 

68 9/19/1986 San Luis 
Bay 

"Lt gry tuff" Tmot Tmot Consistent with tuffaceous subunit 
of Obispo Formation mapped along 
the coastline 

69 9/19/1986 San Luis 
Bay 

"gry tuff" Tmot Tmot Consistent with tuffaceous subunit 
of Obispo Formation mapped along 
the coastline 

70 9/19/1986 San Luis 
Bay 

"lam gry-blk sft slt to 
dk brn sh" 

Tmo/Tmm? Tmo Consistent with Obispo Formation 
mapped along the coastline 

71 9/19/1986 San Luis 
Bay 

"gry-blugry tuff" Tmot Tmot Consistent with tuffaceous subunit 
of Obispo Formation mapped along 
the coastline 

72 9/19/1986 San Luis 
Bay 

"gry, hard fin gr tuff" Tmot Tmot Consistent with tuffaceous subunit 
of Obispo Formation mapped along 
the coastline 

73 9/19/1986 San Luis 
Bay 

"gry tuff" Tmot Tmot Consistent with tuffaceous subunit 
of Obispo Formation mapped along 
the coastline 

74 9/19/1986 San Luis 
Bay 

"gry sil cavities fin gr 
tuff" 

Tmor Tmot/Tmor Consistent with tuffaceous or 
resistant subunit of Obispo 
Formation mapped along the 
coastline northwest of the Wilmar 
Avenue fault 

75 9/19/1986 San Luis 
Bay 

"gry blk soft slt to dk 
brn sh" 

Tmo Tmor/Tmof Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation 

76 9/19/1986 San Luis 
Bay 

"blu gry masshrd fine 
gr tuff, could be fine 
gr ss" 

Tmot/Tmo Tmo Consistent with Obispo Formation 
mapped along the coastline 

77 9/19/1986 San Luis 
Bay 

"blu gry tuff" Tmot Tmot/Tmor Consistent with tuffaceous or 
resistant subunit of Obispo 
Formation mapped along the 
coastline 

78 9/19/1986 San Luis 
Bay 

"gry brn Slt, blocky  
fract, hard" 

Tmo Tmor/Tmof Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation 

79 9/19/1986 San Luis 
Bay 

"Blu gra fn gr slt, 
could be tuff" 

Tmo/Tmot Tmor/Tmof Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation 

80 9/19/1986 San Luis 
Bay 

"gry hard mass v fine 
gr ss/slt" 

Tmo  Tmor/Tmof Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation 

81 9/19/1986 San Luis 
Bay 

"blu gry tuff" Tmot Tmot/Tmor Consistent with tuffaceous or 
resistant subunit of Obispo 
Formation mapped along the 
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coastline 

82 9/19/1986 San Luis 
Bay 

"blu-gry fine gr tuff 
w/xls" 

Tmo  Tmor/Tmof Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation 

83 9/19/1986 San Luis 
Bay 

"lt gry brn silt/sh; not 
typical of Tmm" 

Tmm Tmor/Tmof or 
Tmm 

Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation, could 
be Monterey Formation 

84 9/19/1986 San Luis 
Bay 

"lt gry to brn lam 
slt/sh" 

Tmm Tmor/Tmof or 
Tmm 

Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation, could 
be Monterey Formation 

85 9/19/1986 San Luis 
Bay 

"Lt gry blk slt" Tmm Tmor/Tmof or 
Tmm 

Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation, could 
be Monterey Formation 

86 9/19/1986 San Luis 
Bay 

"brn silty sh; similar 
to sample 83" 

Tmm Tmor/Tmof or 
Tmm 

Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation, could 
be Monterey Formation 

87 9/19/1986 San Luis 
Bay 

"fry to blk lam sdy sh" Tmm Tmor/Tmof or 
Tmm 

Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation, could 
be Monterey Formation 

88 9/19/1986 San Luis 
Bay 

"gry brn fossil sndy? 
slt/sh" 

Tmm Tmor/Tmof or 
Tmm 

Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation, could 
be Monterey Formation 

89 9/19/1986 San Luis 
Bay 

"blk lam sh" Tmm Tmor/Tmof or 
Tmm 

Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation, could 
be Monterey Formation 

90 9/19/1986 San Luis 
Bay 

"blk sil sh highly 
fractured" 

Tmm Tmor/Tmof or 
Tmm 

Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation, could 
be Monterey Formation 

91 9/19/1986 San Luis 
Bay 

"blk lam sil sh" Tmm Tmor/Tmof or 
Tmm 

Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation, could 
be Monterey Formation 

92 9/19/1986 San Luis 
Bay 

"blk lam sil sh" Tmm Tmor/Tmof or 
Tmm 

Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation, could 
be Monterey Formation 

93 9/19/1986 San Luis 
Bay 

"lt gry to brn lam sil 
sh" 

Tmm Tmor/Tmof or 
Tmm 

Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation, could 
be Monterey Formation 

94 9/19/1986 San Luis 
Bay 

"lt and dk gry lam sil 
sh/slt" 

Tmm Tmor/Tmof or 
Tmm 

Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation, could 
be Monterey Formation 

95 9/19/1986 San Luis 
Bay 

"lt gry lam sh; slightly 
sil and locally 
dolomitic" 

Tmm Tmor/Tmof or 
Tmm 

Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation, could 
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be Monterey Formation 

96 9/19/1986 San Luis 
Bay 

"lt and dk lam sh and 
v. fn gr ss" 

Tmpm/Tmm? Tmor/Tmof or 
Tmm 

Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation, could 
be Monterey Formation 

97 9/19/1986 San Luis 
Bay 

"dk gry slightl sndy 
slt" 

Tmpm Tmor/Tmof or 
Tmm 

Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation, could 
be Monterey Formation 

98 9/19/1986 San Luis 
Bay 

"gry and brn massive 
slt" 

Tmpm Tmor/Tmof or 
Tmm 

Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation, could 
be Monterey Formation 

99 9/19/1986 San Luis 
Bay 

"gry to wht tuff, 
surrounded by 'ided' 
Tpp"  

Tmpm Tmor/Tmof or 
Tmm 

Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation, could 
be Monterey Formation 

100 9/19/1986 San Luis 
Bay 

"dk gry mass slt/sh; 
also in bag is soft dk 
fn gr ss" 

Tmpm Tmor/Tmof or 
Tmm 

Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation, could 
be Monterey Formation 

101 9/19/1986 San Luis 
Bay 

"gry mass f gr tuff ss" Tmpm Tmor/Tmof Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation 

102 9/19/1986 San Luis 
Bay 

"lt gry to blue sil tuff" Tmor Tmot/Tmor Consistent with tuffaceous or 
resistant subunit of Obispo 
Formation mapped along the 
coastline 

103 9/19/1986 San Luis 
Bay 

"dk gry blk, gry brn sh 
(tar on jts)" 

Tmo Tmor/Tmof Stratigraphic position is consistent 
with resistant or fine-grained 
subunits of Obispo Formation 

104 9/19/1986 San Luis 
Bay 

"gry brn hard sil slt or 
Tuff" 

Tmm Tmor/Tmof or 
Tmm 

Consistent with resistant or fine-
grained subunits of Obispo 
Formation mapped along the 
coastline, could be Monterey 
Formation 

105 9/19/1986 San Luis 
Bay 

"dk gry fn gr ss, hard" Tmo Tmot/Tmor Consistent with tuffaceous or 
resistant subunit of Obispo 
Formation mapped along the 
coastline 

106 9/19/1986 San Luis 
Bay 
(onshore?) 

"gry-wht tuff, hard" Tmor Tmot/Tmor Consistent with tuffaceous or 
resistant subunit of Obispo 
Formation mapped along the 
coastline 

107 9/19/1986 Santa Rosa 
Platform 

"dk gry to grn 
aphanitic, meta 
volcanic or qtz mix" 

KJfmv KJf Consistent with Franciscan 
Complex rock mapped along the 
coastline 

108 9/19/1986 Santa Rosa 
Platform 

"dk gry to grn 
aphanitic grnstn" 

KJfmv KJf Mapped as Franciscan Complex 
rock based on high magnetic values 
in aerial survey data 

109 9/19/1986 Santa Rosa 
Platform 

"gry grn med gr ss" Ks Ks Consistent with Cretaceous 
Sandstone mapped along the 
coastline 
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110 9/19/1986 Santa Rosa 
Platform 

"grnstn" KJfmv KJf Mapped as Franciscan Complex 
rock based on high magnetic values 
in aerial survey data 

111 9/19/1986 Santa Rosa 
Platform 

"gry brn to gry grn 
metavolcanic" 

KJfmv KJf Mapped as Franciscan Complex 
rock based on high magnetic values 
in aerial survey data 

112 9/19/1986 Santa Rosa 
Platform 

"gry grn cr gr ss" Ks?/KJfss? KJf Mapped as Franciscan Complex 
rock based on high magnetic values 
in aerial survey data 

113 9/19/1986 Santa Rosa 
Platform 

"Wht tuff, fn gr" Tmot Tmor Consistent with resistant subunit of 
Obispo Formation mapped at 
Crowbar 

114 9/19/1986 Santa Rosa 
Platform 

"grn med-fn gr tuff" Tmot Tmor Consistent with resistant subunit of 
Obispo Formation mapped at 
Crowbar 

115 9/19/1986 Santa Rosa 
Platform 

"Diabase" Tmod Tmod Consistent with resistant subunit of 
Obispo Formation mapped at 
Crowbar and with high magnetic 
values in aerial survey data 

116 9/19/1986 Santa Rosa 
Platform 

"dk gry biotite tuff" Tmor Tmor Consistent with resistant subunit of 
Obispo Formation mapped at 
Crowbar 

 

 
Shoreline Fault Zone Report, Appendix B Geology

 
Page B-63 of 112



Table B-3.  Diver Samples Collected July 2010 

Table B-3.  Diver Samples Collected July 2010 

Sample ID* Date Location Sample Description Unit ID 

DS001 7/12/2010 Santa Rosa 
Platform Dark grayish brown sandy SILTSTONE Ks (fine-gr) 

DS002 7/12/2010 Santa Rosa 
Platform 

Greenish gray METAMORPHIC ROCK and 
light bluish gray SANDSTONE Kjf 

DS003 7/12/2010 Santa Rosa 
Platform Grayish brown SANDSTONE Ks 

DS004 7/12/2010 Santa Rosa 
Platform Light brown sandy MUDSTONE Ks (fine-gr) 

DS005 7/12/2010 Santa Rosa 
Platform Medium gray SANDSTONE Ks 

DS006 7/12/2010 Santa Rosa 
Platform Dark gray VOLCANIC ROCK Ks/Kv 

DS007 7/12/2010 Santa Rosa 
Platform Grayish brown SANDSTONE Ks 

DS008 7/12/2010 Santa Rosa 
Platform Dark grayish brown silty SANDSTONE Ks (fine-gr) 

DS009 7/12/2010 Santa Rosa 
Platform Light gray SANDSTONE Tmor 

DS010 7/12/2010 Santa Rosa 
Platform Orange brown TUFF Tmor 

DS011 7/12/2010 Santa Rosa 
Platform Medium gray SANDSTONE Ks 

DS012 7/12/2010 Santa Rosa 
Platform Dark gray VOLCANIC ROCK KJfmv 

DS013 7/12/2010 Santa Rosa 
Platform Grayish brown SANDSTONE Ks 
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Table B-3.  Diver Samples Collected July 2010 

Sample ID* Date Location Sample Description Unit ID 

DS014 7/12/2010 Santa Rosa 
Platform Grayish brown SANDSTONE Ks 

DS015 7/12/2010 Santa Rosa 
Platform Grayish brown SANDSTONE Ks 

DS016 7/12/2010 Santa Rosa 
Platform Medium gray TUFF Tmor 

DS017 7/13/2010 Santa Rosa 
Platform Dark greenish brown VOLCANIC ROCK KJfmv 

DS018 7/13/2010 Santa Rosa 
Platform Dark greenish gray VOLCANIC ROCK KJfmv 

DS019 7/13/2010 Santa Rosa 
Platform Medium gray SANDSTONE Ks 

DS020 7/13/2010 Santa Rosa 
Platform Dark greenish gray VOLCANIC ROCK KJfmv 

DS021 7/13/2010 Santa Rosa 
Platform Dark greenish gray VOLCANIC ROCK KJfmv 

DS022 7/13/2010 Santa Rosa 
Platform Dark gray SANDSTONE Ks 

DS023 7/13/2010 Santa Rosa 
Platform Grayish brown SANDSTONE Ks 

DS024 7/13/2010 Santa Rosa 
Platform Light grayish brown SANDSTONE Ks 

DS025 7/13/2010 Santa Rosa 
Platform Greenish gray METAMORPHIC ROCK KJf 

DS026 7/13/2010 Santa Rosa 
Platform Dark grayish brown sandy SILTSTONE Ks (fine-gr) 
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Table B-3.  Diver Samples Collected July 2010 

Sample ID* Date Location Sample Description Unit ID 

DS027 7/14/2010 Santa Rosa 
Platform Dark grayish brown sandy SILTSTONE Tmof/Tmor 

DS028 7/14/2010 Santa Rosa 
Platform Light brown sandy SILTSTONE Tmof/Tr 

DS029 7/14/2010 Santa Rosa 
Platform Olive brown SANDSTONE Ks 

DS030 7/14/2010 Santa Rosa 
Platform Dark brown sandy SILTSTONE Tmof/Tmor 

DS031 7/14/2010 Santa Rosa 
Platform Dark brown sandy SILTSTONE Tmof/Tr 

DS032 7/14/2010 Santa Rosa 
Platform Greenish gray METAMORPHIC ROCK KJf 

DS033 7/14/2010 Santa Rosa 
Platform Dark bluish green VOLCANIC ROCK KJfmv 

DS034 7/14/2010 Santa Rosa 
Platform Medium gray SANDSTONE Ks 

DS035 7/14/2010 Santa Rosa 
Platform Greenish gray METAMORPHIC ROCK KJf 

DS036 7/15/2010 Santa Rosa 
Platform Dark bluish green VOLCANIC ROCK KJfmv 

DS037 7/15/2010 Santa Rosa 
Platform Grayish brown SANDSTONE Ks 

DS038 7/15/2010 Santa Rosa 
Platform Very dark gray sheared CLAYSTONE KJfm 

DS039 7/15/2010 Santa Rosa 
Platform Dark gray SANDSTONE Ks 
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Table B-3.  Diver Samples Collected July 2010 

Sample ID* Date Location Sample Description Unit ID 

DS040 7/15/2010 Santa Rosa 
Platform Grayish brown SANDSTONE Ks 

DS041 7/15/2010 Santa Rosa 
Platform Dark gray SANDSTONE Ks 

DS042 7/15/2010 Santa Rosa 
Platform Dark gray SANDSTONE Ks 

DS043 7/15/2010 Santa Rosa 
Platform Dark gray SANDSTONE Ks 

DS044 7/15/2010 Santa Rosa 
Platform Dark brown sandy SILTSTONE Ks (fine-gr) 

DS045 7/15/2010 Santa Rosa 
Platform ARTIFICIAL FILL AF 

DS046 7/17/2010 San Luis Bay Greenish and reddish brown VOLCANIC ROCK KJfmv 

DS047 7/17/2010 San Luis Bay Greenish gray METAMORPHIC ROCK KJf 

DS048 7/17/2010 San Luis Bay Grayish brown SANDSTONE Ks 

DS049 7/17/2010 San Luis Bay Greenish and reddish brown VOLCANIC ROCK KJfmv 

DS050 7/17/2010 San Luis Bay Grayish brown SANDSTONE Ks 

DS051 7/17/2010 San Luis Bay Greenish gray VOLCANIC ROCK KJfmv 
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TABLE B-4   Characteristics of the N40W fault.  

Location / fault 
Characteristics Seismicity Geomorphic (Bathymetric) 

Expression Lithology Structure Potential Field 

Location 

Offshore of Point 
Buchon to Lion 
Rock  

Strike, Dip  

N40°W       
(N35°-44°W), 90°  

Length 

7 to 8 km  

Width  
(down dip) 

12 km (+3/-2 km)  

Activity 

Possible evidence 
of late Quaternary 
activity because of 
(1) probable 
structural 
connection to 
Central segment 
and (2) possible 
association with 
seismicity 
lineament   

No clearly associated 
seismicity lineament, 
but northern sub-
lineament may connect 
up-dip to N40W fault.  

Epicenters of about 7 
events associated with 
the southern end of the 
North segment 
Shoreline fault occur at 
the south end of the 
N40W fault and two 
events plot near the 
central part of the fault.  

Fault crosses the Islay shelf 
without apparent vertical offset.  

Moderate geomorphic 
expression.  North part has 
discontinuous straight fault-line 
scarps accented by paleo-sea 
cliffs in contact with sand sheets.  
Central part is a lineament in 
exposed Obispo Formation 
rocks. South part covered by 
sand sheet west of Crowbar Hill.  

Pleistocene wave-cut platform in 
Obispo Formation rocks crosses 
fault with no vertical separation 
of platform with an uncertainty 
of about 2 meters.   

 

Fault cuts 
Miocene strata 
(Obispo, 
Monterey, lower 
Pismo 
Formations).  

South part 
covered by sand 
sheet but inferred 
to be contact 
between Obispo 
Formation 
sedimentary rock 
on west with 
Obispo diabase 
on east based on 
magnetic field.   

 

Fault truncates structures and strata of 
Obispo, Monterey and Pismo Formations. 

Middle part where exposed on wave-cut 
platform west of Crowbar is straight 
lineament juxtaposing contrasting Obispo 
rock units. Consists of two traces in zone 
50 meters wide.  

The fault may be imaged in several high-
resolution seismic-reflection profiles along 
middle and south part, but evidence is 
ambiguous.   

North end is covered with sand sheet but 
continues along the ‘linear’ margin of the 
rocky platform for up to 3 km. 

Deep seismic-reflection profiles (from 
LTSP) may show north end of fault 
offshore Point Buchon where N40W fault 
intersects previously identified “Crowbar” 
faults.      

South part interpreted to continue beneath 
sand sheet for 2 km along magnetic 
gradient west of Lion Rock.  It may 
connect with the Central segment (C-1) of 
the Shoreline fault zone where the two 
faults have a 25° strike difference.  
Alternatively, the fault may splay to the 
east and end west of Lion Rock.  

No gravity 
anomaly at south 
end, but north end 
of fault follows 
north plunge of 
gravity high in the 
northern Islay 
shelf.  

Follows the east 
side of a prominent 
magnetic high in 
the north; crosses 
the high and 
follows the west 
side of the anomaly 
in the south.  
Magnetic high 
believed to be 
associated with 
Obispo diabase.   
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TABLE B-5   Characteristics of the North segment of the Shoreline fault zone.  

Location / Fault 
Characteristics Seismicity Geomorphic (Bathymetric) 

Expression Lithology Structure Potential Field 

 
Location 

Northwest end is 
the Hosgri fault 
zone west of Point 
Buchon; southeast 
end is Lion Rock. 

Strike, Dip 

N45°W, 90° 

Length 

Up to 8 km 

Width         
(down dip) 

12 km (+3/-2 km) 

Activity 

Treated as active 
because of 
associated 
seismicity 
lineament.  

Sub-lineament is 8 km 
long, 2 to 15 km deep.   

A reverse and a 
composite right-lateral 
focal mechanism for 
events at the north end 
and two right-lateral 
focal mechanisms near 
Lion Rock.  

 

No surface expression in 
Quaternary sediments that 
overlie bedrock on the Islay 
shelf.   

Inferred offset in 
Miocene rocks 
(Obispo or 
Monterey 
Formation) in 
high-resolution 
seismic-
reflection 
profiles.   

Distinct from N40W fault. 

Two short en-echelon faults cutting 
Miocene strata tentatively interpreted in 
shallow seismic lines: the southwestern 
fault may offset the core of a syncline 
(northeast-side down vertical separation); 
the northeastern fault may offset the east 
limb of the syncline (also northeast-side 
down vertical separation). Deep seismic 
line at the north end of the segment, near 
the intersection with the Hosgri fault zone, 
shows the absence of faulting within the 
resolution of the seismic line.   

 

Northern end 
terminates within 
steep gravity 
gradient associated 
with Hosgri fault 
zone.  

Fault is between 
linear magnetic 
intensity highs. 
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TABLE B-6   Characteristics of the Central segment of the Shoreline fault zone.  

Location / Fault 
Characteristics Seismicity Geomorphic (Bathymetric) 

Expression Lithology Structure Potential Field 

Location 

Lion Rock to west 
of Rattlesnake Cr. 

Strike, Dip  

N65°W, 90°  

Length 

7 to 9 km 

Width  
(down dip) 
8 to 10 km 
(seismicity sub-
lineament) 

Activity 

Treated as active 
because of 
association with 
seismicity 
lineament; 
possible 1-meter-
high fault scarp in 
~75,000 wave-cut 
platform.  

 

 

Two earthquakes near 
Green Peak have right-
lateral focal 
mechanisms; another 
earthquake has an 
oblique right-lateral 
reverse focal 
mechanism, and a 
composite focal 
mechanism yields a 
right-lateral solution.  

Prominent to moderately 
prominent geomorphic 
expression, with fault-line scarps 
in resistant rock units, shallow 
troughs, and lineament in 
mélange.  

Locally sharp morphology with 
right-stepping, en-echelon 
traces.   

 

Fault located 
within mélange 
in middle and 
south parts. 

Fault juxtaposes 
Obispo diabase 
against 
Franciscan 
mélange in north 
part. 

Fault segment consists of three 
geomorphically and structurally defined 
sub-segments C-1, C-2, and C-3 (see 
separate tables below).   

Sub-segments C-3 and C-2 are separated 
by a 50 to 150 meter right stepover and 
sub-segments C-2 and C-1 appear to merge 
with a change in strike.   

North end buried by sand sheet but trends 
toward the North segment; alternatively, 
central segment may merge with the 
N40W fault with 25° difference in strike.   

South end defined by an east-trending 
splay that trends toward the onshore 
Rattlesnake fault (San Luis Bay fault 
zone).  Alternatively, Central segment dies 
out in sand sheet south of Rattlesnake 
Creek.   

Central and South segments either merge 
with a 4° strike change or are separated by 
a right step of up to 400 to 500 meters 
beneath the sand sheet that covers the 
north part of the South segment.   

Age of faulting is post middle Miocene.   

Fault follows 
strong linear 
magnetic high that 
lies within the 
Franciscan 
mélange except at 
northern end where 
fault coincides with 
a magnetic low.      
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TABLE B-6 (continued). Sub-segment C-1, Central segment of the Shoreline fault zone. 

Location / Fault 
Characteristics Seismicity Geomorphic (Bathymetric) 

Expression Lithology Structure Potential Field 

Location of C-1 

Lion Rock to 
Green Peak 

Strike, Dip 

N68°W, 90° 

Length 

1.8 to 3.4 km 

 

 Moderately prominent, linear 
southwest-facing fault-line scarp 
approximately 5 meters high on 
east side of fault with sand sheet 
and scattered rocks to southwest.  

Follows shallow trough and 
generally covered with sand 
sheet with local rock streaks 
parallel to fault protruding above 
sand. 

Shallow seismic-reflection 
profiles show a Pleistocene 
wave-cut platform (≥ 75 ka) with 
a ~1-m-high scarp that is 
interpreted as erosional but may 
be from northwest-side up fault 
displacement.   

Sub-segment C-2 is interpreted 
to cross a Pleistocene wave-cut 
platform and merge with sub-
segment C-1 from high-
resolution seismic-reflection 
lines west of Intake Cove.   

 

Sub-segment is 
the contact 
between Obispo 
Formation 
diabase and 
Obispo resistant 
tuff to the east 
and Franciscan 
mélange(?) 
containing 
numerous 
knockers to the 
west along a 
zone generally 
covered by sand 
sheet. 

 

Sub-segment truncates bedding.   

South end partly covered by sand sheet and 
appears to merge with north end of C-2 
with an 8° change in strike offshore of the 
Intake Cove, or may end with right 
stepover of 150 meters.   Alternatively, but 
unlikely, the south end may change strike 
and trend onshore west of Green Peak.  

A north-south fault imaged in the magnetic 
field data in bedrock at the Discharge Cove 
does not appear displaced but 100 to 200 
meters displacement is permissible.  
Estimated slip rate in past is less than 1 to 
2 million years is 0.05 to 0.2 mm/yr 

North end where 
buried by 
sediments sub-
segment follows a 
magnetic low.   

Sub-segment 
crosses magnetic 
high interpreted to 
be Obispo diabase 
on the northeast 
and Franciscan 
mélange on 
southwest.  

 North part follows 
the east flank of a 
magnetic high 
interpreted to be 
mélange.    
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TABLE B-6 (continued). Sub-segment C-2, Central segment of the Shoreline fault zone. 

Location / Fault 
Characteristics Seismicity Geomorphic (Bathymetric) 

Expression Lithology Structure Potential Field 

Location of C-2 

Green Peak to 
Olson Hill 

Strike, Dip 

N65°W (N43°-
62°W), 90° 

Length 

4.5 to 5.8 km 

 

 North part has moderate to locally 
strong expression as a shallow trough 
and as a wide half-trough with small 
rocks within the zone; fault lies west 
of a bedrock scarp and where 
constrained is 15 to 20 meters wide; 
generally covered with sand sheet in 
trough.   

South of the DCPP entrance the 
Pleistocene wave-cut platform ( > 75 
ka) crosses sub-segment C-2 and 
shows no vertical separation within 
1.5 meters resolution.   

In the south part, west of Olson Hill, 
sub-segment has strong geomorphic 
expression as a shallow, 2- to 4-
meter-deep, 25-meter-wide trough.  
A moderate to strong, 900-meter-long 
lineament is located within mélange.   

In the north part, 
sub-segment is 
the contact 
between Obispo 
diabase and 
mélange  

In the south part, 
sub-segment is 
the contact 
within mélange 
and between 
Cretaceous 
sandstone and 
mélange.  

 

North part is generally straight, striking 
N61°W, in zone of mélange containing 
small resistant knockers; separates 
Cretaceous sandstone from Franciscan 
mélange; analysis of shallow seismic data 
indicates that the north end continues on 
strike beneath the sand sheet and merges 
with sub-segment C-1 offshore of the 
Intake Cove.   

Middle part is straight, strikes N68W; 
truncates bedding and bedrock faults 

South end may branch into several splays, 
one of which strikes easterly toward the 
late Quaternary deformation zone at Olson 
Hill that is part of the San Luis Bay fault 
zone; the other may continue south for 130 
meters on strike following a narrow trough 
generally in Cretaceous sandstone.    

C-2 fault follows a 
strong linear 
magnetic high 
within Franciscan 
mélange.   

Analysis of 
magnetic anomaly 
gradient indicates 
that fault likely has 
a steep dip.  
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TABLE B-6 (continued). Sub-segment C-3, Central segment of the Shoreline fault zone. 

Location / Fault 
Characteristics Seismicity Geomorphic (Bathymetric) 

Expression Lithology Structure Potential Field 

Location of C-3 

West of Olson 
Hill to west of 
Rattlesnake Creek.   

Strike, Dip 

N57°W (N43°-
62°W), 90° 

Length 

2.4 to 3.5 km 

 

 Weak to moderate expression as 
a shallow trough bounded by 
alignment of small rock knockers 
within the zone.   

Southeast end (intersection with 
Rattlesnake fault) has strong to 
moderate expression as a fault-
line scarp and a shallow, 
approximately 5-meter-deep, 25-
meter-wide trough.   Prominent 
paleostrandline is controlled by 
the fault, but no lineament is 
detected within deposits (talus 
and paleo-beach sediments) at 
the base of the submerged cliff.    

Sub-segment is 
the contact along 
the trough 
between 
Cretaceous 
sandstone and 
mélange 
containing 
numerous 
greywacke 
knockers.   

Southeast end is 
within 
Cretaceous 
sandstone. 

Middle part is moderately straight, 2.6 km 
long, strikes N55°to 62°W; the south end 
may change strike gradually to N70°E; 
fault appears to lie within a narrow zone of 
mélange with only small knockers.   

South end of sub-segment splays into two 
traces: one splay continues southeast along 
strike for 400 meters before becoming 
covered by a sand sheet; the other splay 
curves easterly toward the Rattlesnake 
fault (San Luis Bay fault zone).   

   

Northern end of 
sub-segment 
crosses west-
trending magnetic 
low; southern part 
of fault follows 
steep magnetic 
gradient that curves 
along the eastern 
splay toward 
Rattlesnake Creek 
where magnetic 
high ends; the fault 
is interpreted to 
separate 
Cretaceous 
sandstone from 
greenstone and 
supports the 
interpretation that 
the fault changes 
strike easterly.   
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TABLE B-7.  Characteristics of the South segment of the Shoreline fault zone. 

Location / Fault 
Characteristics Seismicity Geomorphic (Bathymetric) 

Expression Lithology Structure Potential Field 

Location 

West of 
Rattlesnake Creek 
to south of Point 
San Luis. 

 Strike, Dip  

N47°W       
(N43°-50°W), 90° 

Length 

6 to 7 km 

Width  
(down dip) 

8 to 10 km 
(seismicity sub-
lineament) 

Activity 

Treated as active 
because of 
association with 
seismicity 
lineament.  

Weakest expression of 
three segments.  Has 
trend that is 10° to 15° 
more westerly than the 
associated bedrock 
fault.  

Largest event (ML 3.5) 
is part of a cluster of 
four events at the 
southeast end.   

Composite focal 
mechanism is right 
lateral; one earthquake 
yields normal focal 
mechanism.  

 

Fault traverses the wide, flat 
Santa Rosa Reef shelf.   

North part covered by wide 
sand sheet, location uncertain.   

Middle part has moderate 
expression; near south end the 
fault occupies a shallow, ~5 
meter deep, 50 meter wide 
trough, but to north the fault is 
marked by a linear fault-line 
scarp between resistant 
sandstone and sand sheet.  

Near south end a Pleistocene 
wave-cut platform and 
strandline (≥ 75 ka) cross the 
fault and are not displaced 
vertically within ~1.5 meter 
resolution.   

South end covered by sand 
sheet.    

Fault generally 
covered by sand 
sheet but 
inferred to lie 
within 
Franciscan 
mélange.   

In places fault 
forms the 
lithologic 
contact between 
Cretaceous 
sandstone and 
Franciscan 
mélange.   

North part of fault lies beneath sand sheet.  
Fault either is continuous with south end 
of the Central segment or is located to the 
west where it would have a right step of 
400 to 500 m to the Central segment.   

South part of fault is in a narrow zone of 
Franciscan mélange; trend is generally 
straight over 2½ to 3 km near the south 
end.   

Locally sharp truncation of rock and strata 
on west side of fault and slices of bedrock 
parallel to fault within the mélange.  Rock 
structure southeast of Point San Luis 
terminates at fault.  

South end projects beneath sand sheet 
near the seismicity cluster. Ambiguous 
evidence for continuation of fault to 
southeast on high-resolution seismic-
reflection profiles.   

Age of faulting is post Cretaceous.  

North part of 
segment coincides 
with subparallel 
linear magnetic 
highs. 

Middle part of the 
segment follows 
the southwest side 
of a linear 
magnetic high.  
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ATTACHMENT 1 – 2010 DIVE SAMPLE DESCRIPTIONS 

Below are the detailed descriptions of the samples collected with Andy Lutz, FUGRO-William 
Lettis & Associates, in July 2010 by divers in the Shoreline fault zone study area.   
Sample ID: DS001 
Collected: 07/12/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.18836 W120.82535 (WGS84) 
Sandy siltstone, dark grayish brown, visible grains in silty matrix are fine-grained, subangular, quartz or carbonate 
(very slight reaction to HCl). Stratification defined by thin (1 to 2 mm) discontinuous fine-grained sand laminations. 
Rock is medium strong (cannot be scraped with knife, fractures with hammer blow) with few fractures and does not 
part readily along lamination planes. Sample is fine-grained and may be suitable for microfossil analysis.  
Notes: Sample collected from a low-relief outcrop with no prominent indication of bedding or jointing. 
Interpretation: Fine-grained variant of Cretaceous Sandstone (Ks) 
 

Sample ID: DS002 
Collected: 07/12/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.18914 W120.82446 (WGS84) 
This sample includes two different lithologies 
Metamorphic rock, greenish gray, medium-grained with weakly developed foliation. Crystal composition 
dominantly quartz and feldspar with common pyrite and trace chlorite. Rock is strong (multiple hammer blows to 
fracture) with few fractures.  Trace fine (1 to 2 mm) quartz veins. 
Also: Sandstone, light bluish gray, fine- to medium-grained, subangular, dominantly quartz grains with minor 
feldspar and lithic grains. Samples are unstratified and shear fabric, joints, and fractures are not present. Rock is 
strong (multiple hammer blows to fracture) with few fractures.  
Notes: Sample collected from a low-relief area below a high escarpment; thick kelp created very low visibility 
conditions.  
Interpretation: Franciscan Complex mélange with greywacke and greenschist metamorphic rock (KJf) 
 
Sample ID: DS003 
Collected: 07/12/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.18780 W120.82180 (WGS84) 
Sandstone, grayish brown, fine- to medium-grained, subangular, dominantly quartz and lithic grains with minor 
feldspar, carbonate cement (vigorous reaction to HCl). Weakly expressed laminations are defined by grain size 
variation. Rock is strong (multiple hammer blows to fracture) with few fractures, no veins, and does not part 
regularly along lamination planes. Not suitable for microfossil analysis. 
Notes: Sample collected from prominent hog-back ridges oriented roughly normal to the coastline (i.e., east-west). 
Interpretation: Cretaceous Sandstone (Ks) 
 

Sample ID: DS004 
Collected: 07/12/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.18459 W120.81917 (WGS84) 
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Mudstone, sandy, light brown, visible grains in muddy matrix are very fine-grained, subangular, quartz (no reaction 
to HCl). Weakly expressed laminations are defined by grain size variation. Rock is medium strong (cannot be 
scraped with knife, fractures with hammer blow), unfractured, no veins, and does not part readily along lamination 
planes. Possibly suitable for microfossil analysis. 
Notes: Sample collected from prominent hog-back ridges, orientation information not available. 
Interpretation: Fine-grained variant of Cretaceous Sandstone (Ks), possibly fine-grained subunit of Obispo 
Formation (Tmof) 
 
Sample ID: DS005 
Collected: 07/12/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.18093 W120.80783 (WGS84) 
Sandstone, medium gray, fine- to medium-grained. Dominantly subangular quartz and lithic grains with minor 
feldspar, minor carbonate cement (very slight reaction to HCl). Weakly expressed laminations are defined by grain 
size variation. Rock is medium strong (cannot be scraped with knife, fractures with hammer blow) with few 
fractures, no veins, and does not part regularly along lamination planes. Not suitable for microfossil analysis. 
Notes: Sample collected from a roughly 5-ft-high outcrop with east-west oriented bedding or jointing and boulders 
along the base of the exposure. 
Interpretation: Cretaceous Sandstone (Ks) 
 
Sample ID: DS006 
Collected: 07/12/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.18314 W120.80647 (WGS84) 
Volcanic rock, dark gray, generally aphanitic with very fine euhedral quartz crystals in a dark matrix. Rock is 
unstratified and unsheared, strong (multiple hammer blows to fracture) with thin (1 to 2 mm) quartz veins (no 
reaction to HCl), and few fractures. 
Notes: Sample collected from the south side of a roughly 8-ft-high outcrop. 
Interpretation: Diabase within Cretaceous Sandstone (Kv) 
 
Sample ID: DS007 
Collected: 07/12/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.17736 W120.80093 (WGS84) 
Sandstone, grayish brown, fine- to coarse-grained, subangular to subrounded, dominantly quartz and lithic grains 
with minor feldspar (no reaction to HCl).  Minor fine lithic gravel up to 6 mm diameter.  Thin (1 cm) beds are 
defined by grain size variation and textural grading.  Rock is medium strong (cannot be scraped with knife, fractures 
with hammer blow) with few fractures, no veins, and does not part regularly along lamination planes.  Not suitable 
for microfossil analysis. 
Notes: Sample collected from one of several low (3-ft-high) exposures, flat and unlayered. 
Interpretation: Cretaceous Sandstone (Ks) 
 
Sample ID: DS008 
Collected: 07/12/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.18018 W120.81248 (WGS84) 
Sandy siltstone, dark grayish brown, visible grains in silty matrix are fine-grained, subangular, quartz or carbonate 
(very slight reaction to HCl). Stratification defined by thin (1 to 2 mm) discontinuous fine-grained sand laminations. 
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Rock is medium strong (cannot be scraped with knife, fractures with hammer blow) with few fractures and does not 
part readily along lamination planes. Rare thin (<1 mm) quartz veins. One block is pervasively sheared with 
abundant quartz veins. Sample is fine-grained and may be suitable for microfossil analysis.  
Notes: Sample collected from one of several 5-ft-high exposures. 
Interpretation: Fine-grained variant of Cretaceous Sandstone (Ks) 
 

Sample ID: DS009 
Collected: 07/12/2010 
Diver: Craig Porter, Location: Santa Rosa shelf, N35.18294 W120.81994 (WGS84) 
Sandstone, light gray, fine- to very fine-grained. Dominantly subangular quartz and lithic grains with minor 
feldspar, minor carbonate cement (very slight reaction to HCl). No pumice or other volcaniclastic grains. 
Laminations are absent and there are no preferred grain orientations to suggest bedding. Rock is strong (multiple 
hammer blows to fracture) with few fractures and no veins. Not suitable for microfossil analysis. 
Notes: 
Sample collected from a roughly 10-ft-high outcrop with a 20-ft-long overhang, very hard to break. 
Interpretation: Cretaceous Sandstone (Ks), possibly resistant subunit of Obispo Formation (Tmor) 
 
Sample ID: DS010 
Collected: 07/12/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.18380 W120.82711 (WGS84) 
Tuff, orange brown, fine- to medium-grained. Dominantly tuffaceous matrix with trace perlite and pumice clasts (up 
to 0.5 mm diameter), silicate cement (no reaction to HCl). Laminations are absent, and there are no preferred grain 
orientations to suggest bedding. Rock is strong (multiple hammer blows to fracture) with few fractures and no veins. 
Not suitable for microfossil analysis. 
Notes: Sample collected from a prominent overhanging outcrop with layering oriented roughly east-west. 
Interpretation: Resistant subunit of Obispo Formation (Tmor) 

Sample ID: DS011 
Collected: 07/12/2010 
Diver: Craig Porter, Location: Santa Rosa shelf, N35.18719 W120.82443 (WGS84) 
Sandstone, medium gray, very fine-grained. Dominantly subangular quartz and lithic grains with minor feldspar, 
silicate cement (no reaction to HCl). Weakly expressed laminations are defined by grain size variation. Rock is 
strong (multiple hammer blows to fracture) with few fractures and common thin quartz veins. Possibly suitable for 
microfossil analysis. 
Notes: Sample collected from one low rise surrounded by sand, kelp bases covered by sand. 
Interpretation: Cretaceous Sandstone (Ks) 
 
Sample ID: DS012 
Collected: 07/12/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.18969 W120.83016 (WGS84) 
Volcanic rock, dark gray, aphanitic with very fine euhedral quartz crystals in a dark matrix. Rock is strong (multiple 
hammer blows to fracture) with abundant very thin quartz veins (no reaction to HCl), and a pervasive shear fabric. 
Notes: Sample collected from a highly fractured, roughly 10-ft-high outcrop. 
Interpretation: Franciscan Complex metavolcanic rock (KJfmv) 
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Sample ID: DS013 
Collected: 07/12/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.18817 W120.82663 (WGS84) 
Sandstone, grayish brown, fine- to very fine-grained. Dominantly subangular quartz and lithic grains with minor 
feldspar, no reaction to HCl. Prominent laminations are defined by grain sorting. Rock is medium strong (cannot be 
scraped with knife, fractures with hammer blow) with few fractures and no veins. Possibly suitable for microfossil 
analysis. 
Notes: Sample collected from a prominent hog-back ridge. 
Interpretation: Cretaceous Sandstone (Ks) 
 
Sample ID: DS014 
Collected: 07/12/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.18623 W120.82546 (WGS84) 
Sandstone, grayish brown, fine- to medium-grained, subangular to subrounded, dominantly quartz and lithic grains 
with minor feldspar (no reaction to HCl). Gravel and coarse-grained sand absent. Rock is medium strong (cannot be 
scraped with knife, fractures with hammer blow) with few fractures and no veins. Not suitable for microfossil 
analysis. 
Notes: Sample collected from one of several 10-ft-high, upward-tapering pinnacles, unlayered. 
Interpretation: Cretaceous Sandstone (Ks) 
 

Sample ID: DS015 
Collected: 07/12/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.18647 W120.82335 (WGS84) 
Sandstone, grayish brown, fine- to medium-grained, subangular to subrounded, dominantly quartz and lithic grains 
with minor feldspar (no reaction to HCl). Gravel and coarse-grained sand absent. Rock is medium strong (cannot be 
scraped with knife, fracture with hammer blow) with few fractures and no veins. Not suitable for microfossil 
analysis. 
Notes: Sample collected from an unlayered, 5-ft-high outcrop.  
Interpretation: Cretaceous Sandstone (Ks) 
 
Sample ID: DS016 
Collected: 07/12/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.18263 W120.82531 (WGS84) 
Tuff, medium gray weathered to orange brown, very fine-grained. Dominantly tuffaceous matrix with trace perlite 
and pumice clasts (up to 0.5 mm diameter), silicate cement (no reaction to HCl). Laminations defined by oxide 
staining, may indicate textural variation. Rock is strong (multiple hammer blows to fracture) with few fractures and 
no veins. Not suitable for microfossil analysis. 
Notes: Sample collected from a flat surface with deep cracks spaced about 30 ft apart. 
Interpretation:  Resistant subunit of Obispo Formation (Tmor) 
 

Sample ID: DS017 
Collected: 07/13/2010, Diver: Carson Porter 
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Location: Santa Rosa shelf, N35.19645 W120.84567 (WGS84) 
Volcanic rock, dark greenish brown, aphanitic with few visible crystals in a dark matrix. Rock is unstratified, highly 
sheared, and medium strong (cannot be scraped with knife, fractures with hammer blow) with abundant thin (1 to 2 
mm) quartz veins (no reaction to HCl), and common fractures. 
Notes: Sample collected from a very tall, unlayered, jagged pinnacle, 10-15 ft wide; base of pinnacle beyond visible 
range. 
Interpretation:  Franciscan Complex metavolcanic rock (KJfmv) 
 
Sample ID: DS018 
Collected: 07/13/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.19796 W120.84905 (WGS84) 
Sample description: Volcanic rock, dark greenish gray, aphanitic with few visible crystals in a dark matrix. Rock is 
unstratified and strong (multiple hammer blows to fracture) with abundant thin (1 to 2 mm) quartz veins (no reaction 
to HCl). Shears and fractures are common but do not impart a pervasive fabric. 
Notes: Sample collected from one of several hogback ridges, water very murky. 
Interpretation:  Franciscan Complex metavolcanic rock (KJfmv) 
 

Sample ID: DS019 
Collected: 07/13/2010, Diver: Carson Porter 
Location: Santa Rosa shelf  N35.19952 W120.84960 (WGS84) 
Sandstone, medium gray, very fine-grained. Dominantly subangular quartz and lithic grains with minor feldspar, 
silicate cement (no reaction to HCl). Weakly expressed laminations are defined by grain size variation. Rock is 
strong (multiple hammer blows to fracture) with common fractures and rare thin quartz veins. Possibly suitable for 
microfossil analysis. 
Notes: Sample collected roughly 8 ft from the top of a tall, rounded pinnacle. 
Interpretation: Cretaceous Sandstone (Ks) 
 

Sample ID: DS020 
Collected: 07/13/2010, Diver: Craig Porter  
Location: Santa Rosa shelf, N35.20623 W120.86724 (WGS84) 
Volcanic rock, dark greenish gray, aphanitic with few visible crystals in a dark matrix. Rock is unstratified and 
strong (multiple hammer blows to fracture) with abundant thin (1 to 2 mm) quartz veins (no reaction to HCl). Shears 
are common but do not impart a pervasive fabric, and fractures are common. 
Notes: Sample collected from an unlayered, steep-sided pinnacle with a rounded top. 
Interpretation:  Franciscan Complex metavolcanic rock (KJfmv) 
 
Sample ID: DS021 
Collected: 07/13/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.20452 W120.86454 (WGS84) 
Volcanic rock, dark greenish gray, aphanitic with few visible crystals in a dark matrix. Rock is unstratified and 
strong (multiple hammer blows to fracture) with abundant thin (1 to 2 mm) quartz veins (no reaction to HCl). Shears 
are common but do not impart a pervasive fabric, and fractures are common. 
Notes: Sample collected from a relatively smooth, unlayered, 50 ft tall pinnacle. 
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Interpretation:  Franciscan Complex metavolcanic rock (KJfmv) 
 
Sample ID: DS022 
Collected: 07/13/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.19457 W120.83265 (WGS84) 
Sandstone, dark gray, fine- to medium-grained, subangular, dominantly quartz and lithic grains with minor feldspar. 
Gravel and coarse-grained sand absent. Rock is medium strong (cannot be scraped with knife, fractures with 
hammer blow) with common fractures and common thin quartz and very thin calcite veins (moderately strong 
reaction to HCl). Common shears disrupt any sense of laminations or bedding. Not suitable for microfossil analysis. 
Notes: Sample collected from a large, rounded, unlayered, outcrop.  
Interpretation: Sheared Cretaceous Sandstone (Ks) 
 

Sample ID: DS023 
Collected: 07/13/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.19526 W120.83474 (WGS84) 
Sandstone, grayish brown, fine- to medium-grained, subangular, dominantly quartz and lithic grains with minor 
feldspar. Gravel and coarse-grained sand absent. Rock is medium strong (cannot be scraped with knife, fractures 
with hammer blow) with common fractures and common thin quartz veins (no reaction to HCl), rare shears. Not 
suitable for microfossil analysis. 
Notes: Sample collected from a thickly layered, angled outcrop.  
Interpretation:  Cretaceous Sandstone (Ks) 
 
Sample ID: DS024 
Collected: 07/13/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.18413 W120.81735 (WGS84) 
Sandstone, light grayish brown, fine- to medium-grained, subangular, dominantly quartz and lithic grains with 
minor feldspar. Gravel and coarse-grained sand absent. Rock is medium strong (cannot be scraped with knife, 
fractures with hammer blow) with common fractures and common thin quartz veins (no reaction to HCl), rare 
shears. Not suitable for microfossil analysis. 
Notes: Sample collected from a flat outcrop with 2-3 feet of relief and cracks oriented roughly NE-SW, 30 ft toward 
shore from boat.  
Interpretation:  Cretaceous Sandstone (Ks) 
 
Sample ID: DS025 
Collected: 07/13/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.18515 W120.81595 (WGS84) 
Metamorphic rock, greenish gray, medium-grained with moderately well developed foliation. Crystal composition 
dominantly quartz and feldspar with trace pyrite and common chlorite staining. Rock is strong (multiple hammer 
blows to fracture) with common fractures. Trace fine (1 to 2 mm) quartz veins and trace calcite veins (weak reaction 
to HCl). 
Notes: Sample collected from a 10 ft tall pinnacle with several rounded knobs and rough areas. Sample thoroughly 
penetrated by boring clams. 
Interpretation: Franciscan Complex greenschist metamorphic rock (KJf) 
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Sample ID: DS026 
Collected: 07/13/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.18653 W120.81631 (WGS84) 
Sandy siltstone, dark grayish brown, visible grains in silty matrix are fine-grained, subangular, quartz or carbonate 
(very slight reaction to HCl). Stratification defined by faint thin (1 to 2 mm) sand laminations. Rock is medium 
strong (cannot be scraped with knife, fractures with hammer blow) with few fractures and no shears and does not 
part readily along lamination planes. Sample is fine-grained and may be suitable for microfossil analysis.  
Notes: Sample collected from a pinnacle with a large crack in it, with knobs but no ridges, unlayered. 
Interpretation: Fine-grained variant of Cretaceous Sandstone (Ks) 
 

Sample ID: DS027 
Collected: 07/14/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.17552 W120.82388 (WGS84) 
Sandy siltstone, dark grayish brown, visible grains in silty matrix are fine-grained, subangular, quartz or carbonate 
(very slight reaction to HCl). Rock is unstratified, medium strong (cannot be scraped with knife, fractures with 
hammer blow) with few fractures and no shears. Sample is fine-grained and may be suitable for microfossil analysis.  
Notes: Sample collected from a 5 ft tall ridge above a bedrock platform, very little sand. 
Interpretation: Fine-grained variant of Cretaceous Sandstone (Ks) 
 
Sample ID: DS028 
Collected: 07/14/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.17681 W120.82335 (WGS84) 
Sandy siltstone, light brown, visible grains in silty matrix are fine-grained, subangular, quartz. Matrix is 
dolomitized (very slight reaction to HCl). Stratification defined by faint thin (1 to 2 mm) sand laminations. Rock is 
medium strong (cannot be scraped with knife, fractures with hammer blow) with few fractures, no veins, and no 
shears. Sample is fine-grained and may be suitable for microfossil analysis.  
Notes: Sample collected from a prominent linear ridge on a bedrock platform. 
Interpretation: Fine-grained subunit of Obispo Formation (Tmof), or possibly Rincon Shale (Tr) 
 

Sample ID: DS029 
Collected: 07/14/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.17631 W120.82138 (WGS84) 
Sandstone, olive brown, fine-grained, subangular, dominantly lithic grains with quartz and minor feldspar. Gravel 
and coarse-grained sand absent. Rock is medium strong (cannot be scraped with knife, fractures with hammer blow) 
with no fractures, shears, or veins (no reaction to HCl), rare shears. Not suitable for microfossil analysis. 
Notes: Sample collected from a 4 ft tall linear ridge on a bedrock platform.  
Interpretation:  Cretaceous Sandstone (Ks), or possibly Franciscan Complex greywacke (KJfg) 
 

Sample ID: DS030 
Collected: 07/14/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.16707 W120.81110 (WGS84) 
Sandy siltstone, dark brown, visible grains in silty matrix are fine-grained, subangular, quartz or carbonate (very 
slight reaction to HCl). Stratification defined by thin (1 to 2 mm) discontinuous fine-grained sand laminations. Rock 
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is medium strong (cannot be scraped with knife, fractures with hammer blow) with few fractures and does not part 
readily along lamination planes. Sample is fine-grained and may be suitable for microfossil analysis.  
Notes: Sample collected from one of several low raised ridges trending NW-SE across a larger bedrock platform. 
Interpretation: Fine-grained subunit of the Obispo Formation (Tmof) or fine-grained beds within the resistant 
subunit of the Obispo Formation (Tmor) 
 

Sample ID: DS031 
Collected: 07/14/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.16839 W120.80853 (WGS84) 
Sandy siltstone, dark brown, visible grains in silty matrix are fine-grained, subangular quartz with carbonate cement 
(strong reaction to HCl). Stratification defined by faint very thin (< 1 mm) sand laminations. Rock is medium strong 
(cannot be scraped with knife, fractures with hammer blow) with few fractures, no veins, and no shears. Sample is 
fine-grained and may be suitable for microfossil analysis.  
Notes: Sample collected from 20 ft tall exposure, rounded on top. 
Interpretation:  Fine-grained subunit of Obispo Formation (Tmof), or possibly Rincon Shale (Tr) 
 
Sample ID: DS032 
Collected: 07/14/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.17303 W120.80612 (WGS84) 
Metamorphic rock, greenish gray, medium-grained with weakly developed foliation. Crystal composition 
dominantly quartz and feldspar with trace chlorite. Rock is strong (multiple hammer blows to fracture) with 
common fractures and pervasive shearing.  Trace fine (1 to 2 mm) quartz veins. 
Notes: Sample collected from a large, amorphous stack with no indication of layering. 
Interpretation: Franciscan Complex greenschist metamorphic rock (KJf) 
 
Sample ID: DS033 
Collected: 07/14/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.17780 W120.80675 (WGS84) 
Volcanic rock, dark bluish green, aphanitic with few visible crystals in a dark matrix. Rock is strong (multiple 
hammer blows to fracture), unstratified with common shears, common thin (1 to 2 mm) quartz veins (no reaction to 
HCl), and common fractures. 
Notes: Sample collected from a broad, unlayered rock platform roughly 5 ft high with low relief on top. 
Interpretation:  Franciscan Complex metavolcanic rock (KJfmv) 
 

Sample ID: DS034 
Collected: 07/13/2010, Diver: Carson Porter 
Location: Santa Rosa shelf N35.17864 W120.80451 (WGS84) 
Sandstone, medium gray, fine- to very fine-grained. Dominantly subangular quartz and lithic grains with minor 
feldspar, carbonate cement (strong reaction to HCl). Weakly expressed laminations are defined by grain size 
variation. Rock is strong (multiple hammer blows to fracture) with common fractures, rare thin quartz veins, and no 
shearing. Possibly suitable for microfossil analysis. 
Notes: Sample collected from a prominent riser on a small bedrock platform, surrounded by boulders. 
Interpretation: Cretaceous Sandstone (Ks) 
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Sample ID: DS035 
Collected: 07/14/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.17845 W120.82071 (WGS84) 
Metamorphic rock, greenish gray, medium-grained with weakly developed foliation. Crystal composition 
dominantly quartz and feldspar with trace chlorite. Rock is strong (multiple hammer blows to fracture) with 
common fractures and pervasive shearing.  Trace fine (1 to 2 mm) quartz and calcite veins (moderately strong 
reaction to HCl). 
Notes: Not available. 
Interpretation: Franciscan Complex greenschist metamorphic rock (KJf) 
 
Sample ID: DS036 
Collected: 07/15/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.20062 W120.85300 (WGS84) 
Volcanic rock, dark bluish green, aphanitic with few visible crystals in a dark matrix. Rock is strong (multiple 
hammer blows to fracture), unstratified with common shears, common thin (1 to 2 mm) quartz veins (no reaction to 
HCl), and common fractures. 
Notes: Sample collected from a large steep-walled pinnacle with a flat top. 
Interpretation:  Franciscan Complex metavolcanic rock (KJfmv) 
 

Sample ID: DS037 
Collected: 07/15/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.19980 W120.84680 (WGS84) 
Sandstone, grayish brown, fine- to medium-grained, subangular, dominantly quartz and lithic grains with minor 
feldspar and carbonate cement (moderately strong reaction to HCl). Gravel and coarse-grained sand absent, faint 
bedding defined by grain sorting. Rock is medium strong (cannot be scraped with knife, fractures with hammer 
blow) with common fractures, rare shears. Not suitable for microfossil analysis. 
Notes: Sample collected from one of several 10 ft high hogback ridges, spaced roughly 10 ft apart with boulders 
between. 
Interpretation: Cretaceous Sandstone (Ks) 
 
Sample ID: DS038 
Collected: 07/15/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.19777 W120.84507 (WGS84) 
Claystone, very dark gray, highly sheared. No visible grains, common very thin (< 1 mm) calcite veins (strong 
reaction to HCl), laminations if present are obscured by shear fabric. Rock is weak (can be scraped with a 
pocketknife, cannot be scratched with fingernail) with common fractures. Possibly suitable for microfossil analysis. 
Notes: Sample collected from a low exposure 30-35 ft across and 6 ft high, surrounded by sand. 
Interpretation: Franciscan Complex mélange 
 

Sample ID: DS039 
Collected: 07/15/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.19663 W120.83983 (WGS84) 
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Sandstone, dark gray, fine- to medium-grained, subangular, dominantly quartz and lithic grains with minor feldspar. 
Trace coarse-grained lithics. Weak sense of bedding defined by grain size variation. Rock is medium strong (cannot 
be scraped with knife, fractures with hammer blow) with rare fractures and common thin quartz and very thin calcite 
veins (moderately strong reaction to HCl). Not suitable for microfossil analysis. 
Notes: Sample collected from one of several low ridges on a bedrock platform.  
Interpretation: Cretaceous Sandstone (Ks) 
 

Sample ID: DS040 
Collected: 07/15/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.17373 W120.80077 (WGS84) 
Sandstone, grayish brown, fine- to medium-grained, subangular, dominantly quartz and lithic grains with minor 
feldspar. Trace coarse-grained lithics. Weak sense of bedding defined by grain size variation. Rock is medium 
strong (cannot be scraped with knife, fractures with hammer blow) with rare fractures and common thin quartz and 
very thin calcite veins (moderately strong reaction to HCl). Not suitable for microfossil analysis. 
Notes: Sample collected from a low relief exposure surrounded by boulders. 
Interpretation: Cretaceous Sandstone (Ks) 
 

Sample ID: DS041 
Collected: 07/15/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.17063 W120.79643 (WGS84) 
Sandstone, dark gray, fine- to medium-grained, subangular, dominantly quartz and lithic grains with minor feldspar. 
Gravel and coarse-grained sand absent, no sense of bedding or laminations. Rock is strong (multiple hammer blows 
to fracture) with rare fractures and common thin quartz and very thin calcite veins (moderately strong reaction to 
HCl). Not suitable for microfossil analysis. 
Notes: Sample collected from a jagged, unlayered pinnacle above a low bedrock platform.  
Interpretation: Cretaceous Sandstone (Ks) 
 

Sample ID: DS042 
Collected: 07/15/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.16778 W120.79129 (WGS84) 
Sample description: 
Sandstone, dark gray, fine- to medium-grained, subangular, dominantly quartz and lithic grains with minor feldspar. 
Trace coarse-grained lithics. Weak sense of bedding defined by grain size variation. Rock is medium strong (cannot 
be scraped with knife, fractures with hammer blow) with rare fractures and common thin quartz and very thin calcite 
veins (moderately strong reaction to HCl). Not suitable for microfossil analysis. 
Notes: Sample collected from a 20 ft long bedrock platform with 3-4 ft wide ridges.  
Interpretation: Cretaceous Sandstone (Ks) 
 

Sample ID: DS043 
Collected: 07/15/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.18023 W120.80299 (WGS84) 
Sandstone, dark gray, fine- to medium-grained, subangular, dominantly quartz and lithic grains with minor feldspar. 
Trace coarse-grained lithics. Weak sense of bedding defined by grain size variation. Rock is medium strong (cannot 
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be scraped with knife, fractures with hammer blow) with rare fractures and common thin quartz and very thin calcite 
veins (moderately strong reaction to HCl). Not suitable for microfossil analysis. 
Notes:  Sample collected from a long bedrock platform with short ridges.  
Interpretation: Cretaceous Sandstone (Ks) 
 
Sample ID: DS044 
Collected: 07/15/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.18852 W120.83092 (WGS84) 
Sandy siltstone, dark brown, visible grains in silty matrix are fine-grained, subangular quartz with carbonate cement 
(strong reaction to HCl). Stratification defined by faint very thin (< 1 mm) sand laminations. Rock is medium strong 
(cannot be scraped with knife, fractures with hammer blow) with few fractures, no veins, and no shears. Sample is 
fine-grained and may be suitable for microfossil analysis.  
Notes: Sample collected from 20 ft tall exposure, rounded on top. 
Interpretation: Fine-grained variant of Cretaceous Sandstone (Ks) (preferred), Fine-grained subunit of Obispo 
Formation (Tmof), or possibly Rincon Shale (Tr) (alternatives)
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Sample ID: DS045 
Collected: 07/15/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.18864 W120.82881 (WGS84) 
Sample description: No sample taken. 
Notes: No bedrock exposed, feature targeted from bathymetric data is an artificial reef of broken tribars. 
Interpretation:  Artificial fill (AF) 
 
Sample ID: DS046 
Collected: 07/17/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.14159 W120.75490 (WGS84) 
Volcanic rock, greenish and reddish brown, aphanitic with few visible crystals in a dark matrix. Rock is highly 
weathered, medium strong (cannot be scraped with knife, fractures with hammer blow), unstratified with common 
shears, and abundant fractures. 
Notes: Sample collected from a hummocky, low relief exposure with many cracks and fractures. 
Interpretation:  Franciscan Complex metavolcanic rock (KJfmv) 
 

Sample ID: DS047 
Collected: 07/17/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.14303 W120.75242 (WGS84) 
Metamorphic rock, greenish gray, medium-grained with weakly developed foliation. Crystal composition 
dominantly quartz and feldspar with trace chlorite. Rock is strong (multiple hammer blows to fracture) with 
common fractures and pervasive shearing.  Trace fine (1 to 2 mm) quartz and calcite veins (moderately strong 
reaction to HCl). 
Notes: Sample collected from one of several low, rounded exposures surrounded by cobbles and boulders (no sand). 
Interpretation: Franciscan Complex greenschist metamorphic rock (KJf) 
 

Sample ID: DS048 
Collected: 07/17/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.14304 W120.74387 (WGS84) 
Sandstone, grayish brown, fine- to medium-grained, subangular, dominantly quartz and lithic grains with minor 
feldspar. Trace coarse-grained lithics. Weak sense of bedding defined by grain size variation. Rock is medium 
strong (cannot be scraped with knife, fractures with hammer blow) with rare fractures and common thin quartz and 
very thin calcite veins (moderately strong reaction to HCl). Not suitable for microfossil analysis. 
Notes: Sample collected from one of several hogback ridges, 10-15 ft wide and about 20 ft apart with sand between. 
Interpretation:  Cretaceous Sandstone (Ks) 
 

Sample ID: DS049 
Collected: 07/17/2010, Diver: Carson Porter 
Location: Santa Rosa shelf, N35.14619 W120.74639 (WGS84) 
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Volcanic rock, greenish and reddish brown, aphanitic with few visible crystals in a dark matrix. Rock is highly 
weathered, medium strong (cannot be scraped with knife, fractures with hammer blow), unstratified with common 
shears, and abundant fractures. 
Notes: Sample collected from a hummocky, low relief exposure with many cracks and fractures. 
Interpretation: Franciscan Complex metavolcanic rock (KJfmv) 
 

Sample ID: DS050 
Collected: 07/17/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.16093 W120.74426 (WGS84) 
Sandstone, grayish brown, fine- to medium-grained, subangular, dominantly quartz and lithic grains with minor 
feldspar. Trace coarse-grained lithics. Weak sense of bedding defined by grain size variation.  Rock is medium 
strong (cannot be scraped with knife, fractures with hammer blow) with rare fractures and common thin quartz and 
very thin calcite veins (moderately strong reaction to HCl). Not suitable for microfossil analysis. 
Notes: Sample collected from a long, flat bedrock exposure with low ridges. 
Interpretation:  Cretaceous Sandstone (Ks) 

 
Sample ID: DS051 
Collected: 07/17/2010, Diver: Craig Porter 
Location: Santa Rosa shelf, N35.16041 W120.74676 (WGS84) 
Volcanic rock, greenish gray, aphanitic with no visible crystals. Rock is strong (multiple hammer blows to 
fracture), unstratified with common fractures and no shears. 
Notes: Sample collected from a roughly 7 ft high, rounded, overhanging exposure. 
Interpretation: Franciscan Complex metavolcanic rock (KJfmv) 
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Notes:
a) The 2009 MBES bathymetric image shows two small
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formed by gas or fluid release along the Central segment
of the Shoreline fault zone.
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at the sea floor.
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Stratigraphy of the coastline exposures and 
offshore area adjacent to the Irish Hills
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Note: Figure modified from Hall (1973b)
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1350 ft
(1000 to 2000 ft

on map)

500 ft

> 2500 ft

> 2000 ft(?)

10.4 to 
9.0 Ma

~4.2 Ma

11.4 to 
10.5 Ma

15.5 to 
15.3 Ma

Belleview Member of the Pismo Formation (Tppb): interbedded buff to 
light gray claystone and fine-grained sandstone, weakly to moderately well 
lithified, fossiliferous horizons, diatomaceous horizons, claystone fractures 
spheroidally. Basal contact with Gragg Member is generally conformable.

Squire Member of the Pismo Formation (Tpps): unstratified white fine- 
to medium-grained silty sandstone, poorly lithified, fossiliferous horizons, 
rare pholad-bored cobbles where Squire Member unconformably overlies 
basement rock. Basal contact with Belleview Member is generally 
conformable.

Gragg Member of the Pismo Formation (Tppg): unstratified white to buff
fine- to medium-grained sandstone, poorly to moderately well lithified, rare 
diatomaceous siltstone, pebble conglomerate, and bituminous sandstone. 
Basal contact with lower members of the Pismo Formation is unconform-
able.

Edna Member of the Pismo Formation (Tmpe): thickly bedded to 
unstratified gray to brown fine- to coarse-grained sandstone, moderately 
well lithified, common bituminous horizons, basal chert pebble conglomer-
ate and tuffaceeous sandstone hroizons. Grades laterally into the 
Miguelito Member to the west and south.

Miguelito Member of the Pismo Formation (Tmpm): thinly bedded 
brown siltstone and claystone, moderately well lithified, rare to common 
intervals of siliceous and dolomitic siltstone, opaline and porcelaneous 
shale, and bituminous sandy siltstone. Basal contact with Monterey 
Formation at Point Buchon is relatively gradual but is described by Hall 
(1973a; 1973b) as unconformable elsewhere in San Luis Obispo County.

Monterey Formation (Tmm): thinly bedded white, gray, and brown chert, 
weathers to chalky white, well lithified with a conchoidal fracture habit, 
fractured and sheared. Includes intervals of diatomite with opaline chert, 
tuff, and tuffaceous sandstone and siltstone, rare to common intervals of 
siliceous and dolomitic siltstone, opaline and porcelaneous shale, and 
bituminous sandy siltstone. Basal contact along the coastline is very 
gradual, grading from interbedded fine-grained diatomaceous and 
tuffaceous sandstone of the Obispo Formation into interbedded chert and 
sandstone/siltstone.

Obispo Formation (Tmo): Resistant subunit (Tmor) is crudely bedded to 
unstratified, orange-brown to gray fine-grained zeolitized tuff, very well 
lithified, chaotic, unstratified intervals with basal scour and rare intervals of 
black silty sandstone. Fine-grained subunit (Tmof) is well bedded light 
brown to gray sandstone and silty sandstone, coarsening gradually 
up-section, including abundant invervals of dolomitic sandstone and 
common intervals of diatomaceous and tuffaceous sandstones. Diabase 
subunit (Tmod) is brown aphanitic to phaneritic intrusive dikes and sills. 
Tuffaceous subunit (Tmot) is grouped with Tmor subunit along the 
coastline at DCPP but is mapped by Hall (1973a; 1973b) elsewhere in San 
Luis Obispo County. Basal contact with Rincon Formation is not exposed 
along coastline but is mapped as conformable in the Irish Hills by Hall 
(1973a). Contact with basement rock along coastline may be depositional, 
intrusive, or faulted.

Rincon Formation (Tmr): thinly bedded dark brown siltstone and silty 
claystone with interbeds of dolomitic sandstone. Not exposed along 
coastline but mapped as conformable by Hall (1973b).

100 ft Vaqueros Formation (Tov): tan to gray conglomerate and sandstone. Not 
exposed along coastline but mapped in the Irish Hills by Hall (1973b).

Cretaceous Sandstone (Ks): well bedded brown fine- to coarse-grained 
sandstone, moderately to very well lithified, generally quatrz grains with 
minor feldspar and lithic grains. Also includes yellowish brown to black 
fissile shale, and dark brown fine- to medium-grained, unstratified 
vesicular basalt and diabase. Abuts Franciscan Complex rock along 
faulted contacts.

Franciscan Complex (KJf): choatic, unstratified assemblage of varying 
lithologies, including fine-grained metavolcanic rocks (with strong 
magnetic resistivity values), sheared claystone (melange matrix), 
glaucophane schist, and chert. Serpentine is included in Francsican 
Complex. Regionally, graywacke sandstone is a prominent component of 
the Franciscan Complex but is not common within the mapped area 
described in this report.

Surficial deposits: stream alluvium, marine terraces, fluvial terraces, 
landslides, beach sand, and sand waves, unlithified.
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See Plate B-1A for geology legend.

 
Shoreline Fault Zone Report, Appendix B Geology

 
Page B-103 of 112



trace #1

Sandstonesequence
33 meters

Sandstonesequence40 meters

??

??

??

??

45 m

57.5 m

52.5 m

65 m

45 m

72.5 m 70°

70°

??

70°

??

70°

File path: S:\13800\13838\13838.002\Figures\20101112_Report\Appendix_B\Figure_B-5-10.ai; Date: [12/21/2010]; User: Serkan Bozkurt, AMEC Geomatrix, Inc.

FigureFigure  B-5-10Pacific Gas and Electric Company

SHORELINE FAULT ZONE STUDY

Apparent offset of Cretaceous sandstone
beds across the Rattlesnake fault,

San Luis Bay fault zone 

Interpreted Correlation

B

A

C

Base of
sequence

Top of
sequence

Seaward edge
of sea stacks

?? ??

??

????

??

See enlargement below

See enlargement below
0 100 feet

25 meters0

B

C

Rattlesnake trace #1

0

0 60 feet

15 meters

0

0 60 feet

15 meters

70°

Explanation

Top of sequence

See Figure B-5-8 for location

Base image is low tide aerial photograph, aquired 01/28/2010

Base of sequence

Seaward edge of sea stacks

Faults, approximately located

Strike and dip of overturned bed

DCPP

Map location

101

101

Rattlesnake

trace #2
trace #2

tra
ce

 #2

tra
ce

 #2

 
Shoreline Fault Zone Report, Appendix B Geology

 
Page B-104 of 112



Pacific Gas and Electric Company Figure

Fi
le

pa
th

:S
:\1

38
00

\1
38

38
\1

38
38

.0
02

\F
ig

ur
es

\2
01

01
11

2_
R

ep
or

t\A
pp

en
di

x_
B

\F
ig

ur
e_

B
-5

-2
.m

xd
;D

at
e:

[1
2/

21
/2

01
0]

;U
se

r:
S

er
ka

n
B

oz
ku

rt,
A

M
E

C
G

eo
m

at
rix

,I
nc

.

N-40-W
FAULT

HO
SG

R
I

FAULT

ZO
N

E

Qs Qsw

Tmpm

Tmpm

Qs

Tmpm

Qs

Tmpm

Tmm

Qs

Tmm

Qsw

Qs

TmoTmo?

Tmpm

Qs

Qsw

Qsw

Qsw

Qsw/Qcs

Tmod

Qsw

Qsw/QcsTmm?

Tmpm

Tmpm

35.25° N
35.25° N 0 1 2

Miles

Comparison of (a) Crowbar faults interpreted
from the LTSP with (b) faults from this study

B-5-2

0 1 2
Kilometers

Map scale:
Map projection: NAD 1983, UTM Zone 10 North

1:60,000

SHORELINE FAULT ZONE STUDY

101

101

DCPP

Point Buchon

35.25° N
35.25° N

Notes: The Crowbar faults follow the general axes of
folds interpreted from seismic-reflection profiles from
the LTSP (PG&E, 1990). Geologic interpretation
using the MBES bathymetric image also shows that
faults along fold axes but the folds trend more
westerly than those interpreted for the LTSP.

Point
Buchon

Point
Buchon

CROWBAR
FAULTS

CROWBAR
FAULTS

FROM LTSP

CROWBAR
FAULTS

FROM LTSP

b) Geology from Plate B-1Aa) Figure from LTSP Plate Q16-1B (PG&E 1990)

Map location

See Plate B-1A for geology legend.

 
Shoreline Fault Zone Report, Appendix B Geology

 
Page B-105 of 112



Bedrock at
seafloorHosgri fault zone

North segment 
Shoreline fault zone N40W fault

Bedrock at
seafloorHosgri fault zone

(a) Comap Line CM-23

(b) Comap Line CM-21

Projection of 
N40W fault

055404530352 Shotpoint

30 5453 40 5505Shotpoint

0.0

0.1

0.2

0.3

0.4

0.5

Tw
o-

w
ay

 tr
av

el
 ti

m
e 

(s
ec

on
ds

)

0.0

0.1

0.2

0.3

0.4

0.5

Tw
o-

w
ay

 tr
av

el
 ti

m
e

(s
ec

on
ds

)

0.0

0.1

0.2

0.3

0.4

0.5

Tw
o-

w
ay

 tr
av

el
 ti

m
e 

(s
ec

on
ds

)

0.0

0.1

0.2

0.3

0.4

0.5

Tw
o-

w
ay

 tr
av

el
 ti

m
e 

(s
ec

on
ds

)

CM-21

CM-23

Pacific Gas and Electric Company Figure

Fi
le

 p
at

h:
 S

:\1
38

00
\1

38
38

\1
38

38
.0

02
\F

ig
ur

es
\2

01
01

11
2_

R
ep

or
t\A

pp
en

di
x_

B
\F

ig
ur

e_
B

-5
-3

.a
i; 

D
at

e:
 [1

2/
21

/2
01

0]
; U

se
r: 

S
. B

oz
ku

rt

SHORELINE FAULT ZONE STUDY

Line 21

Line 23

N-40-W

HO
SG

RI FAULT
ZO

NE

60

55

50

45

40

30

25

20

60

55

50

45

40

35

30

25

20

101

101

DCPP

Point Buchon

Note: Comap profiles (upper 0.5 seconds) 
(PG&E, 1988).  CM-23 images the eatern part of 
the Hosgri fault zone but not the N40W fault.
CM-21 images the eastern part of the Hosgri 
fault zone and the N40W fault.  No fault is 
detected in the seismic-reflection profile across 
the northern Shoreline seismicity lineament.

Comap seismic-reflection profiles (a) 
CM-23 and (b) CM-21 across the Hosgri 

fault zone, North segment of the 
Shoreline fault zone and the N40W fault.

B-5-3

 
Shoreline Fault Zone Report, Appendix B Geology

 
Page B-106 of 112



Pacific Gas and Electric Company Figure

Fi
le

pa
th

:S
:\1

38
00

\1
38

38
\1

38
38

.0
02

\F
ig

ur
es

\2
01

01
11

2_
R

ep
or

t\A
pp

en
di

x_
B\

Fi
gu

re
_B

-5
-4

.m
xd

;D
at

e:
[1

2/
20

/2
01

0]
;U

se
r:

S
.B

oz
ku

rt

0 500 1,000
Feet

Comparison of (a) MBES bathymetric image
with (b) the interpreted geology and

(c) paleostrandlines across the N40W fault

B-5-4

0 100 200 300
Meters

Map scale:
Map projection: NAD 1983, UTM Zone 10 North

1:12,000

SHORELINE FAULT ZONE STUDY

Note: See legend on Plate B-1A for geology and Plate I-1A for paleostrandlines

-50 m

-40 m

-30 m

-20 m

0 m 50 m 100 m 150 m 200 m 250 m 300 m 350 m 400 m

N40W fault
A

A’

-50 m

-40 m

-30 m

-20 m

0 m 50 m 100 m 150 m 200 m 250 m 300 m 350 m 400 m

N40W fault

B
B’

A

A'

B

B'

Tmo

Tmm

Tmod

Qsw

TmoTmo?

Tmod

Tmm

DCPP

Map location

-23
A

-38
A

-28 C

-48 D

-38 B

-2
2

B

-48 C

-43 C

-27
B

-47
C

-35 B -18 A

-43 B

-19 B

-37
A

-2
8 D

-17 B

-35 C
-35 B

9±2
11±1

-55
-60

-50

-65

-40

-50

-57.57

PBS-29
PBS-T3

PBS-29T

PBS-30

PBS-28

N40W fault

Lineament of N40W faultLineament of N40W fault

a) MBES bathymetric image c) Paleostrandlines from Appendix I

b) Geology from Plate B-1Ab) Geology from Plate B-1A

Lineament of N40W faultLineament of N40W fault

-38 a shoreline angle

-38 a shoreline angle

N40W
N40W

N40W
N40W

 
Shoreline Fault Zone Report, Appendix B Geology

 
Page B-107 of 112



Pacific Gas and Electric Company Figure

Fi
le

pa
th

:S
:\1

38
00

\1
38

38
\1

38
38

.0
02

\F
ig

ur
es

\2
01

01
11

2_
R

ep
or

t\A
pp

en
di

x_
B\

Fi
gu

re
_B

-5
-5

.m
xd

;D
at

e:
[1

2/
20

/2
01

0]
;U

se
r:

S
.B

oz
ku

rt

A

A'

Discharge
Cove

DCPP

Intake
Cove

0 500 1,000
Feet

Comparison of (a) MBES bathymetry with (b)
interpreted geology and (c) paleostrandlines

across the Central Segment (C-1)
Shoreline fault zone west of DCPP

B-5-5

0 100 200 300
Meters

Map scale:
Map projection: NAD 1983, UTM Zone 10 North

1:12,000

Tmor

Tmo

Tmod

Qsw

Tmod

Ks KJfmv

Tmor

KJfmv?

SHORELINE FAULT ZONE STUDY

DCPP

Map location

-25 B

-22 B

-16 C-36 C

-23 A

-27 B

-20.5
B

-23 B

32±1

44±2

10±2

10±1

11±2

10±210
±2

10
±2

10±2

-3
0

-25

-35

-20

-30
-25

-24

-27

-26

-28

-29

-3
0

-26

PBS-53T
PBS-25

PBS-25T

PBS-52

DCPPDCPP

discharge
cove

discharge
cove

-40 m

-30 m

-20 m

-10 m

0 m

0 m 50 m 100 m 150 m 200 m 250 m 300 m 350 m 400 m

Note: See legend on Plate B-1A for geology and Plate I-1A for paleostrandlines

-27 B shoreline angle

C-1C-1

C-1C-1

Lineament of the Central segment

Shoreline fault zone (C-1)

Lineament of the Central segment

Shoreline fault zone (C-1)

a) MBES bathymetric image c) Paleostrandlines from Appendix I

b) Geology from Plate B-1Ab) Geology from Plate B-1A

C-1C-1

A A’

Central segment Shoreli ne fault zone (C-1)

Lineament of the Central segment
Shoreline fault zone (C-1)

 
Shoreline Fault Zone Report, Appendix B Geology

 
Page B-108 of 112



Pacific Gas and Electric Company Figure

Fi
le

pa
th

:S
:\1

38
00

\1
38

38
\1

38
38

.0
02

\F
ig

ur
es

\2
01

01
11

2_
R

ep
or

t\A
pp

en
di

x_
B\

Fi
gu

re
_B

-5
-6

.m
xd

;D
at

e:
[1

2/
20

/2
01

0]
;U

se
r:

S
.B

oz
ku

rt

A

A'

In

DCPP
Entrance

take
Cove

B

B'

0 500 1,000
Feet

Comparison of (a) MBES bathymetry with (b)
interpreted geology and (c) paleostrandlines
across the Central segment (C-2) Shoreline 

fault zone southwest of DCPP entrance

B-5-6

0 100 200 300
Meters

Map scale:
Map projection: NAD 1983, UTM Zone 10 North

1:12,000

Tmod

Ks Tmor

Ks

KJfmv?

Qsw

KJf

TmodKJfmv

Tmod?

KJfm?

Tmor

SHORELINE FAULT ZONE STUDY

DCPP

Map location

-16 B

-29 B
-31 C

-40 D

-28.5 C

-20.5 A

-16 C

21 C

-20.5
B

-16 A

-37 B

21 B

-25 C

-26 C

-20.5 C

-14 A-26.5 D

-40
C

-34.5 B

-13
B

21 C
21 C

32±1

30±2

11±1

11±2

11±1

11±1

11±1

11±1

11
±1

11±1

-40 -25

-20

-35

-30

-20

-25

-25

-28

-24-27

-26

-23

-2
9

PBS-53T

PBS-25T

PBS-24PBS-48

-30 m

-20 m

-10 m

0 m

0 m 50 m 100 m 150 m 200 m 250 m 300 m 350 m 400 m

A
A’Central segment Shoreline fault zone (C-2)

-30 m

-20 m

-10 m

0 m

0 m 50 m 100 m 150 m 200 m 250 m 300 m 350 m 400 m

B
B’Central segment Shoreline fault zone (C-2)

-21 m shoreline angle

-21 m shoreline angle

-10

-15

- .

C-2

Lineament of the Central
segment Shoreline fault zone (C-2)

a) MBES bathymetric image c) Paleostrandlines from Appendix I

b) Geology from Plate B-1Bb) Geology from Plate B-1B

C-2

C-2

Note: See legend on Plate B-1A for geology and Plate I-1A for paleostrandlines

Lineament
of the Central

segment Shoreline
fault zone (C-2)

 
Shoreline Fault Zone Report, Appendix B Geology

 
Page B-109 of 112



Pacific Gas and Electric Company Figure

Fi
le

pa
th

:S
:\1

38
00

\1
38

38
\1

38
38

.0
02

\F
ig

ur
es

\2
01

01
11

2_
R

ep
or

t\A
pp

en
di

x_
B\

Fi
gu

re
_B

-5
-8

.m
xd

;D
at

e:
 [1

2/
20

/2
01

0]
;U

se
r:

S
.B

oz
ku

rt

B

B'

Olson Hill
A

A'

0 500 1,000
Feet

B-5-7

0 100 200 300
Meters

Map scale:
Map projection: NAD 1983, UTM Zone 10 North

1:12,000

Olson Hill

KJf

Ks

Tmor

Tmod

Ks

KJf

Qs
Ks?

KJf?

Qsw

KJfm?

KJfmv?

SHORELINE FAULT ZONE STUDY

DCPP

101

101

Map location

Olson Hill

-11 C

-27 C

-16 B

28±1

8±1

7±1

12±1

23±1

11±3

11±1

26±1

12±3

25±2

38±2

11±2

27±1
64±3

122+

8±1

11±1

7±1

7±
1

11±2

23±1

11±2

-25

-10

-15

-27.1

PBS-18A

PBS-53T

Comparison of (a) MBES bathymetry with (b)
interpreted geology and (c) paleostrandlines

across the Central segment (C-2)
Shoreline fault zone west of Olson Hill

Olson
Hill

Olson
Hill

-30 m

-20 m

-10 m

0 m

0 m 50 m 100 m 150 m 200 m 250 m 300 m 350 m 400 m

A
A’

-30 m

-20 m

-10 m

0 m

0 m 50 m 100 m 150 m 200 m 250 m 300 m 350 m 400 m

B B’

Central Segment Shoreline fault zone (C-2)

Central Segment Shoreline fault zone (C-2)

North Olson fault

Double Rock
South Olson fault

Dee
r C

re
ek

?
?

?
?

KJfmv

KJf

Ks

Ks

C-2

C-2

Lineament of the Central
segment Shoreline fault zone (C-2)

a) MBES bathymetric image c) Paleostrandlines from Appendix I

b) Geology from Plate B-1Cb) Geology from Plate B-1C
C-2

Note: See legend on Plate B-1A for geology and Plate I-1A for paleostrandlines
Lineament of the
Central segment

Shoreline fault
zone (C-2)

 
Shoreline Fault Zone Report, Appendix B Geology

 
Page B-110 of 112



Pacific Gas and Electric Company Figure

Fi
le

pa
th

:S
:\1

38
00

\1
38

38
\1

38
38

.0
02

\F
ig

ur
es

\2
01

01
11

2_
R

ep
or

t\A
pp

en
di

x_
B\

Fi
gu

re
_B

-5
-9

.m
xd

;D
at

e:
 [1

2/
20

/2
01

0]
;U

se
r:

S
.B

oz
ku

rt

A

A'

0 500 1,000
Feet

Comparison of (a) MBES bathymetry with (b)
interpreted geology and (c) paleostrandlines 

across the Central segment (C-3) of the
Shoreline fault zone west of Rattlesnake Creek

B-5-8

0 100 200 300
Meters

Map scale:
Map projection: NAD 1983, UTM Zone 10 North

1:12,000

Ks

Ks

KJfmv

QsKJf

Qsw

Ks?

SHORELINE FAULT ZONE STUDY

DCPP

Map location

-9 D

-11.5 A

-13 B

-20 B

-13 C

6±1

16±1

20±2

17±1

6.4±1

58+

4.6±0.3

6±1

4.6±0.3

-15

PBS-17T

PBS-16

-40 m

-30 m

-20 m

-10 m

0 m

0 m 50 m

-13B shoreline angle

100 m 150 m 200 m 250 m 300 m 350 m 400 m

’AA Central segment Shoreline fault zone (C-3)

-11.5 shoreline angle

Step in wave-cut platform
(buried beneath alluvium)

?
?

?
?

? Rattlesnake fault

Figure B-5-10

C-3

C-3
Lineament of the Central segment

Shoreline fault zone (C-3)

a) MBES bathymetric image c) Paleostrandlines from Appendix I

b) Geology from Plate B-1Cb) Geology from Plate B-1C

C-3

Lineament of Shoreline
fault zone (C-3)

Note: See legend on Plate B-1A for geology and Plate I-1A for paleostrandlines

 
Shoreline Fault Zone Report, Appendix B Geology

 
Page B-111 of 112



Pacific Gas and Electric Company Figure

Fi
le

pa
th

:S
:\1

38
00

\1
38

38
\1

38
38

.0
02

\F
ig

ur
es

\2
01

01
11

2_
R

ep
or

t\A
pp

en
di

x_
B\

Fi
gu

re
_B

-5
-1

0.
m

xd
;D

at
e:

[1
2/

21
/2

01
0]

;U
se

r:
S.

Bo
zk

ur
t

A

A'

120.75° W

120.75° W

0 500 1,000
Feet

Comparison of (a) MBES bathymetry with (b)
interpreted geology and  (c) paleostrandlines
across the South segment of the Shoreline

fault zone south of Point San Luis

B-5-9

0 100 200 300
Meters

Map scale:
Map projection: NAD 1983, UTM Zone 10 North

1:12,000

Qs

Ks

Ks?
K

South segment

Jfmv?

120.75° W

120.75° W

SHORELINE FAULT ZONE STUDY

DCPP

Map location

-34 B

-30 C

-31 B

-33.5 C

-3
1

C

-25 C

-3
1 A

-25 A

-31 B
-34 B

-3
1

B

-40

-3
5

-45

-3
0

-30

-35

-30

-35

-35

-30

-30

-35

PBS-46

PBS-13

PBS-12

120.75° W

120.75° W

D
is
ta
nc
e
(m

)

Distance (m)

-34 m shoreline angle

-31 m shoreline
angle (buried)

Wave-cut platform

A A’

-36

-34

-32

-30

-28

-26

0 100 200 300 400 500 600 700

South segment Shoreline fault zone

Lineament of the South

segment Shoreline fault zone

a) MBES bathymetric image c) Paleostrandlines from Appendix I

b) Geology from Plate B-1Cb) Geology from Plate B-1C

Note: See legend on Plate B-1A for geology and Plate I-1A for paleostrandlines
Lineament of the South segment
Shoreline fault zone

 
Shoreline Fault Zone Report, Appendix B Geology

 
Page B-112 of 112



H      O
      S      G

      R      I                                    F      A      U      L      T                                      Z      O
      N      E

N 40 o  W
   FAULT

N 40 o  W
   FAULT

TRACE     C

TRACE     C2

TRACE     A2

TRACE     C1

TRACE     C1

Islay Point

Islay Creek

Point Buchon

Haz
ard

 C
an

yo
n

Qs

Qs

Tmpm

Tmpm

Qsw

Tmpm

Tmpm

Qs

Tmm

Qsw

Qsw

Qs

Tmpm

Qsw

Qs

Qsw

Qsw

Qsw/Qcs

Tmpm

Qsw/Qcs
Tmm?

n/a

n/a

Tmpm

Tmpm Tmpm Tmpm

Tmpm

Tmpm

Tmpm

Tmpm

Tmpm

Tmpm

Tmpm

Tmpm

Tmpm

Tmpm

Tmpm

Tmpm

Tmpm

Tmpm

Tmpm

Tm
Tm

Tpm
Tpm

no sample

no sample

120.9° W

120.9° W

120.95° W

120.95° W

121° W

121° W

35.3° N

35.3° N

Plate A

Plate DPlate C

Plate B

Pacific Gas and Electric Company
File path: S:\13800\13838\13838.002\Figures\20101112_Report\Appendix_B\Plate_B-1A.mxd; Date: [12/21/2010]; User: S. Bozkurt

0 2,0001,000

Feet

0 200 400100

Meters

0 0.20.1

Nautical Miles

Plate B-1A
NORTH SECTION GEOLOGIC MAP
MORRO BAY TO POINT BUCHON

- 2010 Project DEM image is shown. This DEM includes 1 m multi-beam
  bathymetry data (PG&E, 2010), 1 m near-shore LiDAR topography data
  (PG&E, 2010) and 5 m SLO County InSAR data (SLO County, 2008)
- Map Projection: UTM Zone 10N, NAD 1983, Map Scale: 1:12,000

DATA SOURCES and NOTES:

101

101

1

1

101

101

1

1

Plate A

Plate DPlate C

Plate B

Tov

Tmpe

Tmof

Tmr

Tmpm

Tmp

Tmor

Tmod

Tmo

Tmm

Ks

KJfo

s

KJfmv

KJfm

KJf

Tppg

Tppb

Tpps

Qf

af

Qoa

Qm

Qls

Qe

Qc

Qal

Qsw

Qs

Qcs

Geologic Units Geologic Units (continued) Symbols

Unconformity

Unconformity

Unconformity

Unconformity

Unconformity

Faulted

Progressive unconformity

Unconformity

Local unconformity

Q
ua

te
rn

ar
y

O
lig

oc
en

e
M

io
ce

ne

P
lio

ce
ne

Ju
ra

ss
ic

/C
re

ta
ce

ou
s

Te
rti

ar
y

Te
rti

ar
y

Note: See Table B-2, B-3 and B-4 for descriptions of diver and core samples

         Geologic units with two labels separated by a slash (e.g., Qc/Qoa) 
indicate depth profiles in which the former unit overlies the latter.

?

?

?

?
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approximate, dotted where concealed, queried 
where inferred
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where inferred

Anticline; solid where well located, dashed where 
approximate, dotted where concealed, queried 
where inferred

Fault; Tertiary age or older (inactive), solid where 
well located, dashed where approximate, dotted 
where concealed,  queried where inferred)

Fault; slip rate <1 mm/yr, solid where well located, 
dashed where approximate, dotted where concealed,
queried where inferred)

Hosgri fault; slip rate ≥1 mm/yr, generally covered but, 
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approximate, queried where inferred

Lineament; solid where well expressed, dashed where 
moderately expressed

Measured bedding orientation

Picks of faults and fold axes interpreted from
shallow seismic survey lines

Diver sample, formation indicated

Core sample, formation indicated
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Artificial fill

Marine sediments, offshore; includes unconsolidated marine sands and silts 
on the continental shelf

Sand wave deposits, offshore dune-like sand deposits typically less than 50 
cm thick mobilized by large storm surges

Alluvium; unconsolidated gravel, sand, silt, and clay

Colluvium; unconsolidated poorly-sorted gravel, sand, silt, and clay 
produced by hillslope processes

Landslide deposits; arrows show direction of inferred movement

Eolian deposits; active and inactive sand dunes

Fluvial terrace deposits; unconsolidated gravel, sand, silt, and clay 
deposited in stream valleys

Fluvial channel deposits, offshore; generally overlain by transgressive 
marine sand and silt

Marine terrace deposits; unconsolidated gravel, sand, silt, and clay 
commonly overlain by alluvial fan and colluvial deposits

Older alluvium; poorly consolidated siltstone, claystone, and conglomerate

Edna Member of the Pismo Formation; fine- to coarse-grained 
sandstone, locally bituminous

Miguelito Member of the Pismo Formation; brown claystone and 
siltstone

Monterey Formation; chert with siliceous and dolomitic siltstone, 
tuffaceous sandstone, diatomite, and opaline and procelaneus shale

Obispo Formation, undifferentiated

Obispo Formation; tuffaceous and diatomaceous sandstone 
and silty sandstone

Obispo Formation; diabase

Obispo Formation; resistant zeolitized tuff

Rincon Formation; dark brown siltstone, and silty claystone

Vaqueros Sandstone; conglomerate and sandstone, with local 
coquina horizon

Pismo Formation; undifferentiated

Squire Member of the Pismo Formation; massive white to tan, medium- 
to coarse-grained sandstone

Belleview Member of the Pismo Formation; sandy claystone, siltstone; 
claystone and fine-grained sandstone, diatomaceous horizons

Gragg Member of the Pismo Formation; fine- to medium-grained 
sandstone, rare diatomaceous siltstone, pebble conglomerate, and 
bituminous sandstone

Undifferentiated well bedded brown fine- to coarse-grained arkosic 
to lithic sandstone with shale

Franciscan Complex, undifferentiated

Franciscan Complex rocks, melange: sheared shale, mudstone 
and siltstone with knockers of graywacke, schist, conglomerate, 
metavolcanic rocks, and green, white, or red chert

Franciscan Complex, metavolcanic rocks

Franciscan Complex, ophiolite
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Artificial fill

Marine sediments, offshore; includes unconsolidated marine sands and silts 
on the continental shelf

Sand wave deposits, offshore dune-like sand deposits typically less than 50 
cm thick mobilized by large storm surges

Alluvium; unconsolidated gravel, sand, silt, and clay

Colluvium; unconsolidated poorly-sorted gravel, sand, silt, and clay 
produced by hillslope processes

Landslide deposits; arrows show direction of inferred movement

Eolian deposits; active and inactive sand dunes

Fluvial terrace deposits; unconsolidated gravel, sand, silt, and clay 
deposited in stream valleys

Fluvial channel deposits, offshore; generally overlain by transgressive 
marine sand and silt

Marine terrace deposits; unconsolidated gravel, sand, silt, and clay 
commonly overlain by alluvial fan and colluvial deposits

Older alluvium; poorly consolidated siltstone, claystone, and conglomerate

Edna Member of the Pismo Formation; fine- to coarse-grained 
sandstone, locally bituminous

Miguelito Member of the Pismo Formation; brown claystone and 
siltstone

Monterey Formation; chert with siliceous and dolomitic siltstone, 
tuffaceous sandstone, diatomite, and opaline and procelaneus shale

Obispo Formation, undifferentiated

Obispo Formation; tuffaceous and diatomaceous sandstone 
and silty sandstone

Obispo Formation; diabase

Obispo Formation; resistant zeolitized tuff

Rincon Formation; dark brown siltstone, and silty claystone

Vaqueros Sandstone; conglomerate and sandstone, with local 
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to coarse-grained sandstone

Belleview Member of the Pismo Formation; sandy claystone, siltstone; 
claystone and fine-grained sandstone, diatomaceous horizons

Gragg Member of the Pismo Formation; fine- to medium-grained 
sandstone, rare diatomaceous siltstone, pebble conglomerate, and 
bituminous sandstone

Undifferentiated well bedded brown fine- to coarse-grained arkosic 
to lithic sandstone with shale

Franciscan Complex, undifferentiated

Franciscan Complex rocks, melange: sheared shale, mudstone 
and siltstone with knockers of graywacke, schist, conglomerate, 
metavolcanic rocks, and green, white, or red chert

Franciscan Complex, metavolcanic rocks

Franciscan Complex, ophiolite

Serpentine

KJfm

Tmo
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SOUTH SECTION GEOLOGIC MAP
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- 2010 Project DEM image is shown. This DEM includes 1 m multi-beam
  bathymetry data (PG&E, 2010), 1 m near-shore LiDAR topography data
  (PG&E, 2010) and 5 m SLO County InSAR data (SLO County, 2008)
- Map Projection: UTM Zone 10N, NAD 1983, Map Scale: 1:12,000
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where inferred

Fault; Tertiary age or older (inactive), solid where 
well located, dashed where approximate, dotted 
where concealed,  queried where inferred)

Fault; slip rate <1 mm/yr, solid where well located, 
dashed where approximate, dotted where concealed,
queried where inferred)

Hosgri fault; slip rate ≥1 mm/yr, generally covered but, 
shown as solid where well located, dashed where 
approximate, queried where inferred

Lineament; solid where well expressed, dashed where 
moderately expressed

Measured bedding orientation

Picks of faults and fold axes interpreted from
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Diver sample, formation indicated
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Artificial fill

Marine sediments, offshore; includes unconsolidated marine sands and silts 
on the continental shelf

Sand wave deposits, offshore dune-like sand deposits typically less than 50 
cm thick mobilized by large storm surges

Alluvium; unconsolidated gravel, sand, silt, and clay

Colluvium; unconsolidated poorly-sorted gravel, sand, silt, and clay 
produced by hillslope processes

Landslide deposits; arrows show direction of inferred movement

Eolian deposits; active and inactive sand dunes

Fluvial terrace deposits; unconsolidated gravel, sand, silt, and clay 
deposited in stream valleys

Fluvial channel deposits, offshore; generally overlain by transgressive 
marine sand and silt

Marine terrace deposits; unconsolidated gravel, sand, silt, and clay 
commonly overlain by alluvial fan and colluvial deposits

Older alluvium; poorly consolidated siltstone, claystone, and conglomerate

Edna Member of the Pismo Formation; fine- to coarse-grained 
sandstone, locally bituminous

Miguelito Member of the Pismo Formation; brown claystone and 
siltstone

Monterey Formation; chert with siliceous and dolomitic siltstone, 
tuffaceous sandstone, diatomite, and opaline and procelaneus shale

Obispo Formation, undifferentiated

Obispo Formation; tuffaceous and diatomaceous sandstone 
and silty sandstone

Obispo Formation; diabase

Obispo Formation; resistant zeolitized tuff

Rincon Formation; dark brown siltstone, and silty claystone

Vaqueros Sandstone; conglomerate and sandstone, with local 
coquina horizon

Pismo Formation; undifferentiated

Squire Member of the Pismo Formation; massive white to tan, medium- 
to coarse-grained sandstone

Belleview Member of the Pismo Formation; sandy claystone, siltstone; 
claystone and fine-grained sandstone, diatomaceous horizons

Gragg Member of the Pismo Formation; fine- to medium-grained 
sandstone, rare diatomaceous siltstone, pebble conglomerate, and 
bituminous sandstone

Undifferentiated well bedded brown fine- to coarse-grained arkosic 
to lithic sandstone with shale

Franciscan Complex, undifferentiated

Franciscan Complex rocks, melange: sheared shale, mudstone 
and siltstone with knockers of graywacke, schist, conglomerate, 
metavolcanic rocks, and green, white, or red chert

Franciscan Complex, metavolcanic rocks

Franciscan Complex, ophiolite

Serpentine
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SOUTHEAST SECTION GEOLOGIC MAP
POINT SAN LUIS TO PISMO BEACH

- 2010 Project DEM image is shown. This DEM includes 1 m multi-beam
  bathymetry data (PG&E, 2010), 1 m near-shore LiDAR topography data
  (PG&E, 2010) and 5 m SLO County InSAR data (SLO County, 2008)
- Map Projection: UTM Zone 10N, NAD 1983, Map Scale: 1:12,000
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Note: See Table B-2, B-3 and B-4 for descriptions of diver and core samples

         Geologic units with two labels separated by a slash (e.g., Qc/Qoa) 
indicate depth profiles in which the former unit overlies the latter.
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 Contact; solid where well located, dashed where
approximate, dotted where concealed, queried 
where inferred

Syncline; solid where well located, dashed where 
approximate, dotted where concealed, queried 
where inferred

Anticline; solid where well located, dashed where 
approximate, dotted where concealed, queried 
where inferred

Fault; Tertiary age or older (inactive), solid where 
well located, dashed where approximate, dotted 
where concealed,  queried where inferred)

Fault; slip rate <1 mm/yr, solid where well located, 
dashed where approximate, dotted where concealed,
queried where inferred)

Hosgri fault; slip rate ≥1 mm/yr, generally covered but, 
shown as solid where well located, dashed where 
approximate, queried where inferred

Lineament; solid where well expressed, dashed where 
moderately expressed

Measured bedding orientation

Picks of faults and fold axes interpreted from
shallow seismic survey lines

Diver sample, formation indicated

Core sample, formation indicated
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Artificial fill

Marine sediments, offshore; includes unconsolidated marine sands and silts 
on the continental shelf

Sand wave deposits, offshore dune-like sand deposits typically less than 50 
cm thick mobilized by large storm surges

Alluvium; unconsolidated gravel, sand, silt, and clay

Colluvium; unconsolidated poorly-sorted gravel, sand, silt, and clay 
produced by hillslope processes

Landslide deposits; arrows show direction of inferred movement

Eolian deposits; active and inactive sand dunes

Fluvial terrace deposits; unconsolidated gravel, sand, silt, and clay 
deposited in stream valleys

Fluvial channel deposits, offshore; generally overlain by transgressive 
marine sand and silt

Marine terrace deposits; unconsolidated gravel, sand, silt, and clay 
commonly overlain by alluvial fan and colluvial deposits

Older alluvium; poorly consolidated siltstone, claystone, and conglomerate

Edna Member of the Pismo Formation; fine- to coarse-grained 
sandstone, locally bituminous

Miguelito Member of the Pismo Formation; brown claystone and 
siltstone

Monterey Formation; chert with siliceous and dolomitic siltstone, 
tuffaceous sandstone, diatomite, and opaline and procelaneus shale

Obispo Formation, undifferentiated

Obispo Formation; tuffaceous and diatomaceous sandstone 
and silty sandstone

Obispo Formation; diabase

Obispo Formation; resistant zeolitized tuff

Rincon Formation; dark brown siltstone, and silty claystone

Vaqueros Sandstone; conglomerate and sandstone, with local 
coquina horizon

Pismo Formation; undifferentiated

Squire Member of the Pismo Formation; massive white to tan, medium- 
to coarse-grained sandstone

Belleview Member of the Pismo Formation; sandy claystone, siltstone; 
claystone and fine-grained sandstone, diatomaceous horizons

Gragg Member of the Pismo Formation; fine- to medium-grained 
sandstone, rare diatomaceous siltstone, pebble conglomerate, and 
bituminous sandstone

Undifferentiated well bedded brown fine- to coarse-grained arkosic 
to lithic sandstone with shale

Franciscan Complex, undifferentiated

Franciscan Complex rocks, melange: sheared shale, mudstone 
and siltstone with knockers of graywacke, schist, conglomerate, 
metavolcanic rocks, and green, white, or red chert

Franciscan Complex, metavolcanic rocks

Franciscan Complex, ophiolite

Serpentine
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Phases 1 and 2 Report: Central California Offshore Earthquake Assessment 
 

PG&E Contract No. 2500174779 
 

Clifford Thurber 
 

March 18, 2009 
 

 I report on my analysis of the locations of events offshore California, 35.1° to 35.3° N, 

with focus on an apparent NW-SE lineation identified from the tomographic inversion and 

relocation results of Dr. Jeanne Hardebeck, USGS (the "target events"). The tasks for Phases 1 

and 2 are as follows: 

 

Phase 1 - assessment of Jeanne Hardebeck's location/tomography results 

a) Evaluate the parameters and other aspects used in the completed tomographic inversion work 

 Set up and run tomoDD inversion using original parameters 

 Assess sensitivity of results to parameter changes: relative weighting of data types, 

inversion sequence, event linkage 

b) Assess suitability of tomographic velocity model grid 

c) Evaluate potential for S minus P time moveout analysis to test reality of offshore lineations 

d) Provide report including my preliminary professional assessment of the off-shore lineation 

 

Phase 2 - assessment of offshore earthquake location uncertainties 

a) Carry out relocation analysis using two different, existing regional 3D velocity models 

b) Repeat tomographic inversions using these two different models as starting models 

c) Delete-one tests of sensitivity of locations to observing stations 

d) Evaluation of realistic location uncertainty estimates 

e) Provide report including my detailed professional assessment of the robustness of the location 

results for the off-shore events 

 

 My first step in Phase 1 was an evaluation of the parameters used in and other aspects of 

Hardebeck's tomographic inversion work using tomoDD (Zhang and Thurber, 2003). In my 

opinion, the inversion grid adopted by Hardebeck is too finely spaced, with 2 km grid intervals in 
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all three Cartesian directions throughout most of the model volume. The available data cannot 

adequately constrain such a spatially fine model. Hardebeck appears to have compensated 

adequately for the excessively fine grid by using relatively high model perturbation smoothing 

weights. I was unable to replicate her tomographic inversion due to her dense grid 

parameterization (nearly 25,000 nodes) combined with undetermined compiler differences. The 

results I obtained using a decimated version of Hardebeck's model, however, show moderately 

small location differences for the target events, but unstable locations for a number of other 

events (Figure 1a, b, and c). The location results are insensitive to the details of the tomoDD 

parameter choices, as tests on a broad range of key parameter values for the decimated model do 

not result in significant location differences for the target events. The parameters tested are the 

model perturbation smoothing weight (20, 200, 2000) and linking distance (60 to 1 for cross-

correlation data, 60 to 2 for catalog data). A smoothing weight of 2000 yields locations that are 

indistinguishable from those for 200 (the reference value, used by Hardebeck). For a smoothing 

weight of 20, some target events shift on the order of a kilometer, but most move less than 500 

m. Changes in linking distance make at most minor changes to the locations, except for a small 

number of unstable events. 

 My summary evaluation of Hardebeck's tomography work and the associated location 

results is that a more conservative (i.e. coarser) velocity model grid would have been more 

appropriate, but with the heavy smoothing applied, stable tomography results were obtained. My 

tests using a decimated version of Hardebeck's starting model show very little sensitivity to a 

broad range of parameter values. The use of different models and different data subsets results in 

substantially larger hypocenter changes for the target events, however, as discussed below. 

 To complete the phase 1 tasks, I made a preliminary evaluation of the potential for using 

an S minus P time moveout analysis to test the reality of the offshore lineation. Unfortunately, 

the number of earthquakes with a significant number of S picks is quite small. For the 

earthquakes associated with the lineation, there is only one event with 7 S picks, and there are 7 

events with 5 and 19 events with 4 S picks. A simple moveout analysis also requires events at 

comparable depths. I have not been able to identify a suitable subset or even a pair of events 

within the lineation that could be used for a meaningful moveout analysis. There is a potential 

for determining regional (average) Vp/Vs values from the use of Wadati diagrams on the 

available S picks. I determined single-event Vp/Vs values ranging between 1.72 and 1.79. 
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Figure 1a 
 
NW           SE       NW             SE 

  
 
Figure 1b         Figure 1c 
 
 Figure 1a compares the epicenters from Hardebeck's tomographic inversion (red stars) to 
epicenters derived from a tomographic inversion using a decimated version of Hardebeck's 
model as a starting model with all of the available data (blue circles). Note that there are 
numerous events with unstable locations, but the vast majority of the events move very little, 
especially those in the offshore lineation (the target events). The relatively linear character of the 
offshore events is preserved quite well compared to Hardebeck's results. In subsequent relocation 
maps, Hardebeck's locations are also used as the reference events (red stars). Figure 1b shows a 
depth section for the target events. Events within 2 km of a great circle through the target events 
(center point at 35.21°, -120.86°, azimuth 160° CCW from North) are shown. The locations in 
section view are comparable to those provided to us by Hardebeck (Figure 1c), although the 
events that fall within the 2-km-wide zone used for the projection differ slightly between the two 
plots. 
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 Next I present the results from Phase 2, evaluating the sensitivity of the offshore 

epicenters to the velocity model and data subsets used to locate them, and delete-one-station tests 

to derive estimates of relative location uncertainty. In Figures 2 through 5, I show a series of 

epicenter maps and cross-sections illustrating the relative stability (or instability) of the 

hypocenters in the region relative to the use of different velocity models and combinations of 

data. 

 Figures 2 and 3 show the effect on the locations of using two other regional 3D models as 

starting models for the tomographic inversion. For Figure 2, the initial model is extracted from 

the statewide 3D Vp model of Lin et al. (2009), with a constant Vp/Vs value of 1.78 used to 

generate the starting Vs model. More events show unstable location perturbations compared to 

the decimated Hardebeck model. The model of Thurber et al. (2006) for the greater Parkfield 

region is used as the starting model for the results in Figure 3. Significant location shifts are 

obtained that are largely systematic in character, with most events moving to the northeast by 2 

to 4 km. These results must be viewed with caution, however, because the region of interest is 

near the corner of the Thurber et al. (2006) study region, so the model gridding may not be 

adequate to represent the 3D structure faithfully. 

 The above tests largely reflect uncertainties in absolute locations for the earthquakes. An 

extreme example is Figure 3a, in which a tomographic solution is obtained that results in a very 

systematic and relatively large location shift. Although we can identify a likely cause for the 

presumably poor performance of this solution, in general it would be difficult to state with 

authority whether one set of tomographic results is superior to another. 

 Previous experience shows that including active-source data, especially for shots 

recorded at network stations, helps remove some of the nonuniqueness that is inherent in 

passive-source (earthquake) tomographic inversions, and can help lead to reasonably accurate 

relative locations (Thurber et al., 2003, 2004). There have been previous active-source 

experiments in the study region, including off-shore/on-shore work. Such data should be 

incorporated in future tomographic modeling work. If network picks can be obtained for these 

shots from archived waveforms or catalog records, or alternatively for known quarries in the 

region, such data could be quite valuable in constraining absolute locations better than the 

present earthquake-only dataset can. 
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Figure 2a 
 
NW           SE       NW             SE 

  
Figure 2b         Figure 2c 
 
 Figure 2a compares the epicenters from Hardebeck's tomographic inversion (red stars) to 
epicenters derived from a tomographic inversion using an initial model extracted from the 
statewide 3D Vp model of Lin et al. (2009) (blue circles), with a constant Vp/Vs value of 1.78 
used to generate the starting Vs model, with all of the available data. There are a surprisingly 
large number of events with unstable locations, but the majority move less than a kilometer, 
especially those in the offshore lineation (the target events). The linear character of the offshore 
events is again preserved reasonably well. Figure 2b shows a depth section for the target events 
from their Figure 2a locations. As before, events within 2 km of a great circle through the target 
events (center point at 35.21°, -120.86°, azimuth 160° CCW from North) are shown. The 
locations in section view are similar to those provided by Hardebeck (Figure 2c), although the 
events that fall within the 2-km-wide zone used for the projection differ slightly between the two 
plots. 
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Figure 3a 
 
NW           SE       NW             SE 

  
Figure 3b         Figure 3c 
 
 Figure 3a compares the epicenters from Hardebeck's tomographic inversion (red stars) to 
epicenters derived from a tomographic inversion using an initial 3D Vp model from Thurber et 
al. (2006) for the greater Parkfield region (blue circles), with a constant Vp/Vs value of 1.78 
used to generate the starting Vs model, and with all of the available data. There is a systematic 
northeastward shift of 2 to 4 km for most events. Figure 3b shows a depth section for the target 
events from their Figure 3a locations. As before, events within 2 km of a great circle through the 
target events (center point at 35.21°, -120.86°, azimuth 160° CCW from North) are shown. The 
locations in section view are quite different those provided by Hardebeck (Figure 3c), with the 
events being systematically shallower in Figure 3b. 
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 Withholding of either the cross-correlation data or the S data also leads to some location 

scatter, although much less than for the results shown in Figures 2 and 3. In Figure 4, we repeat 

the tomographic inversion using the decimated version of Hardebeck's model as a starting model, 

but remove the cross-correlation data from the inversion. Similarly, in Figure 5, we repeat the 

tomographic inversion using the decimated version of Hardebeck's model, but remove the S-

wave data from the inversion. In both cases, the locations are much more stable than I expected. 

The location shifts for the target events nearest the coast in particular are quite small, less than 

500 m in epicenter in many cases. In depth, the location differences are relatively subtle. 

 It is quite important to assess the level of relative location uncertainty in addition to 

characterizing the absolute location uncertainty. One way to approach this is to selectively and 

repeatedly remove data from the inversion and use the resulting variability in the locations to 

provide an empirical estimate of the relative location uncertainty. I used the strategy of deleting 

individual stations from the inversion, one at a time, and evaluating the standard deviations of 

the location coordinates (in the Cartesian reference frame of the cross-sections shown above). I 

sequentially deleted one of the five coastal stations ARHV, DCHV, LMHV, PBHV, and PSHV, 

chosen because of their locations and their provision of numerous S-wave picks. Thus, removal 

of these stations should have the largest possible impact on the stability of the relative locations. 

This jackknife-like estimate of relative location uncertainty yields values of 140 m in the 

direction parallel to the lineation, 190 m perpendicular to that, and 280 m in depth. This can be 

compared to the hypoDD-style (Waldhauser, 2001) location uncertainty estimates provided by 

tomoDD that are typically 3 to 10 m. 

 On the basis of the above tests, my firm conclusion is that the offshore seismic lineation 

feature discovered by Hardebeck is real. Joint tomographic inversions with different starting 

models yield locations that show systematic shifts but tend to preserve the lineation relatively 

clearly. The locations are robust to the removal of cross-correlation data or S-wave data from the 

inversion. An empirical estimate of relative location uncertainty yields values that are much 

higher than the typical optimistic values produced from the double-difference approach, but they 

are still sufficiently small to give sufficient confidence to Hardebeck's results. Further 

geophysical investigation of this feature is warranted, in my opinion. 
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Figure 4a 
 
NW           SE       NW             SE 

 
Figure 4b         Figure 4c 
 
 Figure 4a compares the epicenters from Hardebeck's tomographic inversion (red stars) to 
epicenters derived from a tomographic inversion using the same input model but excluding the 
waveform cross-correlation data (blue circles). The location shifts are generally small, especially 
for the target earthquakes. This indicates that the catalog absolute and differential times by 
themselves are adequate to yield well-constrained locations. Figure 4b shows a depth section for 
the target events from their Figure 4a locations. Again, events within 2 km of a great circle 
through the target events (center point at 35.21°, -120.86°, azimuth 160° CCW from North) are 
shown. The locations in section view are quite similar to those provided by Hardebeck. 
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Figure 5a 
 
NW           SE       NW             SE 

  
Figure 5b         Figure 5c 
 
 Figure 5a compares the epicenters from Hardebeck's tomographic inversion (red stars) to 
epicenters derived from a tomographic inversion using the same input model but excluding the 
S-wave data (blue circles). The location shifts are generally small, especially for the target 
earthquakes. This indicates that the catalog absolute and differential times by themselves are 
adequate to yield well-constrained locations. Figure 4b shows a depth section for the target 
events from their Figure 4a locations. Again, events within 2 km of a great circle through the 
target events (center point at 35.21°, -120.86°, azimuth 160° CCW from North) are shown. The 
locations in section view are extremely similar to those provided by Hardebeck. 

Shoreline Fault Zone Report, Appendix C-1, Thurber review Page C1-10 of 35



10 

Appendix 

 For completeness, I include here two early relocation plots that have been superseded by 

the results in the main body of the report. 

PGE_1 

 
PGE_2 
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Phase 3 Report: Central California Offshore Earthquake Assessment 
 

PG&E Contract No. 2500174779 
 

Clifford Thurber 
 

August 18, 2009 
 

 I report on my extended analysis of the locations of events offshore California, 35.1° to 

35.3° N, focusing on an apparent NW-SE-trending seismic lineation identified from the 

tomographic inversion and relocation results of Dr. Jeanne Hardebeck, USGS (the "target" 

earthquakes).  The tasks for Phase 3 are as follows: 

 

Task 1 - Waveform cross-correlation analysis. 

a) Redo the waveform cross-correlation analysis with the same method as Jeanne Hardebeck 

used. 

b) Redo the waveform cross-correlation analysis with a more sophisticated method. 

 

Task 2 - Replicate Jeanne Hardebeck's exact tomoDD results. 

 

Task 3 - Redo Jeanne Hardebeck's tomoDD analysis with improved cross-correlation data and 

adjusted velocity model and parameters. 

 

Task 4 - Write a fully documented report providing all the important input and output files. 

 

Task 1 - Waveform cross-correlation analysis 

a) Redo the waveform cross-correlation analysis with the same method as Jeanne Hardebeck 

used. 

 The first step in Task 1a was the reconstruction of the waveform database used by 

Hardebeck, who provided me with the raw waveforms in multiple compressed tar files.  Once the 

necessary directory structure was established, and the byte order of the waveform data was 

determined, I started to work with Hardebeck's cross-correlation code (xcor) and found that it did 

not function properly on our computer system.  Debugging required changing to a different 
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computer platform and swapping the data byte order.  Eventually, debugging succeeded and I 

was able to replicate the cross-correlation results for 3 stations chosen at random by Hardebeck 

and provided to me, up to an occasional round-off difference in the sixth decimal place (e.g. 

0.670000 instead of 0.669999).  Thus, I was able to confirm the validity of the original cross-

correlation data. 

 

b) Redo the waveform cross-correlation analysis with a more sophisticated method. 

 The first step in Task 1b was reorganization of the waveform database for compatibility 

with an independent cross-correlation code, corr_sac (Rowe et al., 2002), along with setting up 

the necessary auxiliary files.  One of corr_sac's advantages over standard cross-correlation 

computations (such as xcor) is the use of dynamic coherency-weighted spectral filtering.  The 

goal is to down-weight incoherent frequency bands while avoiding removal of useful signal, 

which occurs in standard cross-correlation analysis when a fixed frequency band is used for data 

filtering.  Uncertainties for the differential times are determined using multiple narrow-band 

estimates.  For reliably high correlation values (typically 0.9 and above), the cross-spectral phase 

method is used to determine a subsample differential time (Poupinet et al., 1984), using multi-

taper spectral estimation (Thomson, 1982).  Based on the quality of the relocation results shown 

below, I believe I succeeded in obtaining a very high quality set of cross-correlation data from 

my analysis with corr_sac.  I also obtained substantially more high-correlation differential times: 

Hardebeck obtained 17,271 differential times above her specified acceptance threshold of 0.8 for 

the PG&E stations (listed in Table 1) using xcor, whereas I was able to obtain 41,614 differential 

times above that same threshold for the same set of stations and events with corr_sac.  Spot 

checks of individual differential times values show that differences, where present, are typically 

on the order of one to a few samples. 

 

Task 2 - Replicate Jeanne Hardebeck's exact tomoDD results 

 In Phases 1 and 2 of my work, I attempted to replicate the original double-difference 

(DD) tomography results of Hardebeck using tomoDD (Zhang and Thurber, 2003).  Initial 

problems involved compilation issues, but even when those issues were overcome previously, I 

was unable to replicate the original results precisely.  This problem continued in the current 

Phase 3 work, until I determined from a detailed comparison of Hardebeck's tomoDD log files 
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versus mine that Hardebeck's inversion used a different number of stations than my mine did 

despite my use of the exact files provided to me by her.  With the station list identified as the 

likely source of the discrepancies between the results, I discovered that the station file provided 

to me post-dated the actual inversion run I was trying to match.  Using the matching station file 

(which contained an error that led to Hardebeck modifying it before sending it to me) and the 

tomoDD executable compiled on Hardebeck's computer system, I was finally able to exactly 

replicate her inversion and relocation results.  A map view and cross-section of my relocations 

that match the original are shown in Figure 1.  Specifically, my locations in Figure 1 exactly 

match those of Hardebeck's February 26, 2009, tomoDD results.  Thus, I was ultimately able to 

confirm the validity of Hardebeck's original tomoDD results. 

 

Task 3 - Redo Jeanne Hardebeck's tomoDD analysis with improved cross-correlation data 

and adjusted velocity model and parameters 

 My main concern about Hardebeck's original tomoDD results was the extremely fine 

model grid she employed in her inversions, with 2 km node spacing in all directions throughout 

most of the inversion model.  For a large study region (100 km by 100 km) with a coarse station 

spacing (generally 10 km and greater), it is my opinion that use of a very fine grid (in this case, 2 

km) is potentially pushing the limits for achieving a stable inversion result.  Hardebeck used a 

high smoothing weight in her inversions, which appears to have compensated adequately for the 

fine gridding.  In my Phase 1 and 2 work, I tested the use of two different initial models, one 

based on Subregion 3 of the statewide tomography study of Lin et al. (2009) with 10 km 

horizontal gridding, and another from the Parkfield regional model of Thurber et al. (2006) with 

variable gridding (3 to 20 km).  The results I obtained with the former initial model were more 

stable and the velocity model grid covered the present study area more uniformly, so I ultimately 

adopted a modified version of the Lin et al. (2009) model grid, with 10 km horizontal gridding 

covering a smaller region, to use for most of my Phase 3 tomoDD inversions - see Figure 2 a and 

b.  For additional comparisons, I also decimated Hardebeck's model to 4 km and 10 km 

horizontal gridding (and with coarser vertical gridding as well) and carried out a pair of 

inversions with each decimated model. 

 I carried out 24 inversions using tomoDD with varying cross-correlation datasets, 

smoothing weights, data weighting, and solution step sequences.  Key aspects of the inversions 

Shoreline Fault Zone Report, Appendix C-1, Thurber review Page C1-16 of 35



are listed in Table 2.  The locations of the "target" earthquakes vary in detail from one inversion 

to another, but significantly less so than observed in the inversions for my Phase 1 and 2 report.  

In the present work, however, the use of what I consider to be more appropriate initial models 

(two with a 10-km grid spacing that is more compatible with the station spacing, and one with a 

grid interval double that of Hardebeck's) combined with an increased cross-correlation dataset 

for the PG&E stations resulted in smaller location variations among inversions compared to my 

previous results. 

 My preferred results are shown in Figure 3, and the control parameters for that inversion 

are provided in the Appendix.  My preference for this result is based on (1) my opinion that my 

cross-correlation dataset is of higher quality than that of Hardebeck's and (2) the slightly better 

data fit for the results shown in Figure 3 compared to that for the results shown in Figures 4 

through 7 (the residuals are a few percent smaller on average).  The relocations from several 

other runs with different data and/or initial models are shown in Figures 4 through 7.  For Figure 

3, absolute and catalog differential P and S waves were used, and the only cross-correlation data 

included were from my reanalysis of the PG&E station data.  For comparison, the location 

results from a P-wave-only inversion are shown in Figure 4.  The differences are subtle.  The 

relocations in Figure 5 were obtained by adding Hardebeck's NCSN and SCSN cross-correlation 

data, with P and S absolute and catalog differential times included.  The differences from Figures 

3 and 4 are quite minor.  For the relocations in Figures 6 and 7, decimated versions of 

Hardebeck's initial model with 4 and 10 km gridding were used, and the inversions were 

otherwise identical to the one producing the results in Figure 4.  In the case of Figure 6, the 

target lineation lies slightly closer to the coastline than the others.  Overall, the results are 

remarkably stable to a variety of significant changes to the inversion. 

 Comparing my results to those from my replication of Hardebeck's inversion (Figure 1), 

the "target" earthquake lineation appears to be slightly more sharply defined in Figures 3 through 

7 compared to the replicated Hardebeck results, except for the seismic activity off the tip of San 

Luis Point.  Similarly, the seismicity associated with the Hosgri Fault farther offshore also 

appears somewhat better aligned in the new results compared to Hardebeck's.  In depth, the 

"target" earthquakes in my inversion results appear slightly more clustered into limited depth 

ranges (2-3 km, 5-7 km, 10-12 km) than in Hardebeck's results, something that is a characteristic 

of numerous California strike-slip faults (Rubin et al., 1998; Waldhauser et al., 1999; Schaff et 
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a., 2002; Waldhauser et al., 2004).  There is a general theme in these papers that the repeating 

events indicate relatively steady state loading due to creep surrounding these stuck patches.  

Nadeau and coworkers have papers that estimate creep rate from the moments and frequency of 

repeaters, for example Schmidt et al. (2005).  I attribute the increased sharpening and clustering 

to the quality of the new cross-correlation data.  As discussed below, it is not possible to state 

with certainty whether the original locations in Figure 1 or the new locations in Figure 3 are 

superior to the other. 

 In my previous report, I discussed delete-one-station estimates of location uncertainty, 

which provides robust estimates of relative locations, not absolute locations, because the same 

velocity model is used for all realizations.  Those estimates were on the order of 150-300 meters.  

The theory for estimating absolute location uncertainties where the uncertainty in the velocity 

model is considered explicitly (Pavlis, 1986) is complex, and such an analysis is beyond the 

scope of this project.  A rough estimate of absolute uncertainty can be obtained by considering 

the variations in absolute locations resulting from the use of different starting velocity models 

and different control parameter settings.  Figures 8 a and b show examples of location 

differences between Hardebeck's results and two of my solutions (Run 11s, from Figure 3, and 

Run 21s, from Figure 7).  Shifts of up to about 500 meters are observed for the target 

earthquakes, with larger shifts for the events along the Hosgri Fault system farther offshore.  I 

consider 500 meters to be a reasonable estimate of the absolute location uncertainty for the target 

earthquake lineation.  The fact that the locations hardly change whether or not S waves are 

included in an inversion (c.f. Figures 3 and 4) supports this relatively small absolute location 

uncertainty estimate. 

 

Task 4 - Write a fully documented report providing all the important input and output files 

 This report contains the description of the key results that have emerged from my work.  

In addition, I am providing a compressed tar file of the input parameter files and the final 

hypocenter location files for the inversion results shown in the figures, as well as the cross-

correlation results I obtained for the PG&E stations.  Upon request, I can provide any other files 

that are deemed useful. 
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Conclusions and Recommendations 

 On the basis of my research in this third phase of work, my previous conclusion is 

confirmed:  that the coastal seismic lineation feature discovered by Hardebeck is real.  Joint 

tomographic inversions with different datasets and control parameters yield locations that show 

systematic shifts but tend to preserve the lineation quite clearly, and in some cases sharpen its 

appearance.  A similar sharpening of the seismicity trend associated with the Hosgri Fault 

situated even farther from the coast, adds confidence to the reality of the coastal lineation.  

Further geophysical investigation of this feature is clearly warranted. 

 There are a number of reasons why seismic tomography by itself cannot provide 

definitive results on absolute locations of earthquakes.  An obvious reason is data noise, which 

generally will be worse for S waves.  Data noise can lead to both relative and absolute location 

errors - random pick errors produce location scatter and systematic pick errors cause systematic 

location shifts.  It is also not possible to represent the Earth's structure exactly.  The seismic 

velocity structure of the Earth varies over a wide range of scales, and seismic tomography can 

only capture part of that range.  First-arrival tomography cannot be used to detect and model 

sharp discontinuities, and it inevitably produces a blurred model.  A more subtle problem is that 

because the seismic velocity model is not perfectly known, first-arrival ray paths will be 

incorrect in general and sometimes can be seriously in error (e.g., an up-going wave instead of a 

down-going wave).  Finally, the lack of strong constraint on shallow structure due to the absence 

of very shallow earthquake sources and the sparse distribution of stations makes the well-known 

depth-origin time trade-off a serious problem for obtaining absolute depths, especially when the 

earthquakes lie outside the network. 

 My previous experience with local earthquake tomography shows that including active-

source data, especially for shots recorded at network stations, helps remove some of the non-

uniqueness that is inherent in passive-source (earthquake) tomographic inversions, and can help 

lead to reasonably accurate absolute locations (Thurber et al., 2003, 2004).  There have been 

previous active-source experiments in this study region, including offshore/onshore work.  The 

active-source data available through the California earthquake data centers and USGS colleagues 

was incorporated in my tomographic modeling work (Figure 2a), which included picks from the 

PG&E (Lines 1 and 3) and Morro Bay refraction lines, but the data I was provided did not 

include PG&E network picks for these refraction lines.  If network picks can be made available 
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for these shots from archived waveforms or catalog records, they could be quite valuable in 

constraining absolute locations better than the present dataset can.  Alternatively, if it is possible 

to identify events that can be unambiguously associated with known quarries in the region, as 

was done by Lin et al. (2007) for southern California, that could provide constraints that are 

nearly as strong as active-source data.  In additional, there may be other active-source data not 

available through the California earthquake data centers that could be instrumental in improving 

absolute location constraints, or perhaps a new offshore-onshore dataset could be acquired. 

 I also strongly recommend an effort to determine whether the location of the lineation 

derived from my work or Hardebeck's work can be associated with features suggestive of 

faulting in other sources of data, although the likelihood that this feature represents strike-slip 

faulting with possibly limited total offset may make such work difficult.  Marine seismic 

reflection data from offshore of Buchon Point might reveal features that could constrain the 

absolute location of the causative fault.  Onshore high-resolution seismic profiling, trenching, or 

other paleoseismic work might reveal if the fault comes onshore, and if so where.  High-

resolution potential field data may provide key clues to the absolute position of the fault.  There 

also may be results already published in the gray literature that could yield critical information. 
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Table 1.  List of PG&E stations for which xcor cross-correlation processing was done by 

Hardebeck and corr_sac cross-correlation processing was done by Thurber. 

 

 STATION NAME LATITUDE  LONGITUDE 

  AR  35.4632  -120.9783 
  BL  35.5338  -120.9067 
  BP  35.7537  -121.1432 
  CS  35.6005  -121.0940 
  DC  35.2122  -120.8408 
  DC2  35.2138  -120.8503 
  DP  35.2330  -120.7817 
  EC  35.3333  -120.7182 
  LM  35.3803  -120.8247 
  LQ  35.6688  -120.9907 
  LS  35.2973  -120.8430 
  ML  35.3225  -120.6025 
  NP  35.0863  -120.4725 
  OC  34.8500  -120.4772 
  OF  35.0160  -120.6055 
  PB  35.7090  -121.2715 
  PS  34.9022  -120.6217 
  RP  35.7772  -121.3058 
  SH  35.1682  -120.7613 
  WR  35.4588  -120.8817 
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Table 2.  Information on selected key inversion control parameters and input data for the 

tomoDD inversions carried out in this project.  Modified L is model modified from the Lin et al. 

Subregion 3 model; Dec. H is decimated version of Hardebeck's model at 4 or 10 km grid 

spacing.  Cross-correlation datasets are as follows: H, Hardebeck's original xcor; T0.7, Thurber's 

corr_sac with 0.7 threshold; T0.8, Thurber's corr_sac with 0.8 threshold, P+S; T0.8P, Thurber's 

corr_sac with 0.8 threshold, P only.  Inversion sequences included 3, 4, or 5 steps: 3 = 

hypocenter only, joint inversion, and hypocenter only; 4 = joint, hypocenter, joint, hypocenter; 5 

= hypocenter, joint, hypocenter, joint, hypocenter.  Data weighting combinations:  h = high, e = 

equal; A = absolute, CT=catalog, CC=cross-correlation (for example, hA means high weight on 

absolute data, eACT means equal weight on absolute and catalog data, etc.). 

 

Run Initial V P or P+S? CC data Smooth Wt Inversion sequence 

0 Modified L P+S  H  20  3hA, 3eACTCC 
1 Modified L P+S  H  20  3eACT, 3hCT, 3hCC 
2 Modified L P+S  H+T0.7 20  3hA, 3hCT, 3hCC 
3 Modified L P+S  H+T0.7 200  3hA, 3eACT, 3hCC 
4a Modified L P+S  H+T0.7 100  4eACT, 4hCC 
4b Modified L  P+S  H+T0.8 100  4eACT, 4hCC 
5a Modified L P+S  H  20  4eACT, 4hCC 
5b Modified L P+S  T0.8P  20  4eACT, 4hCC 
6 Modified L P+S  H+T07  200  5eACT, 5hCC 
7a Modified L P+S  T0.8  200  5eACT, 5hCC 
7b Modified L P+S  T0.8P  200  5eACT, 5hCC 
8a Modified L P+S  H+T0.7 200  5hA, 3eACT, 5hCC 
8b Modified L P+S  T0.8P  200  5hA, 3eACT, 5hCC 
9 Modified L P+S  H  200  5hA, 3eACT, 5hCC 
10a Modified L P+S  T0.8  100  5hA, 3eACT, 5eCTCC 
10b Modified L P+S  T0.8P  100  5hA, 3eACT, 5eCTCC 
11p Modified L P  T0.8P  100  5eACT, 3hCT, 5hCC 
11s Modified L P+S  T0.8P  100  5eACT, 3hCT, 5hCC 
12p Modified L P  H+T0.8P 100  5eACT, 3hCT, 5hCC 
12s Modified L P+S  H+T0.8P 100  5eACT, 3hCT, 5hCC 
20p Dec. H 4 P  T0.8P  100  5eACT, 3hCT, 5hCC 
20s Dec. H 4 P+S  T0.8P  100  5eACT, 3hCT, 5hCC 
21p Dec. H 10 P  T0.8P  100  5eACT, 3hCT, 5hCC 
21s Dec. H 10 P+S  T0.8P  100  5eACT, 3hCT, 5hCC 
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Figure 1. (a) Map view and (b) cross-section (center point at 35.21°, -120.86°, azimuth 129° CW 
from North, half-width 1 km) of replicated locations from Hardebeck's tomographic inversion.  
The box in (a) indicates the earthquakes plotted in (b). 
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Figure 2a.  Map showing the distribution of all the earthquakes (colored circles), explosions (red 
stars), seismic stations (black triangles) and model grid nodes (colored diamonds) included for 
the DD tomography inversions for Subregion 3 of Lin et al. (2009), from which the initial 
velocity model used here was extracted. 
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Figure 2b.  Map showing the distribution of seismic stations (red triangles) and model grid 
nodes (black dots) for my tomoDD inversions, modified from the work of Lin et al. (2009).  The 
grid has a uniform spacing of 10 km in the horizontal directions, and has nodes at -1, 1, 4, 8, 14, 
20, 27, 35, and 45 km depth. 
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Figure 3.  (a) Map view and (b) cross-section (center point at 35.21°, -120.86°, azimuth 129° 
CW from North, half-width 1 km) of locations from a tomoDD inversion using P and S waves, 
the modified initial model from Lin et al. (2009), and cross-correlation data from my reanalysis 
of PG&E data.  The box in (a) indicates the earthquakes plotted in (b).  Run 11s in Table 2. 
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Figure 4.  (a) Map view and (b) cross-section (center point at 35.21°, -120.86°, azimuth 129° 
CW from North, half-width 1 km) of locations from a tomoDD inversion using the modified 
initial model from Lin et al. (2009), cross-correlation data from my reanalysis of PG&E data, and 
P waves only.  The box in (a) indicates the earthquakes plotted in (b).  Run 11p in Table 2. 
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Figure 5.  (a) Map view and (b) cross-section (center point at 35.21°, -120.86°, azimuth 129° 
CW from North, half-width 1 km) of locations from a tomoDD inversion using P and S waves, 
the modified initial model from Lin et al. (2009), and cross-correlation data from my reanalysis 
of PG&E data plus Hardebeck's cross-correlation data for NCSN and SCSN stations.  The box in 
(a) indicates the earthquakes plotted in (b).  Run 12s in Table 2. 
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Figure 6.  (a) Map view and (b) cross-section (center point at 35.21°, -120.86°, azimuth 129° 
CW from North, half-width 1 km) of locations from a tomoDD inversion using P and S waves, 
the 4-km grid decimated Hardebeck model, and cross-correlation data from my reanalysis of 
PG&E data.  The box in (a) indicates the earthquakes plotted in (b).  Run 20s in Table 2. 
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Figure 7. (a) Map view and (b) cross-section  (center point at 35.21°, -120.86°, azimuth 129° 
CW from North, half-width 1 km) of locations from a tomoDD inversion using P and S waves, 
the 10-km grid decimated Hardebeck model, and cross-correlation data from my reanalysis of 
PG&E data.  The box in (a) indicates the earthquakes plotted in (b).  Run 21s in Table 2. 
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Figure 8. (a) Comparison of the epicenters from Hardebeck's tomographic inversion (red stars) 
to the epicenters shown in Figure 3 (blue circles; Run 11s in Table 2).  The location shifts are 
relatively small for the target earthquakes, generally a few hundred meters seaward.  The 
location shifts for events along the Hosgri Fault system are substantially larger, ending up on the 
order of a kilometer farther away from the coast. 
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Figure 8. (b) Comparison of the epicenters from Hardebeck's tomographic inversion (red stars) 
to the epicenters shown in Figure 7 (blue circles; Run 21s in Table 2).  The location shifts are 
slightly larger for the target earthquakes, with some moving up to about a half kilometer 
seaward.  The location shifts for events along the Hosgri Fault system are not as large as in 
Figure 8a, ending up on the order of half a kilometer farther away from the coast. 
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Appendix 

 List of parameter settings used for the tomoDD inversion shown in Figure 3. 
 
*--- data type selection:  
* IDAT:  0 = synthetics; 1= cross corr; 2= catalog; 3= cross & cat  
* IPHA: 1= P; 2= S; 3= P&S 
* DIST:max dist [km] between cluster centroid and station  
* IDAT   IPHA   DIST 
    3     3     200 
* 
*--- event clustering: 
* OBSCC:    min # of obs/pair for crosstime data (0= no clustering) 
* OBSCT:    min # of obs/pair for network data (0= no clustering) 
* OBSCC  OBSCT  CC_format  
    0      0       2 
* 
*--- solution control: 
* ISTART:   1 = from single source; 2 = from network sources 
* ISOLV: 1 = SVD, 2=lsqr 
* NSET:       number of sets of iteration with specifications following 
*  ISTART  ISOLV  NSET weight1 weight weight3 air_depth 
    2        2     13    100    100    100       -1.7 
* i3D delt1 ndip iskip scale1 scale2 iuses 
   2    0    9     1     0.5   1.00    2 
* xfac   tlim     nitpb(1) nitpb(2) stepl  
   1.3   0.0005    50       50       0.5 
* lat_Orig lon_Orig Z_Orig iorig rota  
   36.5000  -120.0000   0     1  -36.0 
* 
*--- data weighting and re-weighting:  
* NITER:   last iteration to used the following weights 
* WTCCP, WTCCS:  weight cross P, S  
* WTCTP, WTCTS:  weight catalog P, S  
* WRCC, WRCT:  residual threshold in sec for cross, catalog data  
* WDCC, WDCT:    max dist [km] between cross, catalog linked pairs 
* DAMP:      damping (for lsqr only)  
*       ---  CROSS DATA ----- ----CATALOG DATA ---- 
* NITER WTCCP WTCCS WRCC WDCC WTCTP WTCTS WRCT WDCT WTCD DAMP JOINT THRES 
  2      0.01  0.01 -9  -9   1.0   0.5    -9   -9    1   200   0      2 
  2      0.01  0.01 -9  -9   1.0   0.5    -9   -9    1   200   1      2 
  2      0.01  0.01 -9  -9   1.0   0.5    -9   -9    1   200   0      2 
  2      0.01  0.01 -9  -9   1.0   0.5    -9   10    1   200   1      2 
  2      0.01  0.01 -9  -9   1.0   0.5    -9   10    1   200   0      2 
  2      0.1   0.05 -9  -9   1.0   0.5    -9   10   .1   200   0      2 
  2      0.1   0.05 -9  -9   1.0   0.5    -9   10   .1   200   1      2 
  2      0.1   0.05 -9  -9   1.0   0.5    -9   10   .1   200   0      2 
  2       1    0.5   8  -9   1.0   0.50    6   10   .01  200   0      2 
  2       1    0.5   8  -9   1.0   0.50    6   10   .01  200   1      2 
  2       1    0.5   8   5   1.0   0.50    6   10   .01  200   0      2 
  2       1    0.5   8   5   1.0   0.50    6   10   .01  200   1      2 
  2       1    0.5   8   5   1.0   0.50    6   10   .01  200   0      2 
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Summary 

A series of double-difference relocations is carried out using the hypoDD algorithm of 
Waldhauser and Ellsworth (2000), together with different velocity models and hypoDD 
parameters, to evaluate the robustness of earthquake locations along the Shoreline Fault 
Zone (SFZ). The SFZ is a linear seismicity feature off-shore and southeast of Point 
Buchon, Central California, between latitudes 35.1°N and 35.3° N. Existing seismic 
arrival time picks and cross-correlation delay times, as well as new synthetic data, were 
used to relocate the events and estimate their location uncertainty and robustness. This 
study finds that the resolution in relative hypocenter locations, given the available data 
and network configuration, is on average better than 0.2 km in horizontal and 0.7 km in 
vertical directions. This study confirms the spatial distribution of the seismic activity 
along the Shoreline Fault Zone as imaged by J. Hardebeck, USGS. 

1. Objectives 
The focus of this study is to test the robustness of earthquake locations estimated by 

Jeanne Hardebeck (USGS) with the tomoDD program (Zhang and Thurber, 2003) within 
the linear seismicity feature offshore and southeast of Point Buchon, Central California, 
between latitudes 35.1°N and 35.3° N (Figure 1), referred to in the following as the 
Shoreline Fault Zone (SFZ). This is done by re-analyzing existing pick and cross-
correlation based differential times (Jeanne Hardebeck, pers. Comm.), as well as 
synthetic travel times. The goal is to estimate hypocenter locations and associated 
location uncertainties using the double-difference algorithm hypoDD (Waldhauser and 
Ellsworth, 2000; Waldhauser, 2001) together with 1D and 3D seismic velocity models. 
The various location estimates that result from this study are then compared with the 
locations obtained by J. Hardebeck. 
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Figure 1 Study area in Central California. Epicenters color-coded by depth. Coastline and 
mapped surface traces of faults are shown. Polygon includes events analyzed in this 
study. Elongated ellipse includes events along the Shoreline Fault Zone (SFZ). DCPP: 
Diablo Canyon Power Plan. Figure courtesy of J. Hardebeck, USGS. 

 

2. Double-Difference Relocation Analysis 
The hypoDD algorithm minimizes, in a weighted least squares sense, residuals 

between observed and predicted travel time differences for pairs of earthquakes to solve 
for adjustments in the vectors connecting the hypocenters through the partial derivatives 
of the travel times for each event with respect to the unknown. The method is described 
in detail in Waldhauser and Ellsworth (2000) and Waldhauser (2001). We apply the 1-D 
model of McLaren and Savage (2001) and the 3-D tomoDD model provided by Jeanne 
Hardebeck to the original data set of 1418 earthquakes included in the polygon shown in 
Figure 1, and two smaller subsets of the data that focus on the Shoreline Fault Zone. A 
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version of the hypoDD program that uses 3-D velocity models has previously been used 
in Rietbrock and Waldhauser (2004), and has also been applied in Thurber et al. (2005), 
and Waldhauser and Schaff (2008).  

In all hypoDD runs for which results are shown in the following, we require each 
event pair to have at least four delay time links. Only stations within 150 km distance 
from each event pair are used. The SimulPS locations of Jeanne Hardebeck are used as 
starting locations in all cases. The system of double-difference equations is solved using 
the conjugate gradient solver LSQR (Paige and Saunders, 1982). In the following figures 
the various hypoDD location results are always compared to the final tomoDD 
hypocenter locations provided by Jeanne Hardebeck (in the following also referred to as 
JH locations). 

2.1 Delay time data 
The analysis includes 1418 earthquakes in the central coastal California region within 

the polygon provided by Jeanne Hardebeck (USGS), located approximately between 
latitudes 34.8°N and 35.5°N. In addition to the nearly 21,000 cross-correlation 
differential times measured by Jeanne Hardebeck, over one million delay times are 
formed from the phase pick data using the program ph2dt (Waldhauser, 2001). 
Parameters used to run ph2dt are listed in Table 1. 

The accuracy and consistency of the phase arrival time picks and the cross-correlation 
delay times provided by Jeanne Hardebeck is evaluated by comparing the two data sets 
for all pair of events for which both data types are available. The distributions of 
differences in P-wave delay times are shown in Figure 2a for pairs of events with 
correlation coefficients Cf ≥ 0.7 (2588 pairs) and Cf ≥ 0.9 (471 pairs). The distributions 
have standard deviations of 0.150 s for delay times with Cf ≥ 0.7 and 0.117 s for those 
with Cf ≥ 0.9. They exhibit long but thin tails. The median absolute value is 0.015 s for 
both Cf thresholds, indicating both the consistency of the phase picks as well as the 
precision of the correlation data down to the cutoff threshold of Cf = 0.7. The distribution 
characteristics are similar for the 22 correlated pairs of earthquakes along the SFZ for 
which both pick and cross-correlation delay times were available (Figure 2b). The 
relatively small number of correlation measurements is likely due to the sparseness of the 
seismicity along the SFZ (i.e., the low number of event pairs with short inter-event 
distances), and faulting complexities that cause seismograms at common stations to be 
dissimilar even for nearby events. 

 
 

Table 1 Parameters used to generate network of delay time links from phase pick data 
(program ph2dt, see Waldhauser 2001 for parameter description): 
MINWGHT MAXDIST MAXSEP MAXNGH MINLNK MINOBS MAXOBS 

0.0 150 5 100 6 1 60 
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Figure 2 Histograms of differences between P-wave cross-correlation delay-times 
obtained by Jeanne Hardebeck and corresponding delay-times formed from the phase 
picks. a) Distribution shown for 2588 pairs of earthquakes within the polygon in Figure 1 
with cross-correlation coefficients Cf ≥ 0.7 and 471 pairs with Cf ≥ 0.9. Standard 
deviations are 0.150 s for Cf ≥ 0.7 and 0.117s for Cf ≥ 0.9. Median absolute values are 
0.015 s for both Cf thresholds. b) Distribution shown for 22 pairs of earthquakes along 
the Shoreline Fault Zone with Cf ≥ 0.7 and 4 pairs with Cf ≥ 0.9. Standard deviations are 
0.070 s for Cf ≥ 0.7 and 0.022 s for Cf ≥ 0.9. Median absolute values are 0.033 s (Cf ≥ 
0.7) and 0.014 (Cf ≥ 0.9). 

2.2 Relocation with 1D model (DD-1D) 
The combined pick and correlation data have been inverted using the layered 1-D 

model of McLaren and Savage (2001) (MS2001, blue line in Figure 3). The velocity 
depth function of the MS2001 model has been re-sampled for its use with hypoDD to 
avoid strong velocity contrasts (red line in Figure 3). S-wave velocities are obtained by 
scaling the P-velocity model by a factor of 1.73. For comparison, we also show the model 
used for relocating the NCSN earthquake catalog in the Central Coast region 
(Waldhauser and Schaff, 2008) (green line in Figure 3). The model is based on the 1-D 
model used by the NCSN for routine earthquake location (their model CST) 
(Oppenheimer et al., 1993). Notable differences between the two models are the slower 
velocities at shallow depths in the NCSN model.  

The double-difference results for 1380 events, included in the polygon (DD1Da) are 
shown in map view and cross sections in Figure 4, and compared to the JH tomoDD 
locations (gray circles). The map view is centered at 35° 12.9769’ N and 120° 52.3128’ 
E. The root mean square (RMS) of the weighted pick delay time residuals of the relocated 
events is 0.071 s (down from 0.18 s before relocation), and that of the correlation time 
residuals is 0.005 s. The hypoDD parameters that were used to control the iterations and 
data weighting are listed in Table 2. 

Because in the DD approach all events are connected through a network of weighted 
differential-time links, each event may influence the locations of its neighboring events. 
Bias can be introduced when the distribution and quality of the differential times is 
heterogeneous across the network, as is the case here. While the onshore events are 
generally well recorded by nearby well-distributed stations, most offshore events have 
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large azimuthal station gaps. Furthermore, events along the SFZ, for example, connect to 
onshore events over comparably large distances. In order to evaluate the effect of the 
(well-constrained) on-shore seismicity on the location of the off-shore locations, two 
additional DD inversions using the 1-D model have been carried out: the first one uses a 
smaller (zoomed) box including 349 events and centered on the SFZ (DD1Dz) (Figure 5) 
and one using only the 65 events along the SFZ (DD1Df) (Figure 6). The RMS values for 
the former DD relocations are 0.064 s for pick and 0.003 s for correlation data, and for 
the latter locations these values are 0.048 s and 0.003 s respectively. Except for the 
damping value, the weighting parameters for these additional runs were kept the same as 
listed in Table 2. 

 
 

Table 2 hypoDD iteration and weighting parameters used in this study (see Waldhauser, 
2001 for parameter description): 

NITER WTCCP WTCCS WRCC WDCC WTCTP WTCTS WRCT WDCT 
6 0.01 0.01 -999 -999 1.0 0.5 14 5 
6 0.01 0.01 20 -999 1.0 0.5 7 5 
6 0.01 0.01 20 -999 1.0 0.5 7 4 
6 1.0 0.5 20 5 0.01 0.005 7 4 
6 1.0 0.5 10 3 0.001 0.0005 7 4 

  
 
 

 
Figure 3 Velocity-depth functions for the study region: M&S2001: McLaren and Savage 
(2001); M&S DD: re-sampled McLaren and Savage (2001) model; USGS CST: model 
used by the NCSN for routine location purposes for the Central Coast (CST) region 
(Oppenheimer et al., 1993). 
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Figure 4 Map view (top panels) and cross-sections (bottom panels) of double-difference 
solutions (DD1Da) for 1380 earthquakes (out of 1418 selected) within the polygon (see 
Figure 1) computed using the 1D model shown in Figure 3 (red) and the combined data 
set of  938,000 P- and 112,000 S-wave picks and 8,440 P- and 4,757 S-correlation delay 
times. In the top left panel, blue squares denote stations that have pick data only and 
orange squares those that have additional cross-correlation data. Red dots are epicenter 
locations, gray lines fault traces, and black line coastal line. In the top right panel, color 
scale indicates hypocenter depths (in km). Box outlines events shown in cross-sections. 
Gray circles are the tomoDD locations by J. Hardebeck, with gray lines connecting to the 
DD locations. Note: In the top right panel, additional events outside the shown area are 
also included in the relocation. The top left panel shows all events relocated (in red). The 
map view (top right) is centered on the SFZ at 35° 12.9769’ N and 120° 52.3128’ E.   
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Figure 5 Same as Figure 4, but showing double-difference solutions (DD1Dz) computed 
for 349 earthquakes (out of 363 selected) in a smaller area centered on the Shoreline 
Fault Zone, using the 1D model and a combined data set of 203’000 P- and 24’000 S-
wave picks and 847 P- and 653 S-wave correlation delay times. 
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Figure 6 Same as Figure 4, but showing double-difference solutions (DD1Df) computed 
for 65 earthquakes along the Shoreline Fault Zone, using the 1D model and a combined 
data set of 14’800 P- and 2’000 S-wave picks and 137 P- and 115 S-wave correlation 
delay times. 
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2.3 Relocation with 3D model (DD-3D) 
In a second step, the combined pick and correlation data have been relocated using 

hypoDD and the 3D P- and S-wave tomography model provided by Jeanne Hardebeck. 
The double-difference results for 1375 events (out of 1418 total) (DD3Da) within the 
region outlined by the polygon in Figure 1 are shown in map view and cross sections in 
Figure 7, together with the JH locations (gray circles). The RMS of the final pick delay 
time residuals for the relocated events is 0.074 s (down from 0.18 s in the initial data), 
and that of the correlation time residuals is 0.005 s. These values are similar to the 
DD1Da results. The weighting parameters are the same as used in the DD1D inversions 
(see Table 2). 

Similar to the 1D cases, two additional 3D DD inversions were performed to evaluate 
the dependency of the offshore event locations on the onshore seismicity during the DD 
relocation procedure. Relocation results from events in the zoomed area (DD3Dz) and 
events along the SFZ (DD3Df) are shown in Figure 8 and Figure 9. RMS values for the 
DD3Dz relocations are 0.067 s for pick and 0.004 s for correlation data. For the DD3Df 
relocations these values are 0.059 s and 0.004 s.  
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Figure 7 Same as Figure 4, but showing double-difference solutions (DD3Da) for 1375 
earthquakes (out of 1418 selected) using the 3D model from Jeanne Hardebeck. The top 
right panel shows a subset of the events that went into the DD inversion. 
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Figure 8 Same as Figure 5, but showing double-difference solutions (DD3Dz) computed 
for 351 earthquakes (out of 363 selected) using the 3D model from Jeanne Hardebeck. 
All events used in this inversion are shown in the map view.  
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Figure 9 Same as Figure 6, but showing double-difference solutions (DD3Df) computed 
for 65 earthquakes using the 3D model from Jeanne Hardebeck. 
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2.4 Estimates of relative location uncertainty 
Relative location errors are estimated for each of the 1375 3-D relocated events by 

bootstrapping, with replacement, the final un-weighted double-difference residual vector 
(Waldhauser and Ellsworth, 2000). Error ellipsoids are obtained at the 90% confidence 
level for 200 bootstrap samples. The distributions of the major and minor axes of the 
horizontal and vertical projections of these ellipsoids are shown in Figure 10. Note i) the 
strongly elongated lateral ellipses due to the one-side station distribution, and ii) the long 
tails of the error distributions associated with weakly linked events.  

Figure 11 shows locations and error ellipses for the 65 events along the Shoreline 
Fault Zone computed with the 3D model (DD3Df, see Figure 9). The large lateral errors 
for two events indicate little control of their location through the delay times that remain 
after 30 iterations (see Table 2). However, control of these locations may have been 
better during the first iterations. Formal least squares errors derived from the full 
covariance matrix for selected number of events show error estimates that are similar to 
the bootstrap results.  

The bootstrap error analysis is also carried out for the DD3Dz case, which includes 
events surrounding the SFZ (Figure 12). We observe large elongated ellipses for some 
(mostly onshore) events that indicate loss of control due to weak links to neighboring 
events. The error ellipses of the events along the SFZ, now derived by including the 
onshore events, are comparable to the ellipses derived from inverting the SFZ events 
alone (Figure 11). However, they are overall slightly smaller because of the additional 
data linking the events along the SFZ to events away from the fault. Events in the center 
of a cluster are typically best constrained, events at the edge of a cluster worst.  

 

 
Figure 10 Histograms of lateral and vertical relative location errors of 3D double-
difference solutions for 1375 events using the combined pick and correlation data (see 
Figure 7 for event locations). Errors are computed from the mayor axes of the horizontal 
and vertical projection of the 90% confidence ellipsoids obtained from a bootstrap 
analysis of the final double-difference vector based on 200 samples with replacement. 
Percentage values are computed within bins of 0.1 km. 
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Figure 11 Relative location errors for the 65 earthquakes along the Shoreline Fault Zone 
using the 3D model (DD3Df, see also Figure 9). Relative horizontal and vertical error 
ellipses are shown at the 90% confidence level. Ellipses are computed from the mayor 
axes of the horizontal and vertical projection of the 90% confidence ellipsoids obtained 
from a bootstrap analysis of the final double-difference vector based on 200 samples with 
replacement. Gray lines connect to corresponding JH locations.  
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Figure 12 Same as Figure 11, but showing the double-difference locations with their 
relative horizontal and vertical bootstrap error ellipses at the 90% confidence level for the 
3D DD solutions shown in Figure 8.  
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3. Synthetic tests 
Tests with synthetic travel times are carried out to evaluate the resolution capabilities 

of the available seismic stations. Travel times are computed from 140 sources through the 
3D model to 33 stations that recorded the real earthquakes within 100 km. The sources 
are evenly distributed (spacing = 2 km) on a vertical plane between 1 and 13 km depth 
(gray circles in Figure 13), mimicking the fault defined by the earthquakes along the 
Shoreline Fault Zone. 

The sources are then randomly mislocated between -4 and 4 km in all three directions 
(color coded in the top right panel and blue circles in the bottom panels of Figure 13) 
(Table 3), and Gaussian noise with a standard deviation of 0.1 s is added to the perfect 
travel times. These values are conservative estimates of the uncertainties in location and 
pick accuracy of the initial (SimulPS) solutions. From these synthetic travel times we 
form delay times between nearby events and relocate the events using hypoDD with 
parameters similar to the ones chosen for relocating the real data. The relocation results 
for these synthetic data are shown in Figure 14. Average mislocations in each of the three 
directions are less than 200 m, and the maxium mislocation is less than 500 m (Table 3).  

The mislocations are somewhat smaller when Gaussian noise with a standard 
deviation of 0.01 s, similar to the precision of the cross-correlation data, is added to the 
perfect data before relocation (Table 3). Note, however, that events along the SFZ are 
predominately constrained by delay times from phase picks (see Figure 2b). 
 
 
 
 
 
 

Table 3 Horizontal (DX, DY) and vertical (DZ) deviations of shifted starting and 
relocated synthetic sources from true locations, with Gaussian noise (standard deviation = 
0.1 s and 0.01 s) added to the perfect data before relocation (in km): 

 DX DY DZ 
 Mean Max Mean Max Mean Max 

Initial 
(shifted) 

1.9 4.0 1.9 3.9 2.0 4.0 

Relocated 
noise=0.1 s 

0.11 0.32 0.19 0.42 0.13 0.42 

Relocated 
noise=0.01s 

0.09 0.18 0.18 0.32 0.15 0.32 
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Figure 13 Test with synthetic data. Map view (top panels) and cross sections (lower 
panels) of synthetic sources (gray circles) for which perfect travel times are calculated 
through the 3D model to the stations within 100 km (blue squares in the top left panel). 
Depth (in km) color-coded (top right panel) and blue (bottom panel) circles show starting 
locations used in the DD inversion. Starting locations are obtained by randomly shifting 
the true locations within 4 km in each direction.  
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Figure 14 Same as Figure 13, but with the blue circles now representing the DD relocated 
sources obtained from the starting locations shown in Figure 13. Gray circles are true 
locations. Gaussian noise with a standard deviation of 0.1 s was added to the perfect data 
before relocation. 
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4. Conclusions 
A comparison between the six different sets of earthquake locations (1D vs. 3D, for 

each of the large, local, and fault scale event sets) is given in Figure 15 and Figure 16. 
Figure 15 shows epicenter locations from all six data sets superimposed and color coded 
for comparison. Figure 16 shows, for each event along the SFZ, the deviation in 
hypocenter locations in horizontal and vertical direction from the mean of all six 
solutions. Two main trends can be identified. Absolute epicenter locations shift west with 
increasing area of relocation, and events locate deeper in 3D solutions (DD3D) compared 
to 1D solutions (DD1D). The west shift from fault scale DD relocations (DDf) to full area 
relocations (DDa) is about 500 m (Figure 16, left panel). This is presumably due to the 
larger distances over which the off-shore events are linked to the on-shore events in 
large-scale relocations, and thus the off-shore events become more sensitive to the 
apparent faster velocities of the 1D model compared to the true structure. That shift is 
smaller for 3D solutions than it is for 1D solutions, indicating that the 3D model is a 
better representation of the true structure. 3D solutions are on average about 1 km deeper 
than 1D solutions (Figure 16, right panel). Again, this points to the differences between 
the two velocity models used, in particular at upper crustal depths. Depths are similar for 
different scales of relocation areas within the 1D and 3D solutions, indicating that relative 
depths are less sensitive to the larger distances over which offshore events are linked to 
onshore events. 

Table 4 summarizes the differences between the various DD locations obtained in this 
study and the locations obtained by Jeanne Hardebeck (JH locations). Only the events 
along the SFZ are included in these statistics. The median absolute deviations are 
typically less than a few hundred meters from the JH locations. They are highest (~700 
m) in vertical directions for hypoDD solutions obtained in the 1D model. For 
comparison, median vertical deviations of the 3D solutions from the JH locations are 
~200 m. Maximum deviations range from several hundred of meters (north-south-
direction) to less than 3 km in vertical direction. They are smallest for the 3D DD 
solutions. The SimulPS locations that were used as starting locations in all DD inversions 
show the largest deviations from the JH locations (~300 m). Relative location errors for 
events along the SFZ, estimated from a bootstrap analysis of the final double-difference 
vector, include, in most cases, the locations determined y J. Hardebeck (Figure 11).   

The synthetic experiment demonstrates that with the available seismic stations and 
data accuracy the relative locations of the SFZ events can be constrained within less than 
200 on average. The synthetic results indicate no systematic bias in the source locations 
and no distortion of the general geometry of the simulated vertical fault plane.  

In summary, this study confirms the spatial distribution of the seismic activity along 
the Shoreline Fault Zone as imaged by J. Hardebeck. It is pointed out again here that the 
underlying seismic data used in this study is the same as used by J. Hardebeck to generate 
her solutions, as are the fundamental equations to solve for relative event locations. This 
study focused on testing the robustness of Hardebeck’s solutions using different velocity 
models and various parameters that control the network of delay time links and the 
behavior of these data during their inversion for relative hypocenter locations. 
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Figure 15 Superposition of epicenters from the six different inversions carried out in this 
study and shown in Figure 4 - Figure 9. Gray circles are JH locations. DD1Da, DD3Da: 
1D and 3D solutions for all events in the polygon shown in Figure 1; DD1Dz, DD3Dz: 
1D and 3D solutions for all events in rectangular area centered on the Shoreline Fault 
Zone; DD1Df, DD3Df: 1D and 3D solutions for events along the Shoreline Fault Zone.  
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Figure 16 Relative hypocenter locations (in km) in horizontal (left panel) and vertical 
(right panel) direction after subtracting the mean of all six solutions for each event along 
the SFZ. Color-coded as in Figure 15. 
 
 
 

Table 4 Summary of absolute differences between Jeanne Hardebeck’s tomoDD locations 
(JH) and the various relocation runs carried out in this study, for the 65 events along the 
Shoreline Fault Zone (in km): 

JH vs. |DX| |DY| |DZ| 
 Median Max Median Max Median Max 

SimulPS 0.39 1.39 0.23 1.67 0.32 2.84 
DD1Da 0.18 1.47 0.21 0.58 0.73 2.97 
DD1Dz 0.29 1.50 0.18 0.63 0.71. 2.91 
DD1Df 0.41 1.64 0.15 0.69 0.72 2.82 
DD3Da 0.12 1.25 0.12 0.95 0.20 1.73 
DD3Dz 0.18 1.03 0.18 0.89 0.22 1.81 
DD3Df 0.19 1.17 0.20 1.12 0.21 2.09 

 
 
 
 
 
5. Electronic Files 
 
• ASCII files with double-difference hypocenter locations for all case studies. The files 

can be downloaded from www.ldeo.columbia.edu/~felixw/PGE/ 
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Introduction 
Potential field (gravity and magnetic) data available at the time of the original LTSP, 
(e.g. McCulloch and Chapman, 1977; Beyer and McCulloch, 1988; Chapman et al., 
1989) had insufficient resolution for detailed characterization of the Hosgri fault zone.   
Residual magnetic intensity data offshore DCPP, presented in LTSP Plate Q43m-2 
(PG&E, 1989a), were flown in 1976 with a flight line spacing of 1 mile (1.6 km) at an 
altitude of 2000 feet (610m)  above sea level.  Their primary utility was in the 
identification of changes in basement rock characteristics and morphology and in 
confirming seismic data interpretation of basement structures.  

Modern high resolution geophysical data have significantly improved the imaging of 
basement structure.    In 2008 and 2009 new marine magnetic and aeromagnetic data 
were collected in the study area. Aeromagnetic data were collected at a lower altitude 
(305 m v. 610 m) with half of the line spacing (800 m v 1.6 km) using differential GPS 
navigation.   Marine magnetic data were collected at 400 m line spacing.  Additional 
aeromagnetic data at ~ 50 m elevation and 150 m line spacing were collected along the 
coastline between Pt. Buchon and Pt. San Luis in late 2009.  Figure D-1 compares the 
earlier LTSP magnetic data with the high resolution data that was collected in 2009.  

 
Aeromagnetic Data  
Total-field aeromagnetic data were collected by Eon Geosciences, Inc. from July to 
September 2008 along the central California Coast Ranges from north of Cape San 
Martin, near San Simeon, to Point Concepcion. A total of 20,508 line-kilometers of data 
were collected using a Geometrics G-822A cesium-vapor magnetometer along flight lines 
spaced 800 m apart at a nominal terrain clearance of 305 meters. Tie lines were flown 
8,000 m apart.  Figure D- 2 shows the survey area. Two areas within the survey area were 
not flown because of proximity to condor nesting sites. Aeromagnetic data were collected 
at a 10 Hz sampling rate, and were adjusted for tail sensor lag and diurnal field variations.  
Further data processing included micro leveling using the tie lines and subtraction of the 
reference field defined by IGRF2005 extrapolated to August 1, 2008. Data were 
transformed to a Universal Transverse Mercator Projection (Base Latitude 0°, Central 
Meridian -123° W.) and interpolated to a square grid with a grid interval of 200 m using 
the principle of minimum curvature (Briggs, 1974).   A magnetic base station was 
established near the San Luis Obispo Airport. Base station readings were recorded every 
second using a GEM Systems Overhauser GSM-19 magnetometer.   A contour map of 
the aeromagnetic data was published as USGS Open File Report 2009- 1044 
(Langenheim et al., 2009a) and is shown in Figure D-3.    
 
An additional 933 line-kilometers of total field aeromagnetic data were collected by 
New-Sense Geophysics in October 2009 between Pt. Buchon and Pt. San Luis using a 
Scintrex CS-3 Cesium vapor magnetometer mounted on Bell 206 B3 helicopter with a 
fixed stinger assembly (New Sense Geophysics, 2010).  A three-axis Bartington fluxgate 
magnetometer was used to measure the orientation and rates of change of the aircraft to 
compensate for magnetic fields generated by the aircraft itself. Flight lines were spaced 
150 m apart at a nominal terrain clearance of 50 to 100 m.  Tie lines were flown 1500 m 
apart. These data were collected by helicopter to fill the gap between the marine and 
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fixed wing surveys along the coastal zone to provide higher resolution of features near 
the shoreline.   Figure D-4 shows the area of the 2009 survey and the corrected Total 
Magnetic Intensity map for the survey area. The sampling rate for the cesium and 
fluxgate magnetometers and radar altimeter was at 10 Hz.   Data processing included 
micro leveling using the tie lines and subtraction of the reference field defined by 
IGRF2005.  A magnetic base station was established at DCPP in an area of low magnetic 
gradient free from cultural electrical and magnetic noise sources (Latitude 35.211513, 
Longitude -120.845162).  Base station readings were recorded every second using an 
Overhauser GSM-19 magnetometer.  
 
Marine Magnetic Data  
Marine magnetic data were collected by the USGS in 2008 and 2009 (Sliter et al., 2009, 
revised 2010) using a Geometrics G882 cesium-vapor magnetometer that was towed 
approximately 30 m behind the research vessel R/V Parke Snavely in 2008 and 
approximately 50 m behind the vessel in 2009. Magnetic data were collected at a 10-Hz 
sampling rate on a line spacing of 800 m along shore-perpendicular transects 
simultaneously with the mini sparker seismic-reflection data (see Appendix H). 
Additional magnetic transects were run across segments of the Hosgri Fault Zone in 
2008, resulting in a localized line spacing of 400 m. In 2009, an additional series of 
marine magnetics transects were conducted closer to shore between Pt. Buchon and Pt. 
San Luis, resulting in a uniform line spacing of 400 m for the survey area.  Seismic-
reflection and marine magnetic data were also collected along three shore-parallel tie 
lines. See Figure D-5 for survey area. A magnetic base station was set up onshore in 
Morro Bay State Park on the south flank of Black Hill (Lat 35.3536° N., Long 120.8314° 
W.) in 2008 to continuously measure the local magnetic field in order to remove diurnal 
field variations from the offshore survey. In 2009, two base stations were established 
onshore during different portions of the survey, one in Morro Bay State Park and one 
near Avila beach in Wild Cherry Canyon (Lat 35.1870° N, Long 120.7467° W). See 
Figure D-6 for base station locations.  Base-station readings were recorded every minute, 
using a Geometrics G856 proton-precession magnetometer.  

Initial processing of the magnetic data involved smoothing, mainly to remove noise from 
the mini sparker source. The smoothed data resulted in approximate along-track data 
spacing of 10 m for lines where seismic-reflection data were also collected (boat speed, 4 
knots), and 25 m along the magnetometer-only lines (boat speed, 10 knots). Further 
processing included removal of the diurnal field variation by using the magnetic-base-
station readings and subtracting the reference field defined by the IGRF2005.  Data were 
imported into the Geosoft Oasis montaj™ geophysical software package, where survey 
lines were leveled by using the tie lines and then gridded at 200 m (Figure D-6).  Marine 
magnetic data were subtracted from the fixed wing aeromagnetic data (Langenheim et al., 
2009a) to produce a residual magnetic anomaly map dominated by  magnetic sources in 
the shallow subsurface (< 500m below the seafloor (see Figure D-7)).   Figure D-8 shows 
the merged onshore and offshore magnetic data.  The marine data were filtered to 
effectively place those data at the same height as the regional aeromagnetic survey 
(Langenheim et al., 2009b).    Figures D-7 and D-8 both show the dominant NW 
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magnetic grain that is truncated by the Hosgri fault zone on the west and bounded by the 
Oceanic fault on the east.  

2D Processing of Magnetic Field Data 
The magnetic intensity data from the helicopter survey were processed by Fugro 
Magnetic and Gravity Surveys, Inc. (Houston, Texas) with assistance from FWLA to aid 
in the interpretation of shallow magnetic features along the Shoreline fault zone (Fugro 
Gravity and Magnetics Services, 2010) . Since the magnetic inclination in this area is 
approximately 59º, the total magnetic intensity anomaly field has anomalies that are not 
symmetrical and generally not centered over the causative magnetic source bodies or 
contacts between bodies of different magnetic susceptibilities. However, the inclination 
of 59º is considered to be fairly high latitude and therefore the total magnetic intensity 
anomalies for simple tabular shaped sources will be dipolar but with a larger positive 
peak than negative trough.  This also means the differences in line azimuth in 2D 
modeling will not be as important as for low magnetic latitudes and inclinations. The 
objectives of the processing included positioning anomalies over their sources using 
reduction to pole (RTP) (Li, 2008) and highlighting lateral boundaries using tilt angle and 
horizontal gradients (Miller and Singh, 1994; Verduzco et al., 2004). To facilitate 
calculation of these derivative magnetic anomaly maps, the helicopter – total magnetic 
intensity anomaly data (Figure D-4) were re-gridded with a 30 m cell size (Figure D-9). 
The 30-m cell size is about one fifth the line spacing and about as small as recommended.   
 
The first processing step was the reduction-to-pole (RTP) transformation of the re-
gridded data, which removes first-order magnetic field inclination effects to better 
position anomalies over their sources (Figure D-10).  Reduction to the pole makes the 
simplifying assumption that the rocks in the survey area are all magnetized parallel to 
Earth's magnetic field. This is true in the case of rocks with an induced magnetization 
only, however remnant magnetization will not be correctly dealt with if the remnant 
direction is different to the direction of Earth's magnetic field.  Thus the RTP 
transformation is associated with varying degrees of error and introduction of noise, such 
that only first-order features are robust.  The primary change is that many of the RTP 
magnetic anomalies (Figure D-10) are narrower than the TMI anomalies (Figure D-9) and 
sometimes the position of peak anomaly amplitudes have shifted slightly compared to the 
total magnetic intensity anomalies.  
 
There are factor of 10 differences in water depth within the span of the helicopter 
magnetic survey. The helicopter data acquisition elevation was small (50 m) relative to 
water depths that range from 10 m near the coast to over 100 m in the southwestern end 
of the helicopter survey area  (Figure D-11). Thus, it is important to consider the effects 
of bathymetry on the amplitude and width of the RTP magnetic anomalies and derivative 
maps. Figure D-11 superimposes bathymetry contours on the RTP magnetic field map. 
The Shoreline fault RTP anomaly is very narrow in the shallow (~10 m) water nearest to 
shore, but the peak anomaly amplitude decreases and the anomaly width increases by 
about a factor of three in 40 m of water (Figure D-11). All the large-amplitude offshore 
RTP anomalies decrease in amplitude and broaden to the west as they trend toward water 
depths > 40 m (Figure D-11) consistent with first-order effects water depth being on the 
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order of the helicopter flight elevation of 50 m. Calculations using a first-order vertical 
dipole approximation indicate that for the flight elevation of 50 m, RTP anomalies 
observed in 40 m of water should have widths about three times wider and amplitudes 
about 40% of RTP anomalies in areas with 10 m water depths. Hence, while the peaks of 
the RTP anomalies are useful to provide first-order estimates of the position of source 
bodies, the widths and amplitudes of the RTP anomalies as they trend toward deeper 
water should not be inferred to mean that the tops of source bodies are moving 
significantly below the seafloor, are becoming broader, or are necessarily starting to dip 
significantly away from vertical. 
 
The RTP image was used to calculate vertical and horizontal gradients to produce a tilt 
angle anomaly map based on the arc tangent of the vertical-to-horizontal gradient ratio 
(Figure D-12).  The tilt angle highlights the lateral extent of magnetic source bodies. 
From Miller and Singh (1994), "The tilt angle may be used to detect the presence of 
sources of potential field anomalies and to provide information about their horizontal 
extent. It has the attractive property of being positive over the source, crosses through 
zero at, or near, the edge of a vertical sided source, and it is negative outside the source 
region. The tilt angle has the additional attribute, unique among the various potential field 
edge detectors, of responding equally as well to shallow and to deep sources and is, 
therefore, able to resolve the presence of subtle deeper sources which are often swamped 
in the larger responses of shallower sources." While these attributes of tilt-angle are 
generally true for level ground, the abrupt change in the seafloor elevations and slopes 
between the north and south sides of the Shoreline fault and the N40W fault have 
different effects on the vertical versus horizontal components of RTP total magnetic 
intensity. In particular, the bathymetry contours intersect the western Shoreline and 
N40W fault segments at shallow angles (Figure D-11). Most of the Shoreline fault 
closely follows a series of narrow prominent tilt-angle anomalies near the shore (Figure 
D-12). However, the tilt-angle anomaly along the southwestern portions of the Shoreline 
and N40W faults may in part be smeared out laterally to the southwest (compare Figure 
D-11 and D-12) due to quite different water depth characteristics across the deeper water 
portions of these faults.  
 
The horizontal gradient of RTP results in positive peaks along the edges of blocks.  
However, for thin steeply dipping sources a double positive anomaly results.  The 
horizontal gradient results are important because the consistent double positive peaks 
along all the Shoreline fault segments where water depth is less than 40 m indicate that 
these portions of the source body along the Shoreline fault are near-vertical (Figure D-
13). As the water depth becomes about 40 m or more, the horizontal gradient becomes 
more diffuse and lower amplitude (Figure D-13). The greater distance from the flight 
elevation of 50 m to the top of the source bodies as water depth increases broadens the 
horizontal anomaly and reduces its amplitude, resulting in a lower amplitude, broader 
horizontal gradient in the deeper water portions of Figure D-13. This result confirms that 
the apparent broadening of the tilt-angle anomalies in regions with water depths > 40 m 
(Figure D-14) is at least in part an artifact of the increased water depth. Thus, both the 
horizontal gradient (Figure D-13) and narrow tilt-angle anomaly regions in water 
shallower than 40 m (Figure D-14) suggest a source body that has a steep dip and is on 
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the order of 200 m thick or less. There is a one-to-one spatial correlation of the position 
of the double positive peaks of horizontal gradient with the narrow tilt-angle anomalies 
(Figure D-14) and a first-order one-to-one spatial correlation of the tilt-angle anomalies 
with the Shoreline fault segments (Figure D-15).  
 
The RTP, horizontal gradient, and tilt-angle maps are all consistent with a near-vertical 
source body associated with the Shoreline fault along all the near-shore segments of the 
fault (Figures D-10, D-14, and D-15).  The possible dips for the source bodies along 
portions of the Shoreline and N40W faults located in regions with water depths of 40 m 
or more are not as well constrained due to possible effects of deep water relative to the 
helicopter flight elevation of 50 m. However, even in the regions with water depths of 40-
50 m, the horizontal gradient map shows double positive peak anomalies along the 
Shoreline and N40W faults (Figure D-13), suggesting that the deeper water portions of 
these faults are steeply dipping. 2D modeling described below is used to further 
investigate magnetic constraints on Shoreline fault dip. 
 
2D Modeling of Magnetic Anomaly Data 
 
2D forward modeling of the magnetic anomaly data is used to evaluate alternative 
magnetic models to determine the first-order magnetic anomaly constraints on fault dips 
and magnetic basement depth. Modeling of the magnetic-intensity data from the 
combined marine, fixed wing, and high-resolution helicopter surveys were evaluated by 
Fugro Magnetic and Gravity Services (Houston, Texas) and Fugro William Lettis & 
Associates to aid in the interpretation of prominent magnetic features. A single profile 
location was selected to incorporate the maximum amount of geologic and geophysical 
constraints available in the area while crossing the Hosgri and Shoreline faults and the 
central portion of the Irish Hills. Geologic mapping constrains surface geology and 
formation dips along the profile. Constraints on the structure of the Pismo syncline and 
Tertiary sediments are provided by proprietary seismic reflection profiles in the central 
Irish Hills. These seismic reflection profiles and the Honolulu-Tidewater well located in 
the central Irish Hills (PG&E, 1989b) provide constraints on the structure of the Pismo 
syncline at depth, including the minimum possible thickness of Tertiary sediments within 
the syncline along the 2D magnetic anomaly profile. The position of the profile was 
adjusted to incorporate the highest concentration of gravity measurements in the offshore 
and onshore sections of the profile. 
 
The helicopter magnetic data being flown at lower elevation of 50 m than the 
aeromagnetic data (305 m) provide better resolution of shallow magnetic anomalies than 
the aeromagnetic data. Therefore, the higher resolution helicopter magnetic data was 
spliced-in into the portions of the profile where it was available for use in the 2D 
modeling.  Total Magnetic Intensity (TMI) values were used for the modeling of the 
helicopter magnetic data and Residual Magnetic Intensity (RMI) values were used by 
Langenheim et al. (2009b) to model the marine and fixed wing magnetic data. As a result, 
there is a “DC” shift of 47,847 nT between these two data sets (TMI-IGRF). 
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The magnetic profile modeling is simplified if a single azimuth profile is compatible with 
modeling faults with disparate strike (Hosgri, Shoreline, and Los Osos faults). To 
determine if this was feasible a test model was built in order to determine the effect of a 
change in line azimuth from 008º to 058º (clockwise rotation relative to north).  The trial 
magnetic model includes a dyke-like feature or magnetization along a fault plane, and a 
lateral contact between strongly magnetized and non-magnetic basement (Figure D-16). 
The difference between the 008º azimuth magnetic anomaly (Figure D-16) and the 058º 
azimuth model (Figure D-17) is significant in terms of absolute amplitude but the relative 
responses are similar.  Therefore, a single strike for the entire line profile was deemed 
acceptable for 2D magnetic modeling. 
 
A new geological cross section was compiled by FWLA for 2D model profile 1.  The 
cross section was geo-referenced and digitized using FGMS 2D modeling software.  The 
digitized cross section elements were then transformed into polygons for the initial 
model. Magnetic depth to basement analyses were performed for the vicinity of the 2D 
model Line 1 only using FGMS MagprobeTM software (Li, 2003).  FWLA confirmed that 
magnetic basement in this area may be ophiolite or melange, and perhaps not that of 
typical granitic or metamorphic composition. A total of 31 forward models were 
evaluated and successively modified to produce a model that provided a reasonable fit to 
the magnetic and gravity anomaly data along 2D model profile 1 that was consistent with 
available geologic and geophysical data, including first-order basement depth estimates 
in the offshore region (Figure D-18). Depth-to-basement estimates in the onshore region 
may be biased by shallow source bodies and complex shallow structure, along the south 
side of the Pismo syncline, so the onshore depth-to-basement estimates were not used as 
constraints in this part of the section (Figure D-18).  
 
In forward model 31, the narrow anomaly just offshore that coincides with the mapped 
position of the Shoreline fault is reproduced using a steeply-dipping shallow source body 
(Figure D-18). To determine if other source body configurations could fit the magnetic 
anomaly profile equally well as series of alternative forward models were constructed 
that focused on the region near the Shoreline fault shown in forward model 31 (Figure D-
18). Forward model 33 evaluated a thin, vertical source body that extended nearly to 
basement (Figure D-19). The calculated magnetic anomaly does not fit as well due to the 
shorter predicted wavelength than observed near the Shoreline fault (Figure D-19). 
Forward model 34 used a thicker, 200-m wide vertical source body that produced a much 
better fit near the Shoreline fault (Figure D-20). A north-dipping source body near the 
Shoreline fault in forward model 35 produces a much poorer fit to the magnetic anomaly 
data, particularly on the south side of the fault and the source body has to be shifted south 
of the Shoreline fault to match the position of the peak anomaly amplitude (Figure D-21).  
The south-dipping source body in forward model 36 produces an excellent fit to the 
magnetic anomaly, but requires moving the top of the source body 200 m north of the 
Shoreline fault (Figure D-22). Thus, only a near-vertical Shoreline fault source body 
configuration that is consistent with both 2D modeling profile 1 (Figures D-18 and D-20a 
and b), the RTP map (Figure D-10), the horizontal gradient map (Figure D-13), and the 
tilt-angle map (Figure D-15). Significant north or south dips requiring displacement the 
top of the source body several hundred meters from the mapped trace of the Shoreline 

Shoreline Fault Zone Report, Appendix D Magnetics Page D-7 of 32



fault (Figures D-21 and AD-22). The 2D profile modeling shows that the source body 
along the Shoreline fault need not extend more than 200-300 m below the surface (Figure 
D-18), but can extend to at least 4 km and fit the magnetic anomaly data equally well 
(Figure D-20a and b). Thus, the magnetic data indicate that the source body associated 
with the Shoreline fault is most likely to be nearly vertical, with a width on the order of 
200 m, and extends from near-surface to a depth of several hundred meters to several km 
below the surface. 
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Tilt Angle Magnetic Anaomaly Map based 
on 2009 Helicopter RTP Anomaly Map  
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Horizontal Gradient of Helicopter Reduction 
to Pole Anomaly Map 
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Notes:  40 m bathymetry contour in meters as the short-dashed white line separating deeper water to the southwest
            from shallower water to the northeast.
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Notes:  Forward modeling magnetic (top) and gravity (middle) anomaly fits (red curves) to observed data (blue curves)
            using the density and magnetic susceptibility model (bottom) consistent with first-order geologic and
            geophysical constraints
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200-m-thick south-dipping Shoreline fault 

magnetic body (model 36)
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Introduction 
The USGS has compiled, edited and reprocessed nearly 30,000 gravity measurements to 
produce an isostatic residual gravity map for the region, spanning Monterey Bay on the 
north to the Santa Barbara channel on the south (Figure E-1).  Isostatic gravity is 
calculated by subtracting an idealized isostatic compensation for the regional elevation 
from the Bouguer gravity.  Result is a high pass filter that removes regional, long 
wavelength crustal scale features (wavelengths > 50 to 100 km) while preserving 
anomalies that have a shallower source and smaller lateral extent (sedimentary basins, 
lithologic variations in the crust, etc.).  Data includes the PG&E LTSP offshore data base 
as well as data collected at ~ 1 mile spacing by NIMA (formerly the Defense Mapping 
Agency) for the area south of 36°15’N near Vandenberg Air Force Base.  Terrain 
corrections were applied using 30 m DEMs to create a roughly 2km grid over the LTSP 
Update study area. (Langenheim et al., 2008).  The USGS also collected about 180 new 
gravity measurements in the Pt-Buchon/Los Osos area and the Santa Maria basin in 2009 
(Watt, written communication 2009).  Several older measurement sites were reoccupied 
to aid in editing the old data.  The reoccupations have highlighted the inaccuracy of the 
older data.  Figure E-2 shows an overlay of the isostatic gravity map for the Shoreline 
fault zone study area with the actual gravity stations used to produce the map.  The map 
emphasizes the steep gravity gradients along the boundaries of the Pismo syncline as well 
as the near vertical dips of the West Huasna and Hosgri faults in this area.  
 
The gravity field offshore of DCPP is dominated by a large NNW trending gravity high 
that is coincident with mapped Franciscan rocks that are truncated to the SW by the 
Hosgri fault.  The northern boundary of this offshore gravity high is coincident with the 
western edge of the Pismo syncline, and is well defined based on 2009 measurements. 
Note the absence of gravity measurements immediately offshore DCPP between Point 
Buchon and Point San Luis in Figure E-2. We are planning to collect new data in this 
area as part of the LTSP Update in 2011.   
 
 
Reference  
 
Langenheim, V.E., Jachens, R.C., Graymer, R.W. and Wentworth, C.M., 2008,  

Implications for fault and basin geometry in the central California Coast Ranges 
from preliminary gravity and magnetic data, EOS (Abs. AGU), Fall Meeting 2008, 
abstract #GP43B-0811. 
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Isostatic gravity anomaly from Estero Bay
to San Luis Bay showing the locations of 
gravity stations used to construct the map
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Multibeam Echo Sounding Surveys 
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Introduction 
Multibeam echo sounding (MBES) and side scan data from the Estero Bay to San Luis 
Obispo Bay nearshore region were acquired using a combination of several sonar systems 
(400 KHz Reson 7125, 240 KHz Reson 8101, SEA SwathPlus) aboard the R/V Ven 
Tresca by the Seafloor Mapping Lab at California State University Monterey Bay during 
2007, 2009, and 2010.  Figure F-1 shows the areas mapped in the 2007 (Point Buchon) 
and 2009 (Point Buchon to Avila Bay) surveys. The 2010 data collection focused on 
nearshore areas adjacent to the Rattlesnake and Olsen Faults. Prior to data collection, a 
series of planned survey lines were created using the survey navigation and planning 
software Hypack 2008 from Hypack, Inc.  An Applanix POS/MV 320 v4 system with 
TrueHeave processing was used to provide position and attitude data during data 
collection and accounted for vessel motion such as heave, pitch, and roll (position 
accuracy ± 2m, pitch, roll and heading accuracy ±0.02°, heave accuracy ± 5% or 5cm) 
with input from a Cnav® enabled NAVCON 2050 GPS. KGPS altitude data were used to 
account for tide cycle fluctuations and sound velocity profiles were collected with an 
Applied Microsystems SVPlus sound velocimeter.  
 
Bathymetric data were post-processed using CARIS HIPS hydrographic data cleaning 
system software. Applanix POSPAC software (v 4.31) was used to process the logged 
POS M/V files and create a Smoothed Best Estimated Trajectory (SBET) composed of an 
integrated inertial/GPS solution for use in horizontal and vertical positioning of sounding 
data.  Correction for vertical oscillation due to heave and tide was accomplished using 
these SBET files. Final x, y, z soundings, surface models, and derived products are 
relative to the NAVD88 Geoid03 vertical datum.  Erroneous soundings were removed in 
CARIS HIPS via basic filtering and detailed swath and subset cleaning; the remaining 
high-confidence soundings were used in surface model creation and final product 
generation. Soundings (x, y, z) were exported from a Swath Angle Bathymetry 
Associated with Statistical Error (BASE) Surface as an ASCII file with 1m (or 2m) 
spacing.  The 1m (or 2m) decimated x, y, z ASCII text file was imported into Fledermaus 
Average Gridder to create digital elevation model (DEM) grid(s).  The 1m (or 2m) 
Fledermaus grid was exported as an Arc Info ASCII raster file (.asc), which was imported 
into ArcGIS Spatial Analyst to generate a 1m (or 2m) bathymetry Arc Info grid. Post-
survey data cleaning, BASE surface creation, and final products derived from post-
processed multibeam bathymetry data were applied by the Seafloor Mapping Lab at 
CSUMB.  Data products are presented at 1m and 2m spatial resolutions based on discrete 
depth ranges: 1m horizontal resolution for data from the 0-50m depth range, and 2m 
horizontal resolution for the full survey footprint.  Vertical precision is ±10 cm.  
 
Multibeam databases for both the 2007 Pt. Buchon and the 2009 Pt. Buchon to San Luis 
Obispo Bay  surveys can be accessed at the CSU Sea Floor Mapping Lab Data Library  
http://seafloor.csumb.edu/SFMLwebDATA_c.htm.  Data include grey scale and color 
shaded relief images, sidescan sonar, bathymetry (contours and DEM) as well as survey 
footprints, tracklines, and XYZ files. MBES data for the study area are shown in Plate 1 
of the Shoreline Fault Zone Report at a scale of 1: 35,000, and are discussed in 
conjunction with the geologic interpretation of the Shoreline fault zone in Section 4 of the 
Shoreline Fault Zone Report.  Comparison of MBES data with earlier bathymetric data 
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collected for the LTSP illustrate the difference improved technology and GPS navigation 
have made during the last two decades (see Figure F-2 and F-3).   
 
 
Reference 
 
California State University Monterey Bay Sea Floor Mapping Lab, 2009, website at 

http://seafloor.csumb.edu/SFMLwebDATA_c.htm (visited 12/15/2010)  
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EXECUTIVE SUMMARY  
 
In November 2008, Pacific Gas and Electric (PG&E) informed the US Nuclear 
Regulatory Commission (NRC) that preliminary results from the Diablo Canyon 
Power Plant (DCPP) Long Term Seismic Program (LTSP) Update showed that there 
was an alignment of microseismicity subparallel to the coastline indicating the 
possible presence of a previously unidentified fault located about 1 km offshore of 
DCPP.  This previously unidentified fault was named the Shoreline fault zone.   
 
As part of the notification to the NRC in 2008, PG&E conducted an initial 
sensitivity study to evaluate the potential impact of the Shoreline fault zone on the 
seismic safety of DCPP using a seismic margin approach (PG&E, 2008).  Using 
conservative assumptions about the total length of the fault zone, a magnitude 6.5 
strike-slip earthquake at a distance of 1 km was considered.  The results of this 
sensitivity study demonstrated that the 84th percentile ground motion from the 
Shoreline fault zone was lower than the 1991 LTSP/SSER34 84th percentile ground 
motion for which the plant had been evaluated and shown to have adequate margin 
(NRC, 1991).  Therefore, PG&E concluded that the plant had adequate seismic 
margin to withstand the ground motions from the Shoreline fault zone.  In early 
2009, the NRC conducted an independent study of the potential impacts of the 
Shoreline fault zone on DCPP and also concluded that there was adequate seismic 
margin (NRC, 2009).  
 
Although the initial seismic sensitivity studies showed that the plant has adequate 
margin to withstand ground motion from the potential Shoreline fault zone, both the 
NRC and PG&E recognized the need to better constrain the four main parameters of 
the Shoreline fault zone needed for a seismic hazard assessment: geometry (fault 
length, fault dip, down-dip width), segmentation, distance offshore from DCPP, and 
slip-rate.  To address this need, PG&E conducted an extensive program in 2009 and 
2010 to acquire, analyze, and interpret new geological, geophysical, seismological, 
and bathymetric data as part of the ongoing PG&E LTSP Update.  These 
investigations have led to an improved understanding of the Shoreline fault zone, 
and its relationship to other seismic sources including the Hosgri and Southwestern 
Boundary fault zones.  These findings are summarized in Table 1.   
 
DETERMINISTIC GROUND MOTIONS 
 
In addition to the updated information on the faulting in the DCPP region, updated 
ground motion models and methods are also available.  The Next Generation Attenuation 
(NGA) models are used for the ground motion models with site-specific modifications 
calibrated from observed ground motions at the DCPP site.  Using updated ground 
motion models, the ground motions from strike-slip earthquakes along the Hosgri fault 
zone have decreased and the ground motions from the reverse-slip earthquakes on the 
Los Osos and San Luis Bay fault zones have remained about the same relative to ground 
motions computed using the 1988 LTSP ground motion models.  As a result, the relative 
importance of the faults to the hazard at DCPP has changed from the 1988 LTSP report, 
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and the 84th percentile ground motions from these faults computed using the updated 
ground motion models remains bounded by the 1988 LTSP spectrum. 
 
The magnitude of deterministic earthquakes for the Shoreline fault (M6.5) is less than the 
magnitudes for the Hosgri (M7.1), but due to the shorter distance, the ground motions 
from the 84th percentile ground motions for Shoreline fault are greater than the updated 
ground motions from the Hosgri fault source.  Nonetheless, the ground motions from the 
Shoreline fault source are still bounded by the 1991 LTSP/SSER34 spectrum. 
 
Deterministic analyses for the Hosgri, Shoreline, San Luis Bay and Los Osos fault 
zones, using conservative estimates of the fault dips for each fault, indicate that the 
84th percentile ground motions fall below the 1977 Hosgri Earthquake (HE) Design 
Spectrum and the 1991 LTSP/SSER34 spectrum (Figures ES-1).     
 
PROBABILISTIC HAZARD ANALYSIS 
 
Probabilistic hazard calculations show that the primary contribution to the 3-8.5 Hz 
hazard at DCPP is from the Hosgri fault zone with the Los Osos, Shoreline, and San Luis 
Bay faults providing smaller contributions (Figure ES-2).  The inclusion of new Ground 
Motion Prediction Equations and the use of the updated source characterization in the 
DCPP hazard model has resulted in a reduced level of the hazard as compared to the 1988 
LTSP hazard at most ground motion levels, but the slope of the updated hazard is reduced 
so that the updated hazard crosses the 1988 LTSP hazard curve at about 3 g.  These 
changes in the hazard curve are primarily due to the changes in the ground motion 
models: the NGA models with site-specific effects result in lower median ground motions 
for sites close to large strike-slip earthquakes, but with an increased standard deviation.  
Because the updated hazard curve is not enveloped by the 1988 LTSP hazard curve, the 
seismic core damage frequency (CDF) was reevaluated: the seismic CDF decreases from 
3.8E-5 for the1988 LTSP to 2.1 E-5 for the updated models.  The reduction in the seismic 
CDF is mainly due to the use of the NGA ground motion models with the single-station 
sigma approach incorporating the site-specific amplification. 
 
SECONDARY FAULT DEFORMATION 
 
The potential for secondary fault deformation associated with rupture of the 
Shoreline fault zone was evaluated using a deterministic approach.  The Central 
segment of the Shoreline fault zone is located 300 meters southwest of the Intake 
structure and 600 meters southwest of the Power Block.  The deterministic 
assessment of the geology at the DCPP site and vicinity documented the absence of 
late Quaternary primary or secondary surface faulting or other forms of late 
Quaternary tectonic deformation (e.g., tilting, folding, and subsidence) within the 
DCPP site that may be associated with a maximum earthquake on the nearby 
Shoreline fault zone.  Therefore, PG&E concludes that secondary fault deformation 
does not affect the safety of the DCPP.  
 
CONCLUSIONS 
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New seismic and ground motion data, including site-specific site amplification 
based on earthquake recordings at the DCPP site, have resulted in a reduction of the 
uncertainty in the seismic hazard at the DCPP site.  Deterministic analyses for the 
Hosgri, Shoreline, San Luis Bay and Los Osos fault zones, using conservative 
estimates of the fault dips for each fault, indicate that the 84th percentile ground 
motions fall below the 1977 Hosgri Earthquake (HE) Design Spectrum and the 1991 
LTSP/SSER34 84th percentile deterministic spectrum.  Probabilistic analyses shows 
that the inclusion of the Shoreline fault zone contributes about 20 percent to the 
seismic CDF seismic, but the seismic CDF is reduced from the 1988 LTSP 
estimates.   
 
The original completion date of 2011 for the LTSP Update, as stated in the Action Plan 
and Revised Action Plan (Appendix A-1 and A-3),  has been extended to allow 
completion  of additional studies to further refine the models presented in this report. 
These studies include three-dimensional (3-D) marine and two-dimensional (2-D) 
onshore seismic reflection profiling, additional potential field mapping, GPS monitoring, 
and the feasibility of installing an ocean bottom seismograph network.  These activities 
will further refine the characterization of those seismic sources and ground motions most 
important to the DCPP: the Hosgri, Shoreline, Los Osos, and San Luis Bay fault zones 
and other faults within the Southwestern Boundary zone.   
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TABLE 1  Summary of Shoreline Fault Zone Parameters 

 

PARAMETER DESCRIPTION 

FAULT LENGTH  
 

Total Length:  up to 23 km 
Overall Strike:   N60°W to N70°W 

SEGMENTATION 

Three segments:    
North segment, ~8 km long;      
Central segment, ~8 km long;     
South segment, ~7 km long  

FAULT DIP 90° based on seismicity and magnetic potential field data 

DOWN DIP WIDTH  10 to 15 km from the surface 

FAULTING STYLE  Right-lateral strike slip based on linear surface expression of bathymetric lineaments and 
focal mechanisms.   

RELATIONSHIP TO  
OTHER 

STRUCTURES 

Hosgri fault zone (HFZ) 
Rupture is inhibited from branching from the HFZ to the  Shoreline fault zone  
North Segment dies out before, or terminates at, the HFZ.   

San Luis Bay fault zone  (SLBFZ) 
Relationship to late Quaternary deformation on the SLBFZ is uncertain 

SLIP RATE   Preferred slip rate:   0.2 to 0.3 mm/yr  

DISTANCE FROM 
DCPP 

Central Segment: 
600 m southwest of Power Block 

   300 m southwest of Intake Structure  

SECONDARY FAULT 
DEFORMATION AT 

DCPP SITE 

A deterministic evaluation documented the absence of late Quaternary primary or 
secondary surface faulting or other forms of late Quaternary tectonic deformation 
(e.g., tilting, folding, and subsidence) within the DCPP site that might have been 
associated with a maximum earthquake on the nearby Shoreline fault zone.   
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Figure ES-1.  Comparison of deterministic spectra using conservative values for the dip 

angles on the Hosgri, Shoreline, Los Osos, and San Luis Bay faults.  
The peak in the spectra at 2.5 Hz reflects the site-specific amplification of the rock 
at DCPP based on ground motions recorded at the DCPP site.  The Shoreline fault, 
with M6.5 at 0.6 km, leads to a higher deterministic ground motion than new 
estimates for the Hosgri fault, but the ground motions are bounded by the 1991 
LTSP/SSER34 spectrum and by the 1977 Hosgri Earthquake (HE) design 
spectrum.   Ground motions from the San Luis and Los Osos faults also remain 
bounded by the LTSP/SSER34 spectrum, but they are now larger than the updated 
Hosgri ground motion. Although San Luis Bay fault is from a smaller magnitude 
(M6.3) at a larger distance (1.9 km) than the Shoreline fault, the spectrum for the 
San Luis Bay is slightly above the spectrum for the Shoreline fault due to hanging 
wall effects.    The spectrum from the Los Osos fault (M6.8, distance=7.6 km, HW) 
is also similar to the spectrum from the Shoreline and San Luis Bay faults. 
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Figure ES-2.    Probabilistic hazard curves for the Hosgri, Los Osos, San Luis Bay, and 

Shoreline fault zones.  
Probabilistic seismic hazard is dominated by the Hosgri fault due to the higher 
rate of slip of the Hosgri compared to the other nearby faults.  Hazard curves for 
the Los Osos, Shoreline, and San Luis Bay faults are less than the Hosgri and 
similar to each other.   

 
 
 
 

Shoreline Fault Zone Report, Executive Summary  Page ES-6 



 
 
 
 
 
 

Appendix G    
 

Coastal LiDAR Survey 
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Introduction 
Light Detection and Ranging (LiDAR) data and air photos were collected in January 
2010 by Tetra Tech along the coastline from Islay Creek in the north to Avila Bay in the 
south, and extending from the coast to 1.6 to 2 km inland along the western side of the 
Irish Hills.  

The data were collected during one of the lowest low tides of the year (-1.5 feet relative 
to MLLW @ 3:02 PM on 28 January 2010) to acquire the best imagery of the tidal zone 
and the coastal cliffs.  Six flight lines were flown, with three flown offshore to afford the 
best possible view of the seaward-facing cliffs.  Figure G-1 shows composite images of 
the LiDAR and ortho-airphoto coverage along the western side of the Irish Hills.  

 
LiDAR  
LiDAR data were collected at 8 points per square meter and interpolated into ArcGIS 
grid files that were gridded at both 1 and ¼ meter resolution.  Digital Elevation Models 
(DEMs) for the onshore maps above the cliff tops have 1-meter grid spacing, and the tidal 
area in front of the cliffs have 25-cm grid spacing.   
 
Multiple static GPS ground surveys, accompanied by an RTK survey of ground points 
with a roving GPS, on selected control points were conducted simultaneous with the 
LiDAR collection flight.  A total of 129 points were collected to assess the absolute 
accuracy of the LiDAR data.  The Root Mean Square Error (RMSE) for the absolute 
vertical accuracy was calculated at 4 to 5 cm.  Elevation data are presented in NAVD88 
(North American Vertical Datum 1988), which is measure relative to mean sea level. 
 
Aerial Photography  
Aerial photography was also collected during the survey (tide at -0.8 to -1.0 ft., MSL) 
with a 0.2 meter pixel resolution at a negative scale of 1:12000.  These data were used to 
generate color orthophotos of the coast to accurately map the geology that is well 
exposed in the sea cliffs and in the low-tide wave-cut platform.  The photography was 
flown with airborne GPS collection to minimize the number of ground points necessary 
to control the photography for mapping.  Stereo-air photos supplemented the LiDAR and 
provided a current orthophoto and contour map Photography was collected with the 
LiDAR data  
 
The LiDAR data were used to create hill shade images, contours, and slope maps.  
Figures G-2 to G-9 show composite ortho-airphotos and LiDAR images for selected areas 
of the coastline.  Both the LiDAR and ortho-photo maps greatly helped in accurately 
mapping the geology along the coast as well as better locating the elevations of 
paleoshorelines mapped during the LTSP (Hanson, et. al., 1992; 1994).  The tidal zone 
and cliffs provided extensive rock exposures to help correlate the mapped units onshore 
to those interpreted from the MBES image offshore.   During the geologic mapping of the 
coast we found that the stereo-air photos showed more detail to map the geology.  We 
transferred the detailed geologic data to the LiDAR orthophoto map for incorporation 
into the onshore-offshore geologic map (Appendix B).   
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Introduction 
Single-channel seismic-reflection data were acquired in 2008 and 2009 by the U.S. 
Geological Survey between Piedras Blancas and Pismo Beach, along shore-perpendicular 
transects spaced 800 m apart extending beyond the 3-mi limit of California State waters.  
Data were collected by the R/V Parke Snavely using a SIG 2Mille mini sparker and an 
Edgetech SB-0512i chirp system.  Water depths in the survey area ranged from 6 m near 
shore to 210 m at the northwest corner of the survey area.  Figures H-1 and H-2 show the 
survey area and individual track lines. 

The Edgetech 512 chirp subbottom-profiling system consisted of a source transducer and 
an array of receiving hydrophones housed in a 500-lb fish towed at a depth of several 
meters below the sea surface.  The swept-frequency "chirp" source signal was 500 to 
7,200 Hz with a 30-ms sweep length, recorded by hydrophones located on the bottom of 
the fish.  The SIG mini sparker system used a 500-J high-voltage electrical discharge that 
created a source with greater power and lower frequency than the chirp and was received 
by a towed 15-m-long hydrophone streamer.  The mini sparker source was fired at a rate 
of 2 times per second, which, at normal survey speeds of 4 to 4.5 knots, gave a data trace 
every 1 m.  Record lengths were 0.35 s for the chirp and 0.5 s for the mini sparker.  The 
data from each system were digitally recorded in standard SEG-Y 32-bit floating-point 
format with Triton Subbottom Logger (SBL) PC-based software that merged seismic-
reflection data with differential GPS navigation data.  Digital sampling was 12.5 kHz for 
the chirp data and 16 kHz for the mini sparker data.  Differential GPS position fixes were 
written into the trace headers of the SEG-Y files and are also available as an ASCII text 
file. All the lines that were collected with the chirp system are indicated by the prefix 
“PBC”, and mini sparker lines begin with the prefix “PBS”.  

During initial deployment in 2008, the chirp system was unable to image deeper than 10 
m subbottom depth and was quickly abandoned in favor of the lower-frequency mini 
sparker system, which was able to penetrate as deep as 150 m.  Subsequently, only four 
chirp lines were collected, and in the rest of the 2008 and 2009 surveys, the mini sparker 
sound source was used.  

After the survey, all the SEG-Y files were read by using Seismic Unix software and 
PostScript (PS)-format image files of all the profiles were generated.  A short-window 
(30 ms) automatic-gain-control (AGC) algorithm was applied to both the chirp and mini 
sparker data, and a 160- to 1,200-Hz band pass filter was applied to the mini sparker data. 
These data-processing steps were applied only for display purposes and have not been 
applied to the available SEG-Y data.  The PS-format image files were converted to TIFF- 
and smaller JPEG-format image files.  All of the SEG-Y data files, the navigation file, 
and the TIFF- and JPEG-format image files are available for download from the Data 
Tables section of USGS Open File Report 2009-1100 (Sliter et al., 2009, revised 2010).  
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Specific attempts were made in 2009 to survey closer to shore in order to image portions 
of the Shoreline fault zone that had been identified from the MBES mapping.  The USGS 
survey vessel, R/V Park Snavely, was not able to approach as close to shore as the CSU 
Monterey Bay vessel, R/V Ven Tresca due to the presence of shallow rocks and kelp.  As 
a result, uniform seismic reflection profiling of nearshore areas was limited.   
 
Reprocessing  
Several of the USGS seismic reflection lines were reprocessed to improve signal quality 
and emphasize deeper seismic reflectors.  Processing of the 2008 and 2009 USGS sparker 
data consisted of several steps to reduce noise that impaired resolution of primary 
reflected energy, particularly large-amplitude water-bottom multiple reflections.  To 
ensure that all processing steps were based on surface-consistent information, 
reprocessing was only conducted along the portions of each line where high-resolution 
bathymetry data were available.  Suppression or elimination of water bottom multiples in 
the data requires predicting the time and phase of the multiple arrivals.  The basis for the 
multiple arrival-time predictions was a careful picking of the water-bottom reflection 
arrival time, and correction for arrival time irregularities along the lines based on arrival 
times predicted by high-resolution bathymetry.  The first step to reduce arrival-time 
irregularities was to flatten on the primary water-bottom reflection by time shifting each 
trace according to the water depth and an acoustic sea-water velocity of 1493 m/s.  Then 
several horizons were picked across the entire collection of traces within each line 
corresponding to the initial and later phases of the water-bottom reflection.  These 
horizons were used to solve for surface-consistent static corrections that removed to first-
order, the peculiar short-wavelength “wobble” or oscillation in water-bottom arrival time 
relative to the predicted arrival time based on high-resolution bathymetry.  After statics 
corrections, the traces where shifted so that the water-bottom arrival time corresponded to 
observed bathymetry assuming an acoustic sea-water velocity of 1493 m/s.  Experiments 
with varying bandpass filter operators were used to determine the passband with good 
signal-to-noise.  The 2008 data were bandpass-filtered between 100-1200 Hz and the 
2009 data were bandpass-filtered between 100-700 Hz. An AGC with a 15 ms operator 
was applied to provide balanced amplitudes throughout space and time in the seismic 
sections. 
 
With knowledge of water bottom primary time, local dip, source signature and water 
velocity it becomes possible to predict and remove several orders of multiple seismic 
energy with sufficient accuracy to uncover the primary signal (and noise) that is masked 
by the high amplitude water-bottom multiple reflections.  This multiple processing 
approach is often described as SRME (Surface Related Multiple Elimination) or WEMR 
(Wave Equation Multiple Rejection).  The final seismic line outputs represent the 
combination of all these surface-consistent static, filtering, amplitude balancing, and 
surface-consistent water-bottom multiple-reflection rejection processing steps. 
 
Figure H-3 shows a comparison of the original data seismic reflection data along line 
PBS-22 with the reprocessed data.  Figure H-4 presents our preliminary interpretation of 
the reprocessed line PBS-22.  Note that this reprocessing has defined a faulted limb of a 
fold that may represent the northern segment of the Shoreline fault zone.  Earlier 
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interpretations of unprocessed seismic reflection lines in this area (i.e., Figures 9a and 9b 
in PG&E, 2010) were not able to image this feature.  Low energy (< 2 kJ) 3D seismic 
reflection surveys were conducted in this area during late 2010 to further resolve these 
features.  These data will be available in the spring of 2011.  
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Appendix I 

 
Identification, mapping, and analysis of offshore wave-cut platforms and 

strandlines (Paleoshorelines) in the Shoreline fault zone study area, 
San Luis Obispo County, California 
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Plate I-3b Longitudinal profile along coastline showing correlation of submerged 

strandlines (alternative 1) 
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Identification, Mapping, and Analysis of  
Offshore Wave-Cut Platforms and Strandlines (Paleoshorelines) 

in the Shoreline Fault Zone Study Area, 
San Luis Obispo County, California 

1.0 INTRODUCTION 

This appendix presents the results of mapping and analysis of wave-cut platforms and associated 
paleostrandlines (paleoshorelines) in the offshore part of the Shoreline fault zone study area 
(herein called study area).  The study area is located southwest of the present-day shoreline 
between Morro Bay and Pismo Beach (Figure I-1-1).  These investigations were conducted in 
2009 and 2010 as part of the characterization of the Shoreline fault zone.  These studies extend 
the previous analysis of onshore paleoshorelines in the study area that was carried out during the 
1985-1991 Diablo Canyon Long Term Seismic Program (LTSP) (Niemi et al., 1987; PG&E, 
1988; Response to Question 43i, PG&E, 1989). 

The general organization of this appendix is as follows: 

• Section 1 provides the overall framework and objectives of the paleoshoreline 
investigations and acknowledges the individuals who conducted the study. 

• Section 2 provides a brief description of the geomorphology of the onshore and offshore 
regions within the study area. 

• Section 3 describes the primary data sets that were used to evaluate and map wave-cut 
platforms and associated strandlines, both offshore and onshore. 

• Section 4 describes the methods and approaches that were used to identify and map 
geomorphic features related to marine wave-cut platforms and strandlines. 

• Section 5 provides a summary of current global sea-level data used to develop a paleosea-
level curve that in turn is used to evaluate ages of emergent and submerged 
paleoshoreline features in the study area. 

• Section 6 presents the results of mapping and analysis of paleoshoreline features in the 
study area 

• Section 7 discusses the implications of these results with regard to characterization of the 
Shoreline fault zone.  

Table I-1-1 lists and defines terms used in this appendix.    

1.1 BACKGROUND 

Onshore and submerged wave-cut platforms and associated strandlines in the study region are 
important datums that can be used to evaluate locations and rates of Quaternary deformation.  As 
part of the work completed for the LTSP, worldwide data on Quaternary sea levels were 
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compiled and reviewed in the assessment of the ages and paleosea level (sea level at the time of 
formation) of onshore marine terrace features in the study area (Hanson et al., 1992, 1994; 
PG&E, 1988).  Submerged shoreline features also were interpreted using the bathymetric chart 
compilations developed for the LTSP in 1989; however, in the absence of information that could 
be used to date these submerged paleoshorelines, the correlation and continuity of these offshore 
features were based entirely on their relative altitudinal spacing (PG&E, 1989). 

The greatly improved bathymetry and high-resolution seismic-reflection data recently obtained 
for the study area and discussed in this Appendix have allowed for more confident identification 
and more rigorous interpretation of the continuity and relative altitudinal spacing of strandlines 
in the mid- to upper continental shelf regions in the study area; Figure I-1-2 illustrates the 
improvement in data resolution.  Direct evidence of the ages of sediment associated with or 
overlying the submerged terrace platforms has not been obtained, so correlation to global eustatic 
sea-level curves is the only approach available at the time of this study for estimating the age of 
submerged wave-cut platforms and strandlines. 

1.2 PURPOSE AND OBJECTIVES 

The primary objectives of the paleoshoreline studies conducted during 2009 and 2010 were to: 

• Map submerged wave-cut platforms and strandlines in the study area (Figure I-1-1).  
using the new bathymetric and high-resolution seismic-reflection data collected in 2008 
to 2010. 

• Estimate the ages of paleoshoreline features based on available age constraints provided 
by studies previously completed during the DCPP LTSP (Hanson et al., 1994) and more 
recent publications regarding paleosea levels from global sea-level studies. 

• Evaluate possible displacements of the submerged paleowave-cut platforms where they 
cross the Shoreline fault zone.   

1.3 ACKNOWLEDGMENTS 

The AMEC Geomatrix project team consisted of the following individuals: Ms. Kathryn Hanson, 
Principal Geologist and senior technical lead; Mr. Hans AbramsonWard, Senior Geologist and 
technical lead for offshore mapping and interpretation; Mr. Brian Gray, Staff Geologist 
performing offshore mapping and evaluation of the Holocene platform and mapping of 
submerged wave-cut platforms and strandlines; and Mr. Serkan Bozkurt, Senior GIS Analyst 
providing GIS database and technical support. 

Dr. William Page (Pacific Gas & Electric Company), Drs. William Lettis and Stephen 
C.Thompson (Fugro-William Lettis & Associates), and Dr. Gary Greene (Professor Emeritus, 
Center for Habitat Studies, Moss Landing Marine Laboratories) participated in numerous 
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working meetings to discuss and evaluate interpretations of paleoshoreline features and provided 
oversight and review throughout the project. Dr. Gary Carver (Carver Geologic), provided 
technical peer review.  Dr. William U. Savage (Consultant) provided additional technical review 
of the final report. 

2.0 GEOMORPHIC SETTING  

The general topographic and bathymetric features of the central California coast in the study area 
are evident in the shaded-relief topography and bathymetric (Figure I-1-3).  The area of study 
focuses on the western margin of the San Luis Range, a prominent west-northwest-trending 
topographic and structural high that lies within the central part of the Los Osos/Santa Maria 
structural domain (Lettis et al., 2004).  The range is bordered on the northeast by the Los Osos 
fault zone (Lettis and Hall, 1994) and on the southwest by a diffuse zone of small faults 
including the Wilmar Avenue, San Luis Bay, Pecho, Los Berros, Oceano, and Nipomo faults, 
collectively referred to as the Southwestern Boundary zone (Lettis et al., 1994, 2004).  

2.1 ONSHORE GEOMORPHOLOGY 

Topographically, the San Luis Range is bordered on the north by the Los Osos Valley and 
associated coastal embayments (Morro Bay and the offshore Estero Bay) and on the south by the 
onshore Santa Maria Valley, offshore San Luis Obispo Bay, and the Pacific Ocean.  The highest, 
westernmost-part of the range is referred to as the Irish Hills.  Point Buchon represents the most 
westerly point of land associated with this topographic high, which is characterized by rugged 
headlands, narrow, discontinuous beaches, and flights of emergent marine terraces.  At Point San 
Luis, sea cliffs approach 60 m in height.  Between there and Point Buchon (including the DCPP 
site), the cliffs are 12–24 m high and are the lowest step in a flight of marine terraces.  Marine 
sediments overlying the emergent platforms and associated strandlines near the range front 
commonly are buried by several to tens of meters of Quaternary colluvium, alluvium, and 
landslide deposits.  

Elevations and ages of marine terraces show that the San Luis Range is uplifting as a relatively 
rigid crustal block with little internal deformation (Lettis et al., 1994).  Well-constrained ages for 
the lower emergent marine terraces, which correlate to marine oxygen isotope stage (MIS) 5e 
and MIS 5a (about 120 ka and 80 ka, respectively), indicate an uplift rate of 0.2 ± 0.03 mm/yr for 
the coastal region between Point Buchon and the DCPP (Hanson et al., 1994).  This uplift rate is 
inferred by Lettis et al. (1994) for the Irish Hills subblock of the San Luis Range (shown on 
Figure I-1-3).  South of the San Luis Bay fault zone is a separate subblock (herein referred to as  
the Point San Luis subblock).  An uplift rate for this subblock of 0.06 ± 0.2 mm/yr is indicated by 
the elevation and age of the MIS 5e emergent marine terrace, which is continuous along the 
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lower flank of San Luis Hill (Hanson et al., 1994).  Along the coastline between the Rattlesnake 
fault and the Olson Hill deformation zone an uplift rate of 0.14 ± 0.03 mm/yr is indicated by 
well-constrained ages and elevations of marine terraces that correlate to MIS 5e and MIS 5a 
(Hanson et al., 1994).  No separate subblock is defined for this zone of intermediate uplift 
because the boundary between the Irish Hills subblock and this intermediate zone as well as the 
southern limit of the zone are not yet well defined. 

The Los Osos and Santa Maria valleys are tectonically subsiding basins (Lettis and Hanson, 
1992).  The morphology of the coastline in these areas is characterized by the broad marine 
embayments of Estero/Morro Bay and southern San Luis Obispo Bay, low coastline relief, and 
sand dunes backing a barrier beach or spit (Section 3.0). 

2.2 CONTINENTAL SHELF GEOMORPHOLOGY 

The continental shelf in the study area is defined as the gently westward-sloping seafloor that lies 
between the coastline and the break in slope to the steeper (1.0° to 2.0°) continental slope at 
water depths of 100 m to 225 m that is generally coincident with the Hosgri fault zone (Niemi et 
al., 1987; Response to Question 43l, PG&E, 1989).  The seafloor slope along the shelf is 
generally less than 0.7 degrees.  The overall width and character of the continental shelf varies 
along the coast within the study area.  In general, the continental shelf is narrower (5–10 km) and 
more rugged and irregular adjacent to the uplifted onshore region (Point Buchon to Point San 
Luis).  The shelf is broader (10–25 km) and smoother adjacent to the broad embayments in the 
coastline (Estero Bay, San Luis Obispo Bay). 

The inner part of the continental shelf from southern Estero Bay to northern San Luis Obispo 
Bay is characterized by broad exposures of deformed, faulted, and differentially eroded bedrock 
that has generally been eroded to a low angle during multiple sea-level fluctuations.  The gently 
sloping bedrock surface is locally incised with meandering paleostream channels that formed 
during periods of lower sea level.  Well-layered, differentially eroded Tertiary sedimentary rocks 
underlie the northern part of the study area, whereas pre-Tertiary sedimentary and metamorphic 
rocks, Tertiary intrusive volcanic rocks, and Tertiary sedimentary rocks underlie the southern part 
of the study area (Appendix B of this report).  In detail, the gently sloping bedrock surface is 
characterized by irregular relief, numerous sea stacks, and relatively thin, local deposits of 
Quaternary sediment.  Submerged bedrock exposures of the inner shelf give way offshore to 
modern marine sediments that lap onto bedrock and cover the rocks along the outer continental 
shelf.  Mobile dune-like sand sheets cover the outer continental shelf and locally fill depressions 
and low areas within the bedrock outcrops in the nearshore. 
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Numerous submerged marine terraces are preserved on the continental shelf in the study area, 
both at the seafloor surface and buried by shallow marine sediment.  Discussions of the 
development, distribution, correlation, and timing of formation of these features are provided in 
Sections 4, 6, and 7.  

Based on seafloor morphology and relationship to onshore tectonic subblocks, the continental 
shelf in the study area is subdivided into three distinct shelf segments. They are the Islay shelf, 
extending from the southern margin of Estero Bay to Olson Hill south of Diablo Canyon, the 
Santa Rosa Reef shelf, extending from near Olson Hill to Point San Luis, and the San Luis Bay 
shelf (Figure I-1-3).  The southwestern margin of the Islay and Santa Rosa Reef shelves is 
defined by the Hosgri fault zone.  The southern margin of the San Luis Bay shelf is defined by 
the southern limit of discontinuous bedrock outcrops.  

3.0 DATA SETS 

Numerous spatial data sets were compiled within a GIS database.  Derivative products from the 
compiled data were used to map and interpret paleoshorelines features in the study area. 

3.1 PROJECT DEM  

An integrated digital elevation model (DEM) was compiled for the study region.  This DEM, 
described in Appendix I and elsewhere in this report as the Project DEM, was developed using 
the following topographic and bathymetric data sets:   

• 1 m resolution multibeam bathymetry data (collected for PG&E in 2007, 2009, and 2010) 
o Multibeam echo sounding (MBES) and side-scan sonar data were acquired in the 

nearshore region from the Estero Bay to San Luis Obispo Bay using a 
combination of several sonar systems (400 KHz Reson 7125, 240 KHz Reson 
8101, SEA SwathPlus) aboard the R/V Ven Tresca.  The data were acquired by the 
Seafloor Mapping Lab at California State University Monterey Bay during 2007, 
2009, and 2010.  Figure AF-1 in Appendix F shows the areas mapped in 2007 
(Point Buchon) and 2009 (Point Buchon to San Luis Obispo Bay) surveys. The 
2010 data collection focused on nearshore areas adjacent to the Rattlesnake fault 
and Olson deformation zone.  Elevation data are presented in NAVD88 (North 
American Vertical Datum 1988). The horizontal datum is NAD1983.  Additional 
information regarding the collection and development of the DEM from these 
data is provided in Appendix F. 

• 1 m resolution near-shore LiDAR topography data (collected for PG&E in 2010) 
o Light Detection and Ranging (LiDAR) data were collected in January 2010 by 

Tetra Tech along the coastline from Islay Creek in the north to Avila Bay in the 
south, and extending from the coast to 1.6–2 km inland.  The LiDAR data were 
used to create hillshade images, contours, and slope maps.  The data, which  were 
collected at low tide, image the intertidal zone.  Stereo photography was collected 
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along with the LiDAR data at a nominal scale of 1:12,000.  Six flight lines were 
flown, with three flown offshore to afford the best possible view of the seaward-
facing cliffs.  The photography was flown with airborne GPS collection to 
minimize the number of ground points necessary to control the photography for 
mapping.  LiDAR collection was done at a density of 8 points per square meter.  
Multiple static GPS ground surveys, accompanied by a real-time kinematic (RTK) 
survey of ground points with a roving GPS on selected control points, were 
conducted simultaneously with the LiDAR collection flight.  A total of 129 points 
were collected to assess the absolute accuracy of the LiDAR data.  The root mean 
square error (RMSE) for the absolute accuracy was calculated at 4–5 cm.  The 
LiDAR data were interpolated into ArcGIS grid files with 1 m grid spacing, and 
0.25 m grid spacing on the cliffs and reef outcrops. Elevation data are presented in 
NAVD88 (North American Vertical Datum 1988). 

• 5 m resolution county-wide INSAR topography data (collected for San Luis Obispo 
County in 2004) 

o InSAR (Interferometric Synthetic Aperture Radar) data collected in July 2004 by 
Intermap Technologies, Inc. for San Luis Obispo County provides more detailed 
topographic information than was available during the LTSP.  The InSAR DEM 
was derived from the digital surface model (DSM) using Intermap’s proprietary 
algorithm, and is provided in 7.5-minute by 7.5-minute units, corresponding to the 
1:24,000-scale U.S. Geological Survey (USGS) quadrangles.  Each DSM is 
comprised of elevations at 5 m postings, comprising a 5 m grid.  The vertical 
datum used is NAVD88 (Geoid99).  Horizontal position accuracy of the data is 
2 m or better in areas of unobstructed flat ground.  Vertical position accuracy is 1 
m or better in areas of unobstructed flat ground. 

• 5 m coastal LiDAR topography data (NOAA, 2008) 
o 1996-2000 NOAA/USGS/NASA Airborne LiDAR Assessment of Coastal Erosion 

(ALACE) Project for the US Coastline, from Department of Commerce (DOC), 
National Oceanic and Atmospheric Administration (NOAA), National Ocean 
Service (NOS) Coastal Services Center (CSC). 

• 1/3 arc second multibeam bathymetry data (NOAA, 2006) 
o Digital Elevation Model of Port San Luis, California, Integrating Bathymetric and 

Topographic Datasets, National Geophysical Data Center, NESDIS, NOAA, U.S. 
Department of Commerce. 

These data sets were processed and assembled to create a composite DEM in which the most 
accurate and detailed data sets supersede less detailed or regional data sets.  The composite DEM 
with merged data sets for both the onshore and offshore regions allows for seamless two-
dimensional seafloor profiling across the coastline.  Derivative products were developed from 
the integrated digital terrain model including slope maps, contour maps, and hillshade images of 
the topography and bathymetry rendered at various sun angles.  
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Figures and plates presented in this appendix are based on version 6 of the composite DEM data, 
which was compiled in August 2010 at 1 m raster resolution.  The projection system for the data 
set is Universal Transverse Mercator (UTM), zone 10 North, NAD83 with NAVD88 vertical 
datum. 

3.2 DIGITAL GEOLOGIC DATA SETS MAPPED ONTO THE COMPOSITE DEM 

Additional data sets compiled from previous LTSP studies and publications, and from results of 
ongoing geologic mapping of onshore and offshore portions of the study area were added to the 
GIS database. These include: 

• Detailed Quaternary map information (e.g., marine terrace shoreline angles, locations of 
marine deposits and pholad-bored wave-cut platforms, borings, and bedrock outcrops) 
from PG&E (1988), Hanson et al. (1994) Plates 2 and 3, and Response to Question GSG 
Q16-5 (1990). 

• Detailed geologic maps (e.g., PG&E, 1988; Hall, 1973a, 1973b; Hall et al., 1979). 

• Onshore-offshore geologic map (Appendix B of this report). 
3.3 HIGH-RESOLUTION SEISMIC-REFLECTION SURVEY 

Single-channel seismic-reflection data were acquired in 2008 and 2009 by the USGS between 
Piedras Blancas and Pismo Beach, along shore-perpendicular transects spaced 800–400 m apart 
extending beyond the 3-mile limit of California State waters.  Data were collected by the R/V 
Parke Snavely using a SIG 2Mille mini sparker and an Edgetech SB-0512i chirp system.  Water 
depths in the survey area ranged from 6 m near shore to 210 m at the northwest corner of the 
survey area.  Figures AH-1 and AH-2 in Appendix H show the survey area and individual track 
lines.  Additional information regarding the data collection, processing, and reprocessing of 
selected lines is provided in Appendix H. 

4.0 IDENTIFICATION AND MAPPING OF PALEOSHORELINE FEATURES 

Although marine terraces preserved in onshore and offshore environments share common origins 
and geomorphologic features, they have been subjected to different erosional and depositional 
environments subsequent to their initial formation.  These different environments must be 
considered in evaluating possible ages and correlations of marine terraces.  Section 4.1 provides 
a description of the formation and basic geomorphic features shared by both emergent and 
submerged wave-cut platforms and strandlines. Section 4.2 describes the methods and 
approaches used in this study to identify and map offshore wave-cut platforms and their 
associated strandlines.  Section 4.3 describes potential sources of uncertainty in the mapping and 
analysis of submerged paleoshoreline features. 
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4.1 SHORELINE GEOMORPHOLOGY 

In general, shoreline features (wave-cut platforms and strandlines) are formed when the local 
relative sea level remains constant for a sufficient length of time such that coastal erosion is 
recorded in the landscape.  On a high-energy, erosional coastline, such as that along much of 
California, paleoshorelines are commonly recorded in bedrock as broad, gently sloping wave-cut 
platforms situated seaward of relatively steep paleosea cliffs.  The approximate relative sea level 
at the time the shoreline was formed is marked by the shoreline angle (generally a point 
measurement in profile) or strandline, defined as the intersection of the wave-cut platform and 
the paleosea cliff (Figure I-4-1; Table I-1-1). 

Based on their study of several topographic profiles across marine terraces and the active wave-
cut platform on the flanks of Ben Lomond Mountain north of Monterey Bay, California, Bradley 
and Griggs (1976) showed that modern and ancient wave-cut platforms are similar in shape.  
They have a seaward slope composed of two segments: a steeper, slightly concave inshore 
segment with gradients of generally 0.02–0.04 (20–40 m/km) and a flatter, planar offshore 
segment with gradients of 0.007–0.017 (7–17 m/km).  The flattest inshore and offshore gradients 
measured were, respectively, 0.015 (10 m/km) and 0.005 (5 m/km).  Bradley and Griggs (1976) 
interpret these to be close to the minimum gradients for erosional platforms in central California.  
The inshore segments are generally 300–600 m wide (as measured perpendicular to the sea cliff) 
and extend to a depth of 8–13 m below the strandline.  Bradley and Griggs (1976) note that the 
platforms are widest in areas where soft sandstone crops out and also where there has been the 
least uplift (and therefore the coast rises less steeply).  It is also likely that the duration of relative 
sea-level stillstands (that is, the amount of time during which tectonic uplift approximately 
matches sea-level rise) would tend to increase the width of the platforms. 

Many factors contribute to marine erosion, including quarrying (disaggregation of bedrock 
particles that can range in size from mineral grains to large joint blocks), abrasion, solution of 
carbonate rocks, and biological activity.  Bradley and Griggs (1976) report that quarrying and 
abrasion are most intense in the zone of breaking waves where fluid drag on the seafloor is the 
greatest and at the sea cliff where changes in pore fluid pressure, salt wedging, and wetting and 
drying can cause crumbling.  Bradley and Griggs (1976) report that bioerosion of bedrock (i.e., 
wedging by holdfasts, boring by mollusks and other organisms, and plucking by grazing 
animals) is best demonstrated in the intertidal zone, and is poorly understood in deeper water.  
However, the presence of plants that may serve as a baffle to fluid motion, and the relatively 
lower abundance of marine organisms in deeper water suggest that the rates of bioerosion of 
bedrock are lower in deeper water than within the intertidal zone.  The change in platform 
gradients from the inshore platform to the offshore platform (at depths of about 8–13 m below 
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the strandline) likely indicates the water depth of significant marine erosion at the time the wave-
cut platform was formed.  Below this depth, rates of erosion are likely to be significantly lower.  

4.2 METHODS USED TO MAP AND EVALUATE OFFSHORE PLATFORMS AND BEDROCK 
SURFACES 

Offshore geomorphic evaluations included mapping of submerged strandlines and associated 
wave-cut platforms (Section 4.2.1), Holocene wave-cut platform mapping and analysis (Section 
4.2.2), and development of a top-of-bedrock contour map of the offshore region (Section 4.2.3).  
The approach used to identify and map submerged shoreline features is outlined below.   

4.2.1 Submerged Strandline and Wave-Cut Platform Mapping 

Figure I-4-2, parts a through d, shows examples of paleostrandline mapping that illustrate the 
general variability in geomorphic expression of the submerged shorelines.  Figures I-4-3 and 
I-4-4 show the distribution of submerged strandlines and shoreline angles in the study area.  The 
approach used to identify and map submerged shoreline features is outlined below. 

1. Examine the project DEM derivative maps, e.g., hillshade images of the seafloor, slope 
maps, and contour maps.  Use derivative maps at various appropriate scales where 
bedrock is exposed at the seafloor to identify candidate wave-cut platforms and 
associated paleoshoreline features.  Where bedrock is buried by mobile sand sheets, 
shoreline angles are not evident at the surface, and must be interpreted from seismic 
reflection profiles (discussed below).   

2. Create a series of bathymetric profiles at locations where paleoshorelines are suspected, 
such as across lineaments expressed in hillshade images and slope maps, or at locations 
where contours indicate a gently sloping wave-cut platform (beveled bedrock) situated 
seaward of a relatively steeper slope.   

3. Interpret shoreline angles where profiles indicate scarp-platform morphology or marked 
changes in slope.  Points are digitized to record the interpreted elevation of the shoreline 
angle and bounds of uncertainty on the elevation of the shoreline angle are estimated 
from the relative roughness of the profile and adjacent bathymetry.  Where wave-cut 
platforms are relatively rough and include substantial relief (i.e., erosion has scoured 
crevices between resistant rock outcrops) bounds of uncertainty are estimated by 
correlating concordant tops of outcrops and concordant bases of crevices, and projecting 
those correlated surfaces back to the paleosea-cliff location.  Where the shoreline angle 
appears to be buried by sediment, elevations of shoreline angles and bounds of 
uncertainty are estimated by projecting potential wave-cut platforms from nearby rock 
outcrops (either upslope along the profile, along contour in map view, or both).  General 
notes about the shoreline angle are recorded with each point, such as the relative strength 
of the scarp-platform morphology, width and roughness of the platform surface, 
interpreted depth of burial, etc.   

4. Map a strandline where shoreline angles identified in multiple profiles indicate scarp-
platform morphology and where the geomorphology of the seafloor suggests a 

 
Shoreline Fault Zone Report, Appendix I Paleostrandlines

 
Page I-14 of 104



 

 

continuous strandline.  In many locations, the scarp-platform morphology of the seafloor 
is sufficiently well-expressed that step 3 may be skipped, and strandlines may be mapped 
without digitizing shoreline angle points.  The elevation of the strandline and associated 
uncertainties are interpreted using the same rationale as the elevations and uncertainties 
interpreted for the shoreline angles described above.  As also described above, general 
notes about each strandline are recorded, such as the relative strength of the scarp-
platform morphology, width and roughness of the platform surface, interpreted depth of 
burial, lateral continuity, etc. 

5. Utilize the newly mapped strandline to guide mapping of the associated submerged wave-
cut platform.  Elevations and positions of the newly mapped strandlines are used in 
conjunction with contour maps, slope maps, and hillshade images to visually identify 
relatively planar areas of the seafloor consistent with the position of a previously mapped 
submerged strandline. 

6. Generate multiple topographic profiles across previously identified planar bathymetric 
surfaces to determine the margins of submerged wave-cut platforms based on lateral 
continuity of relatively planar surfaces.  Given the significant roughness of the seafloor in 
many locations, margins of platforms can be commonly delineated by systematic changes 
in the elevation of concordant peaks and or troughs.  Wave-cut platforms buried by 
seafloor sediment are not mapped unless sufficient seismic reflection data are available to 
define wave-cut platform margins.  In many cases, wave-cut platforms are mapped along 
only portions of their associated submerged strandlines as sections become eroded, or 
buried. 

7. Document average slope of wave-cut platform and maximum width for each submerged 
wave-cut platform.  As the surface morphology of wave-cut platforms can be highly 
variable, along with the elevations and positions of their associated submerged 
strandlines, their widths and slopes also can be highly variable.  Slopes are documented 
for multiple profiles across each mapped polygon, usually taken at locations where the 
platform surface is most planar and easily identified.  Slopes are averaged for all 
representative profiles and recorded in the shapefile.  Maximum platform widths are 
measured orthogonal to the submerged strandline.  Distinct promontories, deemed 
unrepresentative of the platform as a whole, are not included in the width or slope 
measurements.  Offshore and inshore platform segment slopes in the convention of 
Bradley and Griggs (1976) are not delineated for this study. 

8. Where potential strandlines are buried by mobile sand sheets or thicker sediments, 
elevations and locations of shoreline angles are interpreted from the 2008 USGS high-
resolution seismic-reflection data.  In most cases, shoreline angles are clearly evident at 
the location where relatively flat, beveled platforms meet associated paleosea cliffs 
underlying an acoustically transparent layer (e.g., Figure I-4-4).  In some cases where the 
shoreline angle is buried by a relatively thin layer of sediments, the bubble pulse in the 
seismic reflection profile interfered with measuring the precise location and burial depth.  
The uncertainty in the measurements of shoreline angles from seismic reflection data is 
estimated to be about a meter or two, both vertically and horizontally.   
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4.2.1.1 Relative Confidence Assessment Levels 

To aid in assessment and correlation of strandlines, a set of ranking criteria in a matrix format is 
used to assign a letter reflecting level of confidence (from a high level of A to a lowest level of 
D) to each mapped strandline (Table 4-1).  The level ranking matrix was developed as a tool to 
allow for straightforward comparison of the mapper’s confidence in assessing strandline 
correlations or using strandlines as potential tectonic deformation indicators.  Strandlines with 
lower letters were generally given less weight or consideration during the analysis than those 
with higher letter ranks.  The ranking scheme utilizes geomorphic expression of the shoreline 
angle and wave-cut platform, lateral continuity of the strandline, confidence in mapped shoreline 
angle location, and an assessment of the probability that the feature represents a paleoshoreline. 

Mapping strandlines based on buried reflection picks is difficult due to the 800 m spacing of the 
seismic reflection survey lines.  In several instances, buried shoreline angles are coincident with 
traces of the Hosgri fault, complicating interpretation of shoreline angles.  Therefore, this study 
focused on unburied or partially buried shoreline angles, supplemented by seismic reflection 
picks of possible buried shoreline angles.  

In the context of the strandline and wave-cut platform mapping, geomorphic expression is 
defined as the prominence, or lack thereof, of an identifiable wave-cut platform and shoreline 
angle.  Strandlines with strong geomorphic expression display distinct breaks in slope between 
the wave-cut platform and paleosea cliff, have paleosea cliffs several meters in height with 
slopes significantly higher than the surrounding bathymetry, and are readily identifiable in 
multiple profiles taken along the break in slope.  Strandlines displaying moderate geomorphic 
expression generally have an identifiable paleosea cliff up to several meters in height along most 
of the length of the feature, but the feature may be more diffuse or muted, possibly due to wave 
erosion during subsequent transgressions or regressions or partial burial by colluvium derived 
from the sea cliff.  Strandlines with poor geomorphic expression are difficult to identify in cross 
section alone as their paleosea cliffs are highly degraded and usually have topographic relief of 
less than 4 m.  As with moderate strandlines with moderate geomorphic expression, paleosea 
cliffs have been degraded by sequences of paleosea transgressions or regressions or are buried by 
colluvium and landslide debris derived from the sea cliff.  The slope of the paleosea cliff is 
commonly only slightly higher than the slope of the surrounding seafloor.  

Wave-cut platforms with strong geomorphic expression display relatively planar surfaces with 
slopes generally ranging from 0.5 to 4 percent (0.005 to 0.04 slope gradient) and are easily 
distinguished from the surrounding continental shelf.  Platform roughness does not hinder 
identification and definition of the platform.  Inshore and offshore platform segments are 
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commonly, but not always, distinguishable on platforms with strong geomorphic expression.  
Widths of these platforms are commonly in the hundreds of meters, although some narrower 
notches into resistant rock slopes and small seamounts also are interpreted as wave-cut platforms 
with strong geomorphic expression.  Moderate geomorphic expression in wave-cut platforms is 
characterized by roughness, variable platform slope, possible platform dissection, and difficulty 
in defining the platform outer edge.  Slopes of moderately well-expressed wave-cut platforms 
commonly are measured on concordant troughs, peaks, or an average of the two.  Platforms 
having poor geomorphic expression are difficult to distinguish from the surrounding bathymetry 
due to their rough surface texture, variable slopes or slopes similar to the surrounding 
bathymetry, abundant dissection, and lack of a defined front edge.  These platforms generally 
exhibit highly variable widths.  Slopes of poor platforms can be difficult to characterize as 
microtopography peaks and troughs commonly are not concordant and do not necessarily show a 
preferred slope angle.  

Continuity of the strandline refers to the consistency in elevation and lateral continuity of the 
mapped strandline.  Strandlines displaying relatively constant elevations (±2 m) along traces 
mappable for distances of several hundred meters are assigned higher-level rankings than those 
with inconsistent elevations and lateral discontinuities.   

Location confidence can be negatively affected by sediment burial, bedrock topography, or 
multiple alternative interpretations where lines can be drawn in different locations and still 
satisfy shoreline morphologic criteria.   

The probability of a mapped strandline representing a paleoshoreline formed during a period of 
relative sea-level stability is an assessment of the criteria described above (geomorphic 
expression, continuity, and location confidence) and consideration of other geomorphic 
explanations for the origin of the feature.  For example, at locations where broad wave-cut 
platforms are evident but no clear strandline is observed, a strandline may be mapped with very 
low confidence at a break in slope.  This potential strandline may not closely represent a 
paleoshoreline, but the broad wave-cut platform likely results from a long period of wave erosion 
during a relative sea-level stillstand, which should have recorded a strandline upslope.  
Additionally, where a topographic break-in-slope or scarp inferred to be a strandline could be 
related to other processes or factors, such as differential bedrock erosion resulting from lithologic 
variation, fault scarps, jointing, or other structural discontinuities, the probability that a mapped 
strandline represents a paleoshoreline is decreased.   
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4.2.1.2 Relationship of Submerged Strandlines to Rock Structure 

In order to evaluate the possibility that some or all of the mapped strandlines were formed by 
differential erosion in rock, instead of wave erosion during paleosea-level stillstands, the 
relationship of mapped strandlines to existing bedrock structure (i.e., mapped faults, folds, joints, 
and bedding attitudes) as described in Appendix B and interpreted from the seafloor texture 
exhibited in shaded-relief images of MBES bathymetry in rocky parts of the seafloor was 
documented separately from the confidence assessment described above.  In addition to 
influencing the confidence assessments (as described above), these relationships were used to 
assist with the correlation of paleoshorelines (described in Section 6.3 and shown on Plates 
I-3-a through I-3-d).  Strandlines mapped parallel to prominent bedding, faults, folds, and joints 
are given less weight in the paleoshoreline correlations than those that clearly crosscut bedrock 
structures and bedding.  Strandlines were assigned to one of four categories based upon their 
orientation with respect to surrounding bedrock structure and bedding: 

1. Strandlines that crosscut bedding and bedrock structure, where evident. 

2. Strandlines that crosscut bedding but parallel structure. 

3. Strandlines that clearly parallel bedding and/or structure. 

4. Strandlines that have no clear relationship to structure or bedding.  In most cases 
strandlines in this group are developed in rock where bedding is unrecognizable or does 
not exist, and/or structure is chaotic, poorly defined, or absent.   

In many cases individual strandlines were separated into multiple segments as their orientation 
with respect to bedrock structure and bedding varied along their length.  The relationships of 
strandlines to rock structure and bedding are shown as colored symbols on Plates I-3-a through 
I-3-d. 

Where strandlines are parallel to bedding, differential erosion by wave action and other 
nearshore and submarine erosion processes is a reasonable interpretation for their origin.  
Approximately one-third of the mapped strandlines are parallel to bedding or other bedrock 
structure (such as joints or faults).  Differential erosion is a less likely explanation for the 
strandlines developed in rock that does not exhibit a distinct geomorphic expression of bedding 
or other structure (described herein as an “indistinct” relationship to structure).  Approximately 
one-third of the mapped strandlines fall into this category.  Where strandlines clearly crosscut 
bedding and other rock structure, differential erosion of bedrock is not a viable explanation for 
the origin of these geomorphic features.  Approximately one-fourth of the mapped strandlines 
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clearly crosscut bedding and other bedrock structure, and the rest of the strandlines appear to 
crosscut bedding, but are parallel to joints or faults.   

4.2.2 Holocene Wave-Cut Platform Mapping 

To better understand processes and rates of strandline and wave-cut platform formation, the 
modern (mid- to late-Holocene) wave-cut platform is used as a proxy for paleoplatform 
development during periods of relative sea-level stability.  Given that timing and elevation of the 
mid- to late-Holocene eustatic sea-level highstands are relatively well constrained, rates of 
Holocene platform development can be estimated (where sufficient bathymetric data exist) and 
used to better understand potential rates and timing of paleoplatform development.   

Holocene platforms from the mouth of Islay Creek to Point San Luis are the primary data set 
used in this analysis.  North of Islay Creek, the Holocene platform is difficult to define because 
LiDAR data terminate less than 200 m north of the creek mouth.  Although LiDAR and 
multibeam bathymetry data sets were merged for this exercise to allow for continuous two-
dimensional profiling between the offshore and onshore, at no point along the Islay Creek to 
Point San Luis coastal segment do the LiDAR and bathymetry data overlap to form a continuous 
data set.  The gap between the two data sets is filled by a zone of computer-interpolated data, 
taken as unrepresentative of actual bathymetry.  In many locations, bathymetric data do not 
extend near enough to shore to image platforms, should they exist.  For this reason, several 
sections along the coast are not represented in the mapping and analysis.   

The Holocene platform mapping approach consists of the following steps:  

• Establish a reference line along the coastline to document locations of two-dimensional 
profile measurements, allowing for longitudinal profiling, correlation with geologic units, 
and reinterpretation/reoccupation of measurements during analysis.   

• Generate coast-normal bathymetric profiles across the suspected location of a Holocene 
platform.  Profiles are interpreted based on apparent relationships between platform 
slopes as projected across the gap between the LiDAR and multibeam data.  The outer 
edge of the Holocene platform is judged to be present in the multibeam data when slopes 
aligned such that a continuous platform could be interpreted to cross the gap between the 
data sets.   

• Map a wave-cut platform where multiple coast-normal profiles suggest that outer edge 
and inner (backedge) morphologies show the presence of a Holocene platform with a 
strandline that occurs near the modern mean sea level.  For this study, two platform sets 
are mapped: one set using a more conservative approach where only contiguous 
platforms are included, and a second, less conservative set that includes broader areas 
commonly farther offshore at water depths consistent with the main platform bodies.  
Areas included in the less conservative set are interpreted to be platform remnants 
isolated from the main platform body by submarine erosional processes.  Areas are not 
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mapped where profiles display inconsistent outer edge elevations or morphology, steep 
morphology, no apparent outer edge, or pinnacles with water depth unrelated to an 
adjacent platform. 

• Use profiles to measure outer edge depths, shoreline angle elevations, and platform 
widths at points along the station line.  Record rock type at the location of each platform 
measurement to generate platform statistics by rock type. 

The distribution of Holocene wave-cut platforms mapped for this study using the above approach 
is shown on Plates I-1a through I-1d. 

4.2.3 Top-of-Bedrock Contouring 

Abundant sand sheets and other marine sediments in the study area are most prevalent in areas to 
the west of the Islay and Santa Rosa Reef shelves, in the topographic low between the two 
blocks, and in San Luis Bay.  In addition to obscuring low-relief submerged strandlines, 
geologically young marine sediments have the potential to conceal significant bedrock 
topography that could otherwise be used to identify differing lithologies or tectonic structures.  In 
order to evaluate the general seafloor topography beneath these broad sand sheets, the 2008 
USGS high-resolution seismic-reflection profiles were interpreted to map and contour the 
inferred top of bedrock for approximately 215 km2 of seafloor.  The top-of-bedrock contours are 
presented in Figure I-4-5.  The methodology used to define the top of bedrock in these areas 
consisted of following steps: 

1. The top of bedrock was interpreted using 2008 high-resolution seismic-reflection profiles 
loaded into SMT Kingdom Suite software.  The top of bedrock was mapped as a 
continuous horizon for each seismic line, except where bedrock was exposed at the 
seafloor surface.  Seismic interpretation was completed for lines extending south from 
Estero Bay through lines terminating at the north end of Pismo Beach at the southeast 
margin of San Luis Bay (near the offshore extension of the Wilmar Avenue fault).  The 
seismic reflection profiles used in this interpretation are spaced approximately 800 m 
apart and oriented northeast-southwest.  The top of bedrock, where buried, was picked on 
the presence of a strong, commonly undulatory reflector located beneath a set of weaker 
subhorizontal reflectors.  Additional reflectors beneath the strong top-of-bedrock 
reflection are commonly tilted and/or folded.  Vertical motion of the reflection survey 
equipment due to waves was not corrected in the high-resolution seismic-reflection 
profiles, resulting in undulatory reflectors.  The bedrock horizon was mapped through the 
vertical average of the wave peaks and troughs.  The type and age of underlying bedrock 
commonly affects the strength of the bedrock reflection, with Monterey and Pismo 
Formations generally showing weaker signals than those of the Franciscan Complex and 
Cretaceous sandstone units. 

2. The depth to bedrock was measured in milliseconds, converted to meters, and plotted on 
1:15,000 scale hillshade maps.  Depths to bedrock were calculated using two-way travel 
times in milliseconds, measured from the averaged seafloor surface to the averaged 
bedrock surface and converted to depth in meters based on an assumed seismic velocity 
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of 1,600 m/s.  Sediment thickness values were calculated on 500 m spacing along each 
seismic line, yielding a sediment depth grid size of 800 x 500 m.  Sediment depths were 
plotted on paper maps with 5 m bathymetric contours and converted to top-of-bedrock 
elevations. 

3. 5 m bedrock elevation contours were generated using the top-of-bedrock elevation grid 
where bedrock is buried beneath sediments on 1:15,000 scale maps.  These structure 
contours were merged with the existing 5 m seafloor contours in regions where bedrock 
is exposed at the to create a seamless 5 m top-of-bedrock map. 

Because of the wide spacing of depth measurements and survey lines, the top-of-bedrock map 
shows general topographic trends, but is not detailed enough to delineate subtle or small-scale 
topographic features.  

4.3 TYPES OF UNCERTAINTIES  

Several types of uncertainties are considered in both the mapping and analysis of 
paleostrandlines and associated wave-cut platforms.  These include uncertainties related to the 
accuracy and precision of the data used to identify and map features; as well as less quantifiable 
uncertainties broadly defined herein as “geologic context” and “interpretation” uncertainties.  
Geologic context uncertainty is related to geologic processes other than tectonic deformation that 
can influence the development and geomorphic expression of paleostrandline features in a 
submerged environment.  Interpretation uncertainty addresses whether or not the interpretation of 
features as indicators of paleostrandlines is correct.  Table I-4-2 outlines various types of 
uncertainties identified during this investigation and the possible implications of these 
uncertainties in our assessment of the patterns and rates of late Quaternary deformation on the 
continental shelf, specifically with respect to the assessment of the Shoreline fault zone as a 
seismic source.  Further discussion of the issues related to geologic context and interpretation is 
provided in Sections 6.0 (Results) and 7.0 (Discussion), as noted in Table I-4-2. 

At four specific locations in the study area, wave-cut platforms mapped across fault traces are 
used to assess potential fault displacement.  Potential sources of uncertainty and specific 
estimates of uncertainty in these measurements are provided in Section I-7.3.  Because the 
measurement and geologic context uncertainties are not correlated and are approximately 
normally distributed, the combined uncertainty in characterization of potential fault displacement 
is calculated as the square root of the sum of the squares.  For example, given a site with a 
measurement uncertainty of 0.5 m and a geologic context uncertainty of 1.5 m, the combined 
uncertainty is (sqrt(0.5^2+1.5^2) = 1.6 m.   

In this appendix, uncertainties are rounded to the nearest 0.5 m.  
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5.0 WORLDWIDE SEA-LEVEL CURVES 

This section provides a summary of current global sea-level data used to develop a paleosea-
level curve that in turn is used to evaluate ages of emergent and submerged paleoshoreline 
features in the study area (Section 7.2).   

Changes in relative sea level result from the interplay of several processes operating at different 
rates and over contrasting spatial and temporal scales.  Relative sea level (RSL) is defined as the 
height of the ocean surface relative to the solid Earth (or ocean floor) (Milne and Shennan, 
2007).  Changes in RSL are driven, therefore, by processes that produce a height shift in either of 
these two bounding surfaces.  

During the Quaternary Period, the dominant mechanism responsible for sea-level change has 
been the progressive buildup and decay of continental-scale ice sheets in response to 
Milankovitch cycles (e.g., Hays et al., 1976).  In addition to these global eustatic changes in sea 
level related to changing ice volumes, more local factors related to tectonics and glacio- and 
hydroisostatic responses influence the RSL curve and resulting geologic record of geomorphic 
features at a specific site.  

The timing and amplitude of these eustatic changes have tended to conform to a consistent 
pattern, as indirectly indicated by the marine oxygen-isotope record and corroborated by 
geomorphological and stratigraphic evidence from tectonically uplifted and more stable coastal 
areas (Murray-Wallace, 2007b).  However, as noted below, there still remain significant 
uncertainties in deciphering a global sea-level curve that can be used for site-specific studies in 
regions where sequences of terraces or paleoshoreline features are not well dated. 

Normalized oxygen isotope ratios in forminifera preserved in deep ocean sediments are a proxy 
record for global ice volume and are used for developing continuous reconstructions sea level 
over late Quaternary time (Shackleton and Opdyke, 1973, 1976; Chappell and Shackleton, 1986; 
Labeyrie et al., 1987, 1976; Shackleton, 1987, 2000; Chappell et al., 1996).  Figure I-5-1 
presents two recent interpretations of Quaternary global sea-level history for the past 450 ka 
derived from such studies (Shackleton, 2000; Waelbroeck et al., 2002).  Both of these curves are 
based on oxygen isotope ratios scaled to match magnitudes of sea-level fluctuations documented 
by fossil data.  It is important to note that oxygen isotope curves may not correlate directly with 
paleosea levels because oxygen isotope ratios measured from deep sea cores are not only 
dependent on the ratio of the volume of water in the sea relative to the volume of water stored in 
glaciers on land, but also other factors, such as salinity, water temperature, and diagenesis (Olson 
and Hearty, 2009).  Invariably, many assumptions are necessary to use oxygen isotopes as a 
direct proxy for sea level.  Both of the curves in Figure I-5-1 represent significant improvements 
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over previously published curves used in PG&E (1988) because of increases in the resolution of 
the data, timing constraints, and treatment of extraneous effects that are not caused by relative 
water volume.  

Local observations of RSL change around the world that have been developed from 
interpretation of geomorphic and stratigraphic relationships and dating of features formed at or 
near sea level provide constraints to test sea-level curves inferred from models based on marine 
oxygen isotope ratios as well as quantitative geophysical models for global meltwater discharge.  
Far-field locations, distant from late Quaternary ice sheets, most closely resemble global eustatic 
sea level, but still include local effects.  Attempts to fit relative sea-level observations from far-
field locations with numerical models of glacial isostatic adjustment (GIA) and models of global 
ice distributions reveal significant misfits (see references cited in Shennan, 2007, p. 2970).  
These differences arise from the number of unknown parameters, including Earth-model 
parameters, ice-model parameters, as well as uncertainties in RSL observations.  The major 
differences in RSL changes that are predicted by the GIA models generally are summarized by 
different curves for six characteristic zones (e.g., Clark et al., 1978).  The existence of the zones 
and the position of the boundaries between them, however, are a strong function of both the 
Earth and deglaciation models adopted (Shennan, 2007). 

Peltier (2004) presents a refined model of the global process of GIA, denoted ICE-5G (VM2) 
model that incorporates data available from the Bonaparte Gulf and Sunda shelf and various 
other lines of evidence that point to a larger, multidomed Laurentide ice sheet.  Lambeck et al. 
(2002) present an alternative GIA model that uses alternative earth and ice models, and different 
calculation methods, but is calibrated using much of the same data used by Peltier (2004).  
Peltier and Fairbanks (2006) note that the Waelbroeck et al. (2002) curve, which attempts to 
carefully account for variation of the temperature of the abyssal ocean that otherwise would 
contaminate the δ18O proxy for variation of land ice and associated sea level over time, agrees in 
general with sea-level data from Barbados and the Sunda shelf over the last glacial-interglacial 
cycle from 120 ka to the present, particularly with regard to the rise in sea level from the Last 
Glacial Maximum (LGM; Figure I-5-2).  

The main far-field records used to calibrate sea-level curves come from studies of uplifted and 
submerged terraces in Barbados (Bard et al., 1990; Peltier and Fairbanks, 2006); Tahiti (Bard et 
al., 1996); the Huon Peninsula on the island of New Guinea (Lambeck and Chappell, 2001; 
Cutler et al., 2003); Bonaparte Gulf (Yokoyama et al., 2000, 2001); and the Sunda shelf (Peltier 
and Fairbanks, 2006).  The data from Barbados, Tahiti, and the Huon Peninsula require a 
correction for long-term tectonic movement, usually corrected assuming a uniform tectonic uplift 
rate.  A summary of paleosea-level data from these studies and others is provided in Table 5-1. 
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This table illustrates the significant variation that exists in estimates of Quaternary global sea-
level history. 

Figure I-5-3 shows selected interpretations of sea level fluctuations for the past 140 ka based on 
interpretations of data from several localities as well as the prediction from Lambeck et al. 
(2002) and the ICE-5G (VM2) model (Potter et al., 2004; Cutler et al. 2003; Chappell, 2002; 
Ramsay and Cooper, 2002; Lambeck and Chappell, 2001; Lambeck et al., 2002; Hanson et al., 
1994; and Peltier, 2004).  With the exception of the ICE-5G (VM2) and Lambeck et al. (2002) 
model curves, each of these curves are primarily reconstructed from the precise ages and 
elevations of fossil corals collected from elevated or submerged coral terraces.  These curves and 
data constraints are selected to be most appropriate for the Shoreline fault zone study area 
because they span the range of (1) being representative of global eustatic sea-level curves, to 
(2) being based on local data.   

Observations and new information cited in the literature reviewed for this study that bear more 
directly on assessments of the ages and paleosea levels for uplifted and submerged terraces in the 
Shoreline fault zone study region are discussed below.  A general observation noted by several 
researchers is that sea level during lowstands is relatively consistent globally, but during 
highstands has more deviation (Ramsay and Cooper, 2002).   

5.1 POST-GLACIAL SEA-LEVEL CHANGES 

The period from the peak of the LGM (ca. 22–20 ka) to the present, the Holocene Interglacial, 
represents the extreme end points of eustatic sea level in glacial cycles.  Recent assessments give 
an uncertainty of eustatic sea level at the LGM to a range from approximately 114 to 135 m 
(Shennan, 2007).  Murray-Wallace (2007b) summarizes literature that suggests that during this 
time interval, sea level rose worldwide from approximately 120 to 125 m below present levels 
and almost attained (or in some locations exceeded) present levels by about 7 ka (Figure I-5-2).  
The rate and general pattern of RSL change during this period was spatially variable and differed 
according to geographic regions in response to glacio-hydroisostatic adjustment processes, 
tectonism, and localized climatic changes (i.e., steric changes accompanying changes in 
localized sea-surface temperatures and salinity) (Murray-Wallace, 2007b). 

One of the major issues regarding RSL since the LGM has been uncertainty in the general nature 
of the change:  Was the pattern of sea-level rise a smooth function with time or characterized by 
a series of well-defined oscillations superimposed on a broader pattern of changes (Murray-
Wallace, 2007b, p. 3035)?  High-quality RSL data from the mid-latitudes reveal spatial and 
temporal variations among eustatic, isostatic (glacio- and hydro-), and local factors since the 
LGM.  Errors that are commonly ignored in sea-level analyses include (1) the uncertainty in the 

 
Shoreline Fault Zone Report, Appendix I Paleostrandlines

 
Page I-24 of 104



 

 

relationship between a given indicator and the local to regional paleoenvironment in which it was 
formed (known as the indicative meaning); (2) sediment compaction and tidal range variations; 
and (3) calibration of radiocarbon dates, and if appropriate the application of the marine reservoir 
effect (Horton, 2007). 

Despite these uncertainties, the general pattern of eustatic (ice-equivalent) sea-level rise since the 
end of the LGM, based on the study of far-field settings is as follows:  

1. A slow initial rise in sea level with the onset of deglaciation.  

2. A phase of relatively rapid sea-level rise with the possibility of short-term meltwater 
pulses characterized by even more rapid sea-level rise.  

3. The attainment of an early Holocene highstand.  

Selected interpretations of post-LGM sea-level rise are illustrated on Figure I-5-2. 

5.1.1 Onset of Deglaciation 

Most authors agree that the early post-LGM transgression was characterized by a period of 
relatively slow sea-level rise that continued until about 15–17 ka, during which the global 
eustatic sea level rose to about 100 m below modern sea level.  Average rates of sea-level rise for 
this period are estimated to range from about 6 mm/yr (Fleming et al., 1998) to 4 mm/yr 
(Fairbanks, 1989).  Lambeck and Chappell (2001) and Lambeck et al. (2002) suggest that the 
onset of deglaciation may have been punctuated by a period of accelerated sea-level rise 
(meltwater pulse) at about 19 ka that accounted for about 15 m of global eustatic sea-level rise 
over the course of 500–1,000 years, although some authors dispute the evidence for this 
meltwater pulse (e.g., Peltier, 2004; Peltier and Fairbanks, 2006).  This meltwater pulse (shown 
on Figure I-5-2 as MWP 1Ao) was then followed by a period of relatively slow global melting 
with sea level rising at a rate of about 3.3 mm/yr (Lambeck et al., 2002).  

5.1.2 Rapid Sea-Level Rise 

The onset of deglaciation was followed by a phase of relatively rapid sea-level rise that extended 
until approximately 7 ka during which time global eustatic sea level rose to within a few meters 
of modern sea level (Figure I-5-2).  The mean rate of sea level rise during this period was close 
to 10 mm/yr (IPCC, 2001; Fleming et al., 1998).  Significant departures from this average rate 
may have occurred at the time of the Younger Dryas cold period (between about 12.5 and 11.5 
ka), and possibly during potential meltwater pulses that began circa 14 ka and 11 ka (Fleming et 
al., 1998; Lambeck et al., 2002). 
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Of these departures from a linear sea-level curve, the best supported by data and the most widely 
accepted appears to be a reduced rate of sea-level rise associated with the Younger Dryas cold 
period (Fairbanks, 1989; Fleming et al., 1998; Lambeck et al., 2002).  Lambeck et al. (2002) 
recognize only the Younger Dryas event and do not recognize meltwater pulses between 16 and 
8.5 ka.  Instead, they adopt a simpler, three-phase model for this period:  a rapid, sustained rise 
from about 16 ka to 12.5 ka with an average rate of 16.7 mm/yr, followed by a short-duration 
plateau extending from 12.5–11.5 ka (the Younger Dryas), and a rapid, uniform, post-Younger 
Dryas sea-level rise of about 15.2 mm/yr.  Global data from Lambeck et al. (2002) suggest that 
global eustatic sea level was about 60–70 m below modern sea level during the Younger Dryas.  
Murray-Wallace (2007b) reports a mean rate of sea-level rise of about 5.6 mm/yr for the Younger 
Dryas based on data from Barbados, but suggests the period lasted about 2–3 kyr, ending about 
11.3 ka.   

In a detailed reconstruction of post-LGM sea level based on corals collected from a series of 
boreholes in Barbados, Fairbanks (1989) indicates that the Younger Dryas was immediately 
preceded by an exceedingly rapid sea-level rise of 24 m in less than 1,000 years, which he 
termed meltwater pulse 1A (MWP1A), and was immediately followed by a second rapid rise in 
sea level of about 28 m, which he termed meltwater pulse 1B (MWP 1B).  Subsequent studies 
indicate that the magnitude of these meltwater pulses may have been lower, and even call into 
question the existence of MWP 1B (e.g., Shennan, 1999; Bard et al., 1996).  Fleming et al. 
(1998) note that evidence from Barbados points to a rapid sea-level rise of about 12–13 m at 
about 14 ka, which may correspond with Meltwater Pulse 1A (MWP 1A) of Fairbanks (1989) 
and Bard et al. (1990).  However, they caution that this interpretation is based on several 
assumptions that may not be valid, and suggest that an alternative explanation may lie in 
different growth depths for the corals sampled (corals before and after this time frame come from 
different colonies), rates of tectonic subsidence or uplift not being constant, or lateral variation in 
mantle parameters that lie outside the limits imposed in the isostatic correction calculation.  They 
indicate that this interpretation is based on few records from only one location, and that 
additional records from other localities would be desirable.  Lambeck et al. (2002) describe a gap 
in their data set at about 14 ka that could be construed as corresponding to a short-duration, very 
rapid sea-level rise (i.e., MWP 1A), but describe evidence for a steady rate of sea-level rise 
following the Younger Dryas, suggesting an absence of MWP 1B. 

Gornitz (2007) describes a fourth interval of rapid sea level rise 8.2–7.6 ka (shown on Figure 
I-5-2 as MWP 1C) inferred by a hiatus in coral growth in the Caribbean.  Although less firmly 
established than the meltwater pulses described above, this interval is supported by stratigraphic 
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evidence from Chesapeake Bay, the Mississippi River delta, the Yellow River in China, coastal 
Lancashire in England, and Limfjord in northwestern Denmark (Gornitz, 2007). 

5.1.3 Holocene Highstand 

By about 7 ka ocean volumes approached their present-day level but did not attain it precisely 
until sometime later (Lambeck et al., 2002).  Fleming et al. (1998) report that 3–5 m of water 
depth has been added to the oceans since that time.  However, many far-field sites also record a 
fall in relative sea level following the attainment of the early Holocene highstand due to 
hydroisostatic adjustments, the amplitude of which is in part a function of the width of 
continental shelves.  Hydroisostasy involves the subsidence of continental shelves due to the 
geologically “instantaneous” loading effects of water that has returned to the continental shelves 
from the decay of ice sheets.  This is accompanied by the landward migration of viscous mantle 
material and results in the formation of emergent shoreline deposits but without a reduction in 
the water volume of the ocean basins. 

Early to middle Holocene highstand features have not been reported for the central California 
coastline. 

5.2 MIS 2 (LAST GLACIAL MAXIMUM) 

The position of sea level during the LGM is relatively well defined from several independent 
lines of evidence, including direct stratigraphic evidence from sediment cores from continental 
shelves, inferences drawn from modeling the areal extent and thickness of ice sheets at the time 
of maximum ice-sheet development, and inferred ice volumes derived from oxygen isotopes in 
foraminifera from deep-sea cores.  Recent estimates for full glacial sea-level lowering are less 
than originally predicted on the basis of model calculations of ocean-volume accommodation 
space and estimates of water locked up in continental ice, which had placed LGM ice-equivalent 
sea level at approximately –154 m (Williams et al., 1998) or the CLIMAP (1981) reconstructions 
of a “minimum model” with 127 m of eustatic change and a “maximum model” with 163 m of 
eustatic change.  

Areas regarded as tectonically stable have been favored in studies attempting to define the 
position of sea level during glacial maxima, particularly for regions far from former ice sheets 
(far-field regions) such as Australia.  In such regions, the effects of the glacio-isostatic 
adjustment process are minimized and the relative sea-level is overwhelmingly eustatic in nature 
(ice-equivalent sea level) (Murray-Wallace, 2007a).  Studies of sedimentary successions on 
continental shelves and shallow marine platforms such as southeastern Australia (New South 
Wales), northwestern Australia (Bonaparte Gulf), South Africa, and Barbados have indicated a 
maximum sea-level lowering of between <130 and 121 m during the LGM 20–22 ka (Bard et al., 
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1990; Ferland et al., 1995, Yokoyama et al., 2001; Ramsay and Cooper, 2002).  Results from 
Bonaparte Gulf in northwestern Australia indicate a eustatic sea level of 125 ± 4 m below present 
(Murray-Wallace, 2007b).  Yokoyama et al. (2001) proposed that a maximum sea-level lowering 
occurred before 22 ka and ended abruptly at about 19 ka.  Although these findings are consistent 
with other independent observations such as modeling global ice-equivalent sea level between 
135 and 120 m below present sea level during the LGM (Clark and Mix, 2002), Shennan and 
Milne (2003) suggest that the sea-level reconstruction presented by Yokoyama et al., (2001, 
2002) is not consistent with the evidence in all of the cores and that this model needs to be 
reassessed.  They question the inference of a 19 ka meltwater pulse.  Peltier and Fairbanks 
(2006) also cite errors with the Lambeck and Chappell (2001) curve with respect to the depth of 
the LGM lowstand that was based on incorrect information in Yokoyama et al. (2001). 

5.3 MIS 3-4 

Eustatic sea levels of MIS 3 have been subject to several interpretations.  A recent compilation of 
data constraining sea-levels for this interval included in Wright et al. (2009) indicates that there 
is considerable range in the estimates for the relative sea level during the multiple highstands and 
lowstands of MIS 3 and 4.  This compilation includes estimates of sea-level highstands as high 
as –25 m and lowstands as low as –90 m, although no single data set includes the total magnitude 
of fluctuations implied by this range.  As illustrated on Figure I-5-3, the best-constrained data 
from New Guinea suggest that eustatic sea level during MIS 3 was in the range from about  
–90 m to –45 m.  The ICE-5G (VM2) model predicts lower sea level during this time, and 
stratigraphic evidence from the Atlantic coastal margin of New Jersey shows evidence for sea 
level at higher elevations (Wright et al., 2009).  This apparent discrepancy may result from 
isostatic adjustment of the Atlantic coastal margin of New Jersey during MIS 3.  Wright et al. 
(2009) made no adjustment for forebulge collapse in their analysis.  Ramsay and Cooper (2002) 
cite evidence for sea levels between –40 and –60 m between 55 and 40 ka that are also consistent 
with development of a major shoreline sequence that is preserved on the continental shelf.  
Uranium-series dating of the shoreline suggests that these younger sea-level highstands 
reoccupied an older shoreline initially formed during MIS 5d.  

5.4 MIS 5 

Uranium-series ages for corals from emergent marine terraces obtained subsequent to the LTSP 
data compilation, provide additional information regarding the precise timing, duration, and 
paleoclimatic conditions during the last interglacial (MIS 5) in the study region.  The results of 
these studies are summarized in a series of papers by Muhs et al. (2002a, 2002b, 2004, 2006).  In 
the Monterey–Santa Cruz region north of the study region, where the lowest platform (the 
Davenport terrace) in a sequence of terraces had been previously assigned ages ranging from 
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approximately 65 ka (MIS 3) to approximately 140 ka (MIS6/5e) (Muhs et al., 2006), new 
uranium-series coral ages for the Davenport terrace at Point Año Nuevo and Point Santa Cruz 
indicate that the Davenport platform dates to the MIS 5a (approximately 80 ka) highstand of the 
sea.  The multiple coral ages from the Point Año Nuevo area also demonstrate with a high degree 
of confidence that this sea-level highstand had a duration from approximately 84 ka to at least 77 
ka, similar to that recorded in Bermuda (Muhs et al., 2006).   

At Cayucos, just north of Morro Bay, a geomorphically well-expressed low terrace has a 
shoreline angle elevation of approximately 7-8 m, and platform exposures in the modern sea cliff 
as high as 5 m.  Previous uranium-series analyses of corals from this terrace showed that all 
samples have been affected by open-system conditions, and more recent analyses by Muhs et al. 
(2002b) yielded similar results with ages generally in the range from 125 to 116 ka (MIS 5e).  
Some samples in both an earlier study (Stein et al., 1991) and the Muhs et al. (2002b) study gave 
apparent ages of approximately 101 ka (one sample) and 109 ka (two samples), respectively.  
Using an approach that corrects the age bias of samples based on a model of continuous, 
secondary U and Th uptake, Muhs et al. (2002b) show that despite the open-system conditions, 
two age groups of corals are present, probably representing the MIS 5c (approximately 105) and 
MIS 5e (approximately 120 ka) sea-level highstands.   

Whereas most eustatic sea-level curves place the MIS 5a sea-level elevation well below present 
(–20 m or deeper), many records from sites in the United States show it at or above present.  
Uranium-series coral ages from the U.S. Atlantic Coastal Plain (Wehmiller et al., 2004), and 
several localities along the Pacific Coast from Oregon to Baja California (Hanson et al., 1994; 
Hanson and Lettis, 2000; Muhs et al., 2004) suggest sea level near (within 6 m) or above present 
levels at the end of MIS 5, contradicting age-elevation relations based on marine isotopic or coral 
reef models of ice equivalent sea level.  Emergent approximately 80 ka deposits are also 
observed in Bermuda, at elevations virtually identical to those for approximately 125 ka deposits 
(Muhs et al., 2002a).  Wehmiller et al. (2004) speculate that the apparent occurrence of early and 
late stage 5 units and/or landforms at nearly identical emergent elevations, with coral ages from 
MIS 5a being far more abundant than those from substage 5e, requires some mechanism (such as 
hydroisostatic subsidence) by which the approximately 45 kyr of flooding of the continental 
margin during MIS 5, coupled with forebulge collapse following MIS 6 glaciation, generated this 
record of coastal evolution.  It is not known whether this is a viable explanation for the Pacific 
Coast.  

Muhs et al. (2002a, 2002b) also note that uranium-series ages of last interglacial corals from the 
Pacific Coast overlap with, but are on average younger than, corals from Barbados, the Bahamas, 
and Hawaii.  This age difference is explained by the nature of the geomorphic response to sea 
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level change.  Fringing or barrier reefs on low-latitude coastlines have “keep up” corals with 
accretionary growth that can keep pace with rising sea level, whether on a tectonically rising or 
stable coastline.  In contrast, mid-latitude, high-energy coastlines undergo platform cutting 
during the early part of a sea-level highstand.  Sediment and fossil deposition in this type setting 
take place as sea level starts to recede.  Muhs et al. (2002a, 2002b) note also that the youngest 
ages of corals from Pacific Coast sites (San Clemente Island and Punta Banda) overlap with 
intermediate-aged and younger corals in Hawaii and the Bahamas and suggest that sea level was 
still relatively high at approximately 116 ka.  This finding conflicts with estimates of a relatively 
large global ice volume during MIS 5d, a time of low summer insolation at high latitudes in the 
Northern Hemisphere.  

6.0 DATA ANALYSIS AND RESULTS 

Quantitative analysis and resulting evaluations of paleoshorelines and platform development in 
both offshore and onshore environments of the Shoreline fault zone study area are discussed in 
the following sections.  These evaluations provide information to constrain patterns and locations 
of the uplift in the study area as well as amounts of possible vertical deformation associated with 
mapped traces of the Shoreline fault zone and N40W fault. 

6.1 HOLOCENE PLATFORM DEVELOPMENT 

A detailed, rigorous, and quantitative analysis of modern shoreline angles and their associated 
wave-cut platforms is critical in understanding processes and rates of offshore platform 
development.  The results of this analysis provide constraints on the duration of time needed to 
form broad wave-cut platforms in the study area and this in turn is used to evaluate the ages of 
mapped platforms (see Section 7.2).  

The process of sea-cliff retreat and platform development results from a combination of the 
delivery of wave energy and the erosion resistance of the rock and sediment receiving that 
energy.  The amount of wave energy delivered to the shoreline is a function of many factors 
including initial wave energy, orientation of the shoreline with respect to principle wave 
direction (obliquity to oncoming waves), and geometry of the sea floor.  Factors affecting 
bedrock and sediment erosion include hardness, abrasion resistance, jointing/fracturing/bedding 
plane weaknesses impacting the efficacy of plucking and removal, resistance to mechanical 
weathering, and type and amount of sediment cover.  These factors as well as the overall period 
of time during which a bedrock substrate is exposed to wave erosion influence the resulting 
geomorphology of a platform and its associated shoreline angle.  For this analysis, it is assumed 
that Holocene wave-cut platform development was initiated approximately 7 ka when sea level 
rose approximately to the present level (Section 5.1.3, Figure I-5-2).  
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For this study, 21 sections of the Holocene wave-cut platform were mapped between Islay Creek 
and Point San Luis using the methods outlined in Section 4.2.2.  A total of 56 measurements of 
platform width and slope in eight mapped bedrock formations were obtained for these platform 
sections.  In general, the age of bedrock increases from northwest to southeast; i.e., from the 
Miocene Miguelito Member of the Pismo Formation at the mouth of Islay Creek to the 
Cretaceous-Jurassic ophiolite and associated rocks of the Franciscan Complex at Point San Luis 
(Appendix B).  

Table 6.1 summarizes the Holocene platform widths, depths of outer edges, slopes, and sea-cliff 
retreat rates.  Each of these parameters is presented as an average value for all measurements in 
each rock type, and also as an average of all measurements.  Rates of Holocene sea-cliff retreat 
(and also platform development) are estimated by dividing the mapped platform width by the 
estimated time of exposure to marine erosion (7 kyr).  The highest average retreat rate is 
observed in Miguelito mudstone at 95 m/kyr.  The lowest retreat rate is observed in the 
lithologically resistant ophiolite at 30 m/kyr.  

This analysis includes only those platforms wide enough and deep enough to be imaged in the 
multibeam bathymetry survey.  In localities where no suitable candidate for a modern wave-cut 
platform was identified in the bathymetric data, the platform is interpreted to be too narrow or 
too shallow to extend offshore across the gap between data sets into the region covered by the 
multibeam survey.  These localities are not included in our analysis or the average parameter 
values presented in Table 6-1.  The addition of narrower platforms to the data set would lower 
the estimates of Holocene retreat rates as these rates are a direct function of platform width.  
However, given the high level of completeness of the Holocene platforms identified in the 
bathymetric data (Plates I-1a to I-1d), the calculated retreat rates do not significantly 
overestimate actual Holocene retreat rates.  It is possible that the data set of mapped Holocene 
platforms includes only fractions of the Holocene platform, and that the geomorphic features that 
have been mapped are actually parts of the bathymetric signatures of potentially wider wave-cut 
platforms.  Additional uncertainties in the analysis include the onset age, duration, and elevation 
of a postulated middle Holocene sea-level highstand (Section 5.1.3), and potential Holocene 
reoccupation of a late Pleistocene platform.  A discussion of possible effects of these 
uncertainties is provided in Section 7.0. 

Analysis of Holocene platform morphology yields several noteworthy observations.  First, on the 
Islay shelf both the morphology and outer edge depth of Holocene wave-cut platforms between 
Islay Creek and approximately 1.5 km south of the mouth of Diablo Canyon vary significantly 
from those platforms on the Santa Rosa Reef and San Luis Bay shelves to the south.  The outer 
edges of Holocene platforms on the Islay shelf commonly occur at elevations of between –10 
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and –12 m and have outer edges that commonly are subtle and difficult to differentiate from the 
general slope of the inner continental shelf.  In contrast, Holocene platforms on the two southern 
shelves have outer-edge elevations generally between –6 and –8 m and their outer edges are 
more easily distinguished from the surrounding inner continental shelf.  The morphologic 
boundary is roughly coincident with the contact between Mesozoic and Cenozoic bedrock 
(Appendix B).  

Second, Holocene platforms show a general decrease in width from north to south, with the 
exception of platforms in the Obispo Formation.  The widest platforms are formed in Miguelito 
Member mudstone, which is the lithologically least resistant bedrock unit along this section of 
coast.  However, where the Holocene platforms are carved into the Miguelito Member, the 
shoreline also is roughly orthogonal to the predominant direction of incoming waves arriving 
from the northwest (Lettis and Hanson, 1992).  Platforms in the Miguelito Member average 
approximately 670 m in width, nearly 200 m wider than the next widest set of platforms that are 
in the Obispo Formation.  Holocene platforms in rocks of the Franciscan Complex and ophiolite 
at Point San Luis average approximately 210 m in width (Table 6-1).  The location of the widest 
Holocene platforms roughly coincides with the stretch of coastline where the widest remnants of 
the MIS 5e terrace are mapped onshore.  Although significant uncertainty exists as to the original 
width of the MIS 5e platform, the coincidence in locations of wide and narrow platforms 
associated with the MIS 5e and Holocene highstands suggests that similar conditions favorable 
to platform development existed during the MIS 5e and Holocene highstand. 

Third, Holocene platform slopes are consistently greater than those calculated for offshore 
platforms (Figure I-6-1) of similar width identified in this study and commonly are near the 
upper values of slopes for inshore segments reported by Bradley and Griggs (1976).  Given 
current limitations in the data available to profile complete Holocene platforms, it is not possible 
at this time to distinguish between inshore and offshore platform segments; therefore composite 
slope values are reported here. 

6.2 SUMMARY OF SUBMERGED WAVE-CUT PLATFORM MORPHOLOGY 

A total of 141 wave-cut platforms associated with paleoshorelines have been mapped in the study 
area (Plates I-1a to I-1d).  Of those, 111 platforms have slopes that fall in the 0.5–4 percent slope 
range for wave-cut platforms as described by Bradley and Griggs (1976) (Figure I-6-1), 18 have 
slopes of 0.1–0.4 percent, 7 display slopes greater than 4 percent, and 5 platforms show highly 
variable slopes where no representative value could be determined.  These last five platforms are 
either very irregular, narrow, or partly buried, and therefore represent the weakest geomorphic 
expression of all the mapped platforms.  Examples of platforms associated with strandlines are 
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shown in Figures I-4-2a to I-4-2d.  Due to the variable nature of slopes and the commonly 
dissected nature of platforms, slopes values are given as composites of the entire platform, as 
opposed to defining separate slopes for inshore and offshore segments in the convention of 
Bradley and Griggs (1976).  Platform widths range from 13 to 1,150 m.  Platform slopes follow a 
general asymptotic trend where slopes show a rapid decrease with increasing width between 13 
and 100 m, shallowing to near zero for the widest platform at 1150 m (Figure I-6-1).  As noted in 
Section 6.1, Holocene platforms show a similar asymptotic trend in the width/slope curve but 
display significantly higher slope values.   

In addition to platforms that exhibit a conventional morphology (i.e., a well-defined outer edge 
and shoreline angle), broad platforms, greater than 850 m wide, have been identified (Figure 
I-6-2).  These broad platforms are likely the result of erosion during multiple highstand/lowstand 
occupations and intervening erosion events during transgressions and regressions.  Broad 
platforms are generally less planar than their narrower counterparts and in many cases 
encompass smaller mapped platforms (i.e., there is evidence for reoccupation of a preexisting 
platform).  Bedrock benches hundreds of meters wide separated vertically by a few to several 
meters commonly are observed within a single broad platform.  Five broad platforms on the 
Santa Rosa Reef shelf and one platform on the San Luis Bay shelf have been mapped.  No broad 
platforms are observed on the Islay shelf.   

Examination of the top-of-bedrock contour map suggests that additional broad platforms that are 
buried by sediment may exist south and south-southwest of Point San Luis at approximate 
elevations of –50 to 60 m and –75 to 85 m, respectively.  Southwest of Islay Creek, there are 
potentially two more buried broad platforms at depths of 65–70 m and 80–85 m, although their 
existence is less certain as they are constrained by only one seismic reflection profile apiece, as 
opposed to multiple reflection profiles for the possible broad platforms south of Point San Luis. 

6.3 CORRELATION OF SUBMERGED STRANDLINES 

Correlation of individual submerged strandlines is complicated by the lack of continuity of many 
of the paleoshoreline features.  The lack of continuity is likely due to fluvial incision and erosion 
during sea-level lowstands, erosion, and marine planation during younger sea-level highstands, 
burial of the features by younger sediment, and possible faulting or tectonic deformation. 
Individual strandlines have been correlated based primarily on (1) their interpreted elevations, 
(2) spatial relationships with respect to adjacent strandlines, (3) similarities in widths of 
associated wave-cut platforms, (4) the ranking criteria outlined in Section I-4.2, and (5) the 
relationship of individual strandlines to bedrock structure and bedding.  The preferred 
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interpretations correlate well-developed and widespread shoreline features at similar elevations, 
many strandlines of which clearly crosscut strata and structural features.   

Regionally, the best expressed and most continuous strandlines occur at elevations between  
–18 and –50 m; additionally, more discontinuous strandline sets are mapped intermittently at 
elevations between –50 and –70 m (Plate I-3a).  A number of buried shoreline angles also have 
been interpreted from seismic-reflection profiles and scattered bedrock outcrops at elevations 
between –50 and –90 m.   

A longitudinal profile showing the relative extent and elevation of mapped submerged 
strandlines in the offshore area between Islay Creek (Islay shelf) and Point San Luis (Santa Rosa 
Reef shelf) is provided on Plate I-3a.  There is both an apparent difference in the spacing and 
number of strandlines recorded on the two shelves and a marked geomorphic contrast between 
the two shelf segments.  These differences suggest that the two shelves are being uplifted at 
differing rates (see discussion in Sections 6.3.1 and 7.1).  Alternative interpretations of the 
continuity and correlation of specific strandlines are possible given uncertainties in the 
identification and mapping of the less distinct features (i.e., the possibility that some subtle 
strandlines might actually represent the change in slope between the outer and inner parts of the 
same platform, or instead may be related to differential erosion of bedrock).  Similarly, there may 
be some localized variations in the present elevation of the paleoshorelines related to 
hydroisostatic adjustments, which are not considered in the analysis.  Despite these uncertainties, 
the preferred interpretation is that the relatively uniform elevation of the strandlines as correlated 
on each shelf is indicative of relatively uniform uplift, and there is likely a structural boundary 
between the two uplifting domains that is accommodating the change in uplift. 

Alternative interpretations of correlations and ages of paleoshorelines based on the mapped 
strandlines and associated platforms are shown on Plates I-3b, I-3c, and I-3d.  The interpretations 
shown on Plates I-3b and I-3c and discussed in Section I-6.3.1 are both based on the assumption 
that the Islay and Santa Rosa Reef shelves have experienced different rates of uplift during the 
late Quaternary.  The primary difference between the two interpretations regards the location and 
nature of the uplift boundary between the two zones.  The third alternative, shown on Plate I-3d 
and discussed in Section I-6.3.2, assumes that most of the features mapped as strandlines were 
formed or significantly modified during the post-LGM transgression from a sea-level lowstand 
of about –120 to –125 m at about 20–22 ka to the present level, and that given their young age, 
they do not record significant vertical deformation.  This third alternative interpretation, as 
discussed below, does not provide a reasonable fit to much of the data and therefore is not 
considered to be a viable interpretation. 
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6.3.1 Correlation Alternatives 1 and 2  

A sequence of seven paleoshorelines (each composed of multiple individual strandlines) on the 
Islay shelf (defined in Section 2.2) have shoreline angles at elevations of –18 ± 1 m, –22 ± 1 m,  
–27 ± 1 m, –38 ± 1 m, –43 ± 2 m, –47 ± 1 m, and –61 ± 1 m (Plate I-3b).  All the paleoshorelines 
are traceable to the southern margin of the Islay shelf, where bedrock becomes buried by marine 
sediment.  Of these, the most well-developed paleoshorelines (i.e., those that include more 
continuous strandlines, strandlines with higher confidence assessments and/or wider platforms, 
and a greater number of strandlines that crosscut bedrock structure or bedding) include the 
paleoshorelines at elevations –22 ± 1 m, –27 ± 1 m, –38 ± 1 m, and –61 ± 1 m. 

Elevations of the correlated shoreline angles are generally constrained to within ±1 m (range of 
uncertainty given the assumption that the correlated strandlines all formed at the same paleosea 
level), and vary minimally within the majority of the Islay shelf.  That is, strandlines are roughly 
horizontal and show no apparent tilting or internal deformation.  Near the southern margin of the 
shelf the two shallowest paleoshorelines (elevations of –18 ± 1 m and –22 ± 1 m) are correlated 
with strandlines about 2 m lower than they are in the center of the shelf (about –20 ± 1 and  
–24 ± 1, respectively).  The paleoshoreline at –27 ± 1 m could also be interpreted to descend 
slightly near the southern margin of the Islay shelf, although this correlation is not well 
constrained, and therefore, is not shown.  The elevation uncertainties in these strandlines overlap 
within the elevation uncertainties of the strandlines in the center of the Islay shelf, suggesting 
that deformation at the southern margin is not required.  However, considering the consistent 
drop in elevation between the two (or three) paleoshorelines involved, and the relative continuity 
of strandlines involved, this pattern is interpreted as a slight downward warp of about 2 m at the 
southern margin of the Islay shelf adjacent to the boundary between the two shelves.  

Eleven individual paleoshorelines (composed of multiple strandlines) across the Santa Rosa Reef 
shelf have shoreline angles at elevations of –16 ± 1 m, –20.5 ± 2 m, –24 ± 1 m, –29 ± 2 m,  
–34 ± 1 m, –40 ± 1.5 m, –45 ± 1 m, –49.5 ± 1 m, –58 ± 1 m, –62 ± 2 m, and –67 ± 1 m.  Of 
these, the best-developed paleoshorelines include the paleoshorelines at elevations –29 ± 2 m, 
–40 ± 1.5 m, –45 ± 1 m, and –67 ± 1 m.  In general, the distribution of paleoshorelines across the 
Santa Rosa Reef shelf shows that strandlines are somewhat less continuous and some have 
slightly greater variability than those of the Islay Creek shelf.  Despite the greater vertical 
variability, approximately horizontal paleoshorelines are correlated across the Santa Rosa Reef 
shelf with little to no consistent change in elevations (tilting or warping) observed.  One 
exception may be the strandline at –29 ± 2 m, where an alternative interpretation suggests an 
approximate 2 m drop from –29 m to –31 m between 2.6 and 0.4 km from its intersection with 
the southern segment of the Shoreline fault zone (Plates I-3b and I-3c, respectively).  However, 
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an additional well-correlated strandline mapped at –34 m directly downslope from that strandline 
shows no evidence of this postulated deformation.  It is therefore probable that the –31 m 
strandline that crosses the southern segment of the Shoreline fault zone is a separate strandline 
from the –29 m strandline that is mapped to the northwest.   

Direct correlation of strandlines between the Islay and the Santa Rosa Reef shelves is difficult 
because few of the correlated strandlines maintain a consistent elevation across the boundary 
between the two shelves and each shelf has a distinct suite of submerged paleoshorelines.  The 
locations of the boundary between the two shelves inferred by correlation alternatives 1 and 2 are 
discussed in Section 7.1. 

6.3.2 Correlation Alternative 3 

The submerged strandline correlations shown on Plate I-3d are based on the assumption that 
most of the features mapped as strandlines were formed or significantly modified during the 
post-LGM transgression from a sea-level lowstand of about –120 m at about 20–22 ka to the 
present level, and that, given their young age, they do not record significant vertical deformation.  
A corollary assumption is that there needs to be an uplift boundary in the offshore (see discussion 
in Section 7.1) and that if the strandlines and associated wave-cut platforms were older they 
would record this differential uplift.  The primary guide, therefore, for strandline correlations in 
alternative 3 is elevation.  Less weight is given to platform width, strandline confidence 
assessment, and relationship of strandlines to bedrock structure or bedding attitudes. 

Twelve individual paleoshorelines (composed of multiple strandlines) across the Islay shelf have 
strandline elevations between –18 and –70 m.  Some of these correlations are identical to the 
Islay shelf correlations described in alternatives 1 and 2, and these are better defined than the 
remainder.  There are 15 individual paleoshorelines across the Santa Rosa Reef shelf between 
elevations –10 and –70 m.  Similar to the Islay shelf, the strength of these correlations varies 
widely, and the stronger correlations are the same as those listed above in alternatives 1 and 2.   

Direct correlation of strandlines between the Islay and Santa Rosa Reef shelves is difficult 
because each shelf has a distinct suite of submerged paleoshorelines.  As shown on Plate I-3d, 
direct correlation of paleoshorelines between the two shelf segments with little change in 
elevation results in several weak or inconsistent correlations. For example, correlation of a 
paleoshoreline at –22 ± 1 m that is widespread and well defined on the Islay shelf is correlated to 
a very weakly developed on the Santa Rosa Reef shelf.  Similarly, the paleoshoreline at 
–45 ± 1 m elevation is widespread and well developed on the Santa Rosa Reef shelf, but is only 
intermittently preserved, and generally associated with low-confidence-level strandlines on the 
Islay shelf.  The well-developed paleoshoreline at –40 ± 1 m elevation on the Santa Rosa Reef 
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shelf has no match on the Islay shelf without some amount of vertical separation.  Because the 
geomorphic expression of the paleoshorelines (i.e., the width of the wave-cut platform and 
relative continuity of strandlines that are preserved across distinct rock types) are indirect 
indicators of characteristics of paleosea-level stillstands (most significantly, duration) well-
developed paleoshorelines should correlate with each other across the two shelves.  Therefore, 
direct correlation of paleoshorelines between the Islay and Santa Rosa Reef shelves with no 
vertical separation is not considered to be a viable interpretation because it would require the 
matching of strongly developed and well-expressed paleoshorelines with very weakly developed 
paleoshorelines.   

A potential correlation between the two shelves is possible with as little as 2 m of down-to-the-
south vertical separation.  Such a correlation would match paleoshorelines on the Islay shelf at 
elevations of –18 ± 1 m,–22 ± 1 m, –27 ± 1 m, –38 ± 1 m, –43 ± 1 m, –47 ± 1 m, and –61 ± 1 m 
with paleoshorelines on the Santa Rosa Reef shelf at elevations of –20.5 ± 2 m, –24 ± 1 m, 
–29 ± 2 m, –40 ± 1.5 m, –45 ± 1 m, –49.5 ± 1 m, and –62 ± 2 m, respectively.  While this 
potential correlation clearly has more merit than a correlation with no vertical separation, it is 
still not preferred because it matches well-developed paleoshorelines on one shelf with less well-
developed paleoshorelines on the adjacent shelf.  For example, one of the best-expressed 
paleoshorelines in the Santa Rosa Reef shelf occurs at a depth of –45 ± 1.  Correlating this well-
expressed paleoshoreline with the relatively discontinuous shoreline with variable elevation 
centered around –43 ± 2 m is judged unlikely.  Likewise, correlating the well-expressed shoreline 
at –22 ± 1 m elevation on the Islay shelf with the discontinuous and poorly developed shoreline 
at –24 ± 1 m on the Santa Rosa Reef shelf also is unlikely. 

7.0 DISCUSSION 

The following sections discuss the significance of paleoshoreline mapping and analysis.  Section 
7.1 describes the patterns of uplift inferred for the coastline and continental shelf offshore of the 
Irish Hills.  Section 7.2 discusses the probable ages of submerged shorelines and associated uplift 
rates.  Section 7.3 discusses the late Quaternary displacement on the Shoreline fault zone. 

7.1 PATTERNS OF UPLIFT 

As described in Section 2.2, the continental shelf in the study area offshore of the Irish Hills is 
divided into three separate shelf areas based on the seafloor morphology and correlation to 
onshore tectonic blocks.  From northwest to southeast, these are the Islay, Santa Rosa Reef, and 
San Luis Bay shelves.  The following discussion focuses on the two western shelves, Islay and 
Santa Rosa Reef, where most of the submerged strandlines are preserved.  The geomorphology 
of these shelves is described in more detail in Appendix B. 
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7.1.1 Islay Shelf 

Shelf geomorphology and correlation of paleoshorelines suggest that the Islay shelf is part of the 
Irish Hills tectonic subblock.  The Islay shelf is narrower and steeper than the two southern 
segments.  Up to seven correlated paleoshorelines are identified along this shelf segment.  These 
paleoshorelines roughly parallel the coast, trending northwest in the southern part of the Islay 
shelf, wrapping around Point Buchon, and extending northeast toward Estero Bay (Figure I-1-2).  
As described in Section 6.3.1, strandlines maintain a relatively consistent elevation across each 
shelf, suggesting an absence of tectonic tilting or regional-scale folding. The consistent 
elevations suggest that the shelf is undergoing relatively uniform block uplift mimicking the 
emergent marine terraces preserved directly onshore of the Islay shelf (Lettis et al., 1994; 
Hanson et al., 1994).  Well-constrained ages for the lower emergent terraces, which correlate to 
MIS 5e and 5a, indicate an uplift rate of 0.2 ± 0.03 mm/yr for the coastal region between Point 
Buchon and the DCPP (Hanson et al., 1994).  No faults are mapped between the emergent 
terraces and Islay shelf (Appendix B).  The coincidence of flights of paleoshorelines both 
onshore and offshore that maintain consistent elevation and depth spacing as they change 
directions at Point Buchon and the lack of a throughgoing fault at the coast strongly indicates 
that they are developed in the same tectonic block.  Therefore, the uplift rate of 0.2 ± 0.03 mm/yr 
is used for the Islay shelf.  

7.1.2 Santa Rosa Reef Shelf 

Similar to the Islay shelf, the geomorphology of the Santa Rosa Reef shelf and correlation of 
paleoshorelines on the shelf indicate that it also is undergoing block uplift, but at a lower rate 
than the Islay shelf.  The Santa Rosa Reef shelf is notably broader and slopes more gently than 
the Islay shelf.  Up to 11 correlated paleoshorelines are mapped along this shelf segment.  Also 
similar to the Islay shelf, the strandlines maintain a relatively consistent elevation across the 
shelf, indicating that the shelf is undergoing relatively uniform block uplift.  Wave-cut platforms 
on the Santa Rosa Reef shelf are generally broader than those on the Islay shelf.  For example, 
five broad wave-cut platforms, wider than 850 m, are observed within this shelf segment, 
whereas none this wide are observed on the Islay shelf (Figure I-6-2).  This broad, gently sloping 
morphology and the presence of very broad platforms suggest that the Santa Rosa Reef shelf has 
experienced more episodes of marine erosion than the Islay shelf,  This difference could be 
explained as the result of a lower uplift rate that would expose the Santa Rosa Reef shelf to more 
sea-level highstands and lowstands than the Islay shelf over its late Quaternary history.   

The following analysis is used to establish the uplift rate of the Santa Rosa Reef shelf.  Most of 
the submerged strandlines observed in the Santa Rosa Reef shelf are located west of the 
Shoreline fault zone.  However, a suite of five strandlines are evident in a section of rocky 
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seafloor south of Point San Luis on the east side of the southern Shoreline fault zone (Plates I-1c 
and I-2c; Figure I-6-6).  These strandlines occur at elevations of –8 ± 0.5 m, –11+1/–0.5 m,  
–17 ± 1 m, –25 ± 1 m, and –31 ± 1 m.  The strandline at elevation –25 ± 1 m correlates well with 
a strandline preserved at a similar elevation at several locations along the Santa Rosa Reef shelf 
(Plate I-3a).  The strandline at –31 ± 1 m, although not widespread, is well preserved (confidence 
level A and B) and is evident on both sides of the fault as a nearly continuous feature for a 
distance of about 3 km south of Point San Luis (Figure I-6-6; Plate I-2c).  The uplift of the 
onshore part of the tectonic subblock at San Luis Hill, which is calculated to be 0.06 ± 0.2 
mm/yr, is well constrained by the elevation and age of the MIS 5e emergent marine terrace, 
which is continuous along the lower flank of San Luis Hill (Hanson et al., 1994).  Therefore, the 
same uplift rate is appropriate to use for the Santa Rosa Reef shelf. 

7.1.3 MIS 5a Wave-Cut Platform 

Assuming that the Santa Rosa Reef shelf is being uplifted at a rate of 0.06 mm/yr, the possibility 
is investigated that a broad eroded platform that extends out to a depth of approximately –14 to 
–18 m (shown in light blue on Figure I-7-1a, and also on Plates 1b, 1c, and 1d) represents the 
MIS 5a wave-cut platform modified by erosion during the post-5a regression and most recently 
during the Holocene (Figures I-7-1a and I-7-1b).  Based on relative terrace spacing and ages of 
the emergent marine terraces in the Irish Hills, the paleosea level for the approximately 80 ka 
(MIS 5a) highstand is estimated to be –4 ± 1 m (Hanson et al., 1994).  At an uplift rate of 0.06 
mm/yr, the MIS 5a shoreline would approximately coincide with the present shoreline.  The 
general morphology of this broad platform, which is characterized by a flatter, more planar 
offshore segment (0.8 to 1 percent slope, 0.008 to 0.01 gradient) and a slightly concave inshore 
segment, is consistent with the platform morphologies reported by Bradley and Griggs (1976).  
As noted in Section 6.1, the innermost part of this platform is interpreted to be more heavily 
influenced by late Holocene erosion and ongoing wave erosion.  This broad platform is mapped 
along the coast north from Point San Luis to near the mouths of Rattlesnake and Pecho Creeks. 
Remnants of older paleostrandlines and wave-cut platforms, such as the paleostrandline at 
–11 m elevation directly west of San Luis Hill, are entirely encompassed by this broad platform.  
These older paleoshoreline features apparently did not get completely removed during 
development of this wave-cut platform.     

At the approximate location of the projected trend of the Rattlesnake trace of the San Luis Bay 
fault in the offshore, a similar broad platform, which can be mapped as far north as about Olson 
Hill, is identified at a higher elevation of approximately –10 ± 2 m (shown in dark blue on Figure 
I 7-1a).  If both platforms are correlative, then the inferred vertical separation between the two 
platforms is on the order of 5–8 m.  The apparent vertical separation boundary between the two 
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platforms, which appears to coincide with the projected trend of the San Luis Bay fault, 
continues to the west of the Shoreline fault zone (Figure I-7-1a).  Assuming that the –10 ± 2 m 
platform is an eroded offshore remnant of the approximately 80 ka terrace, which is consistent 
with the overall morphology of the platform and onshore elevation of the Q1 (MIS 5a) terrace  
(7 ± 1 m shoreline angle), this platform would represent an offshore continuation of the 
approximately 0.12–0.14 mm/yr uplift zone recorded onshore between the Rattlesnake Trace of 
the San Luis Bay fault and Olson Hill.  

A similar broad offshore platform is not present in the near offshore north of Olson Hill.  To the 
north of Olson Hill the onshore remnant of the Q1 (MIS 5a) terrace is higher (11 ± 1 m shoreline 
angle) and does not project to any offshore platform.  Erosion during the development of the 
Holocene platform appears to have completely eroded the offshore portions of the MIS 5a terrace 
north of Olson Hill.  Sections of the Holocene wave-cut platform that are wide enough to extend 
offshore into the region covered by the MBES bathymetry north of Olson Hill are shown on 
Figure 7-1a.   

7.1.4 Location of Uplift Boundary 

In correlation alternative 1, the San Luis Bay fault is the uplift boundary between the Islay and 
Santa Rosa Reef shelves.  In the offshore, this boundary is interpreted to be approximately 
coincident with a west-trending magnetic lineament (discussed in Appendices B and D) and a 
west-trending sediment-filled trough located west of Olson Hill (Plate I-2b).  South of this 
general location, numerous discontinuous submerged strandlines and broad wave-cut platforms 
occur, characteristic of the Santa Rosa Reef shelf.  North of this general location, a group of 
poorly expressed strandlines (chiefly confidence levels C and D) are preserved in a region of 
partially buried rocky seafloor.  This group of poorly expressed strandlines does not correlate 
well with sequences on either the Islay or Santa Rosa Reef shelves. 

This location of the uplift boundary is consistent with the interpretation of possible remnants of 
the MIS 5a platform in the offshore that appear to be displaced across an offshore extension of 
the Rattlesnake fault (Figure I-7-3).  Near the shore, the southern margin of the uplift boundary is 
approximately coincident with the offshore extension of the Rattlesnake trace, and the northern 
margin of the boundary is approximately coincident with the Olson Deformation Zone.  This 
boundary also coincides with a distinct change in slope of the inner continental shelf, from 
relatively gently sloped (to the south) to relatively steep (north of the boundary; Figure 7-1a). 

Correlation alternative 2 (Plate I-3c) is much the same as alternative 1, except that the uplift 
boundary between the Islay and Santa Rosa Reef shelves is interpreted to underlie the sand 
sheets west of the DCPP, slightly to the north of where it is interpreted in alternative 1.  The 
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suites of paleoshorelines interpreted for the two shelf segments are identical to those described 
above in alternative 1.   

The northern location of the uplift boundary in alternative 2 is based on the presence of a well-
expressed submerged strandline at –20.5 ± 1 m directly south of the DCPP (Plate I-2b).  In 
alternative 1, this strandline, which is interpreted to be part of the Islay shelf, has been warped 
downward about 2 m.  In alternative 2, this strandline is correlated directly with the –20.5 ± 2 m 
paleoshoreline on the Santa Rosa Reef shelf.  Likewise, strandlines at elevations of –24 to –25 m 
south of the DCPP are correlated directly with the 24 ± 1 paleoshoreline on the Santa Rosa Reef 
shelf in alternative 2, rather than inferred to be warped downward from the –22 ± 1 m 
paleoshoreline on the Islay shelf.  Consequently, no warping of the Islay shelf is interpreted in 
alternative 2.  The northern location of the uplift boundary coincides with a broad geomorphic 
boundary between the two shelves. 

The position of the uplift boundary in alternative 2 indicates that the vertical separation across 
the San Luis Bay fault onshore (represented by a change in uplift rate between the Irish Hills and 
Point San Luis) does not extend directly offshore.  Instead, it must extend northwestward from 
the vicinity of the Rattlesnake fault and Olson Hill at least as far as the submerged strandline at  
–20.5 ± 1 m directly south of the DCPP.  This correlation indicates that the boundary between the 
Irish Hills and the Santa Rosa Reef shelf is located in a narrow zone between the submerged 
strandline at –20.5 ± 1 m and the MIS 5a and 5e marine terraces preserved in the vicinity of the 
DCPP.  Given this constraint, a reasonable interpretation of the location of the uplift boundary is 
the Shoreline fault zone itself.  Considering that the ages of these strandlines and marine terraces 
are interpreted to be MIS 5 or earlier (discussed in Section 7.2) and the vertical separation rate 
constrained by the emergent marine terraces (on the order of 0.14 mm/yr), the cumulative 
vertical separation across this narrow zone is anticipated to exceed 10 m.  The bathymetric data 
in the vicinity of the DCPP is sufficiently detailed and the coastline is sufficiently complex (with 
embayments, points, and seastacks), to rule out the potential presence of a 10 m scarp between 
the strandline at –20.5 ± 1 m and the MIS 5a and 5e marine terraces.  Therefore, the uplift 
boundary shown in alternative 1 (Plate I-3b) is the more strongly supported alternative.  

7.2 AGE ASSESSMENTS 

Age estimates for submerged paleoshorelines in the Shoreline fault zone study area are based on 
correlation with current late Quaternary global eustatic sea-level curves because no direct age 
constraints are available.  Uncertainty in uplift rates affecting the Islay and Santa Rosa Reef 
shelves, uncertainty in sea-level curves for marine oxygen isotope stages 3 and 4 (MIS 3 and 4), 
uncertainty in correlation caused by potential reoccupation of paleostrandlines, and potential 
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effects of hydroisostatic loading of the continental shelf (which is not addressed in this appendix) 
permit only tentative age estimates for individual paleoshorelines.  Despite these uncertainties, 
paleosea-level curves are understood well enough that clear constraints on the ages of submerged 
paleoshorelines can be established.  Based on the range of potential uplift rates affecting the 
Santa Rosa Reef and Islay shelves, and correlation with well-constrained paleosea-level curves 
from MIS 3 and 4, shallower submerged paleoshorelines, higher than about –30 m on the Islay 
shelf and about –35 m on the Santa Rosa Reef shelf, are concluded to have developed during 
MIS 5 or earlier (i.e., older than about 75 ka).  Deeper paleoshorelines were likely most recently 
occupied during one of several highstands or lowstands between MIS 5 and the LGM (i.e., 
between 75 and 22 ka).  Additionally, one paleoshoreline (preserved at an elevation of about –61 
to –62 m on the two shelf segments) may have been developed during the Younger Dryas (about 
12.5–11.5 ka). 

7.2.1 Post-LGM Erosion 

Wave erosion during the Holocene sea-level rise has modified the seafloor geomorphology in the 
study area.  Evidence of this erosion abounds: differential erosion of rock has facilitated the 
interpretation of bedding and rock structure, and even lithology from the texture of rocky parts of 
the seafloor (Appendix B).  The discontinuous and commonly subdued character of submerged 
strandlines also likely results, in part, from post-LGM erosion.   

However, a fundamental question that relates to the assessment of ages of submerged shoreline 
features is whether erosion during the post-LGM transgression modified the landscape 
sufficiently to remove all traces of older wave-cut platforms and strandlines.  A few lines of 
evidence suggest that it did not.  Paleostream channels carved into bedrock of the continental 
shelf are preserved.  This indicates that the post-LGM transgression did not strip all Pleistocene 
geomorphic signals.  These channels (most clearly evident offshore of Islay and Coon Creeks on 
Plate I-1a, and offshore of Pecho and Rattlesnake Creeks on Plate I-1c) clearly were carved by 
subaerial streams that flowed across the inner continental shelf during Pleistocene sea-level 
lowstands.  The shallowest parts are missing from the offshore channels associated with many 
creeks in the study area, such as Pecho and Rattlesnake Creeks (Figure I-4-6, parts a and b).  The 
presence of a gap between the onshore and offshore parts of the creek channels suggests that 
more marine erosion has occurred near the coastline (i.e., between about 0 and –15 m elevation) 
than farther offshore.  It is likely that this zone of increased erosion is a result of wave erosion 
during the Holocene highstand. 
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7.2.1.1 Potential Post-LGM Strandlines 

If erosion during the post-LGM transgression was sufficient to remove the geomorphic signature 
of preexisting shorelines, then the strandlines and wave-cut platforms documented in this 
appendix would necessarily have been developed during the transgression.  As described in 
Section 5.1, sea level rose quite rapidly during the post-LGM transgression, particularly in the 
depth interval where these strandlines and wave-cut platforms are preserved.  Estimates of the 
rate of sea level rise for this part of the transgression range from 10 mm/yr (the average rate from 
16 to 7 ka) to 24 mm/yr (during MWP 1A) (IPCC, 2001; Fleming et al., 1998; Fairbanks, 1989).  
The most significant reduction in the rate of sea-level rise during the post-LGM transgression 
occurred during the Younger Dryas cold period (Section 5.1).  This event had a greater potential 
to have developed a shoreline than any other period between 16 ka (when sea level was at about 
–100 m) and 7 ka (when sea level reached about –10 m) (Figure I-5-2).  Data from Lambeck et 
al. (2002) indicate that global eustatic sea level during the Younger Dryas was between about 
–60 and –70 m elevation. 

Notably, strandlines and wave-cut platforms are preserved in the study area within that depth 
range, but they are significantly less well developed than the widespread strandlines and wave-
cut platforms between –20 and –50 m elevations.  That is, correlated strandlines between –60 and 
–70 m, which could potentially have been developed during the Younger Dryas, have wider gaps 
between them, are associated with narrower wave-cut platforms, and have slightly lower 
confidence levels than the shallower strandlines.  This is particularly true on the Santa Rosa Reef 
shelf, where bedrock exposure commonly extends below this depth. 

7.2.1.2 Duration of Relative Sea-Level Stability Required to Carve Wave-Cut Platforms 

It is instructive to evaluate the duration of wave erosion required to develop wave-cut platforms 
of the dimensions observed in the study area.  Based on the mapping of active (Holocene) wave-
cut platforms, the mean widths of platforms and an estimated sea-level residence time of about 
7,000 years for the Holocene sea-level highstand yields an average platform widening rate of 
about 50 mm/yr for the coastline between Estero Bay and Point San Luis (Section 6.1).  This rate 
suggests that about 2,000 years of relative sea-level stability are required to develop a wave-cut 
platform 100 m in width.  More than half of the submerged wave-cut platforms mapped for this 
project are wider than 100 m.  

As described in Section 5.1, only the Holocene highstand and the Younger Dryas could have 
produced a stillstand of 2,000 years.  Therefore, it is highly likely that submerged wave-cut 
platforms in the study area wider than 100 m were developed prior to the LGM. 
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Uncertainty in estimates of the duration of relative sea-level stability during the Holocene 
highstand affects the rates of wave-cut platform widening, but does not change the fundamental 
conclusion that the wider wave-cut platforms mapped in the study predate the LGM.  If onset of 
the Holocene highstand occurred at 8 ka, calculated retreat rates decrease by 20 percent.  If the 
Holocene highstand has reoccupied a platform developed during a significantly older highstand, 
lowstand, or stillstand, the platform widths reported here would be too high, and the 
corresponding retreat rates would be too high, resulting in a greater length of time required to 
develop a given wave-cut platform.  As noted in Section 5.2, some far-field locations record 
evidence for sea levels higher than the present sea level during the middle Holocene (Murray-
Wallace 2007b).  No evidence for a middle-Holocene highstand has been described for the 
central California coast.  However, if such a highstand did occur, it could be part of the cause of 
the steeper platform slopes measured from the Holocene wave-cut platform (Figure I-6-1).  A 
potential middle-Holocene sea-level highstand is unlikely to have a significant effect on platform 
development rates because the highstand recorded in far-field sites is on the order of a few 
meters (Murray-Wallace, 2007b). 

7.2.1.3 Estimates of Downcutting 

The amount of bedrock lowering that occurred at a point on the seafloor during the post-LGM 
transgression may be estimated if both the the period of time that a point was subjected to 
significant wave erosion and the rate of downcutting are known.  This estimate is important for 
evaluating uncertainty in the amount of offset (or lack thereof) of a wave-cut platform where it 
crosses a potentially active fault trace. 

Rates of downcutting are estimated by examination of bathymetric profiles at two locations in 
the study area: offshore of Islay Creek and offshore of Olson Hill.  At Islay Creek, an onshore-
offshore longitudinal profile of the channel thalweg shows a smooth, concave-up profile for most 
of its length, typical of well-developed fluvial systems, suggesting that this channel gradient 
developed while the channel was exposed subaerially during Pleistocene sea-level lowstands 
(refer to discussion in Appendix B, and also Figure B-3-4).  Offshore, approximately 7–8 m of 
marine sediment partly fill the channel, as indicated by interpretation of high-resolution seismic-
reflection profiles.  The profile from the deeper part of the offshore channel, below elevation of 
about –13 to –15 m, approximately aligns with the projection of the onshore part of the channel 
profile.  In shallower water, however, the channel profile is markedly lower.  Instead of sloping 
gradually upward as it does both onshore and farther offshore, the channel profile is nearly 
horizontal, remaining between about –10 and –15 m, elevation for about a kilometer.  This 
departure from a smoothly sloping channel profile suggests that up to about 6 or 7 m of the 
seafloor has been removed since the channel was developed.  The most likely cause of this 
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erosion is wave erosion during the Holocene highstand.  Considering the duration of the 
Holocene highstand (about 7,000 years; e.g., Lambeck et al., 2002), the amount of missing 
section suggests that bedrock in this region was lowered by about 1 m per thousand years.  
Because this region is underlain by mudstone of the Miguelito Member of the Pismo Formation, 
one of the less resistant rock units in the study area, this estimate is probably higher than the 
mean rate of bedrock lowering by wave erosion in the study area. 

A similar estimate of downcutting results from examination of bathymetry offshore of Olson 
Hill.  A northeast-southwest trending profile of this site is shown on Profile C on Figure I-7-1b.  
On the southwest side of this profile, numerous accordant outcrop tops define a gently west-
sloping surface, which is interpreted as a remnant of the wave-cut platform developed during the 
MIS 5a sea-level highstand (approximately 80 ka; Section 7.1).  The relatively narrow and 
shallow crevices between these outcrop tops suggest that bedrock at that location is relatively 
resistant to erosion, and that erosion during the Holocene highstand was relatively limited.  In 
contrast, the seafloor on the east side of the profile is significantly more eroded.  Between profile 
station 950 and the modern shoreline, the seafloor is about 8 m below the projected surface of the 
MIS 5a wave-cut platform, suggesting that slightly over 1 m per thousand years of downcutting 
occurred at this site over the duration of the Holocene highstand.  The difference in amount of 
rock downcutting evident on opposite sides of this profile illustrates the variability in resistance 
to erosion, amount of erosion, and rates of erosion in the study area. 

The duration of time that a wave-cut platform may be subjected to significant erosion during the 
post-LGM transgression is the other key variable for estimating how much it may have been 
modified since it was carved.  This duration is estimated by evaluating the depth to which 
significant bedrock erosion has occurred in the study area during the Holocene highstand, and 
comparison to the rate of sea level rise during the post-LGM transgression.   

The bulk of marine erosion of bedrock that occurred within the study area during the post-LGM 
transgression is thought to have occurred either at the sea cliff or near the coastline in the zone of 
breaking waves during intense winter storms.  The maximum depth of significant bedrock 
erosion by waves in the study area may be estimated by three independent measures:  

1.  The depth to which onshore-offshore channels are interrupted, which is best constrained 
at Islay Creek to be about –10 to –15 m (see discussion above, this section). 

2. The depth of scour into the MIS 5a wave-cut platform south of Olson Hill, which is 
estimated to reach about –12 to –14 m elevation (see Profile C on Figure 7-1b and also 
discussion above, this section). 
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3. The offshore limit of the Holocene wave-cut platform (i.e., the deepest part of the 
platform) along the coastline.  As described in Section 6.1, the mean depth of the outer 
edge of the platform varies by rock type and by position along the coastline, ranging from 
about 12 m in areas in the northwest where bedrock at the sea floor is the Miguelito 
Member of the Pismo Formation, to about 6 m in in the south where bedrock at the 
seafloor is ophiolite, Cretaceous sandstone, and the Franciscan Complex .  The mean 
depth of the outer edge of the Holocene platform developed from all measurements in the 
study area is 8.7 m.  

This range of estimates compares favorably with the approximate depth of the transition between 
inshore and offshore segments of wave-cut platforms (about 13 m) documented by Bradley and 
Griggs (1976), and also water depths of 7–12 m estimated for breaking waves during intense 
winter storms in the Santa Cruz area reported by Bradley and Griggs (1976).  The low end of this 
estimate corresponds with sets of deep-water wave heights of 4.5 m, expected to occur about five 
times per year, whereas the high end of this estimate corresponds with deep-water wave heights 
of 7.5 m, the greatest known in the Santa Cruz area. 

Assuming significant bedrock erosion by wave energy is limited to water depths shallow enough 
to produce breaking waves, the length of time any particular part of the seafloor is exposed to 
wave erosion depends on the rate of sea level rise.  Using conservative estimates for the rate of 
post-LGM sea level rise (about 10 mm/yr) and the depth of significant erosion by strong winter 
storm waves (about 10–15 m) any particular point on the seafloor would be expected to be 
subjected to wave erosion for about 1,000–1,500 years (with erosion becoming less frequent and 
less significant with depth).   

Because the platforms used to constrain fault displacements are quite flat (slopes are on the order 
of 0.1–0.2 percent, gradients on the order of 0.001–0.002), it is unlikely that a “knickpoint” 
migrated across the platform due to sea level rise.  Rather, it is likely that sea level rose past the 
platforms over the span of one to two hundred years, and the bulk of platform erosion occurred at 
the wave base while the platform was submerged.  This type of erosion likely lowers the wave-
cut platform relatively uniformly, except in places where there is a significant change in 
resistance to erosion (such as lithologic contacts).  An average of up to about 1.5 m of bedrock 
lowering is predicted on these wave-cut platforms during the post-LGM transgression, based on 
a mean rate of bedrock lowering (for less resistant rock) of 1 m per thousand years, and an 
estimated erosion duration of up to 1,500 years.  As applied to fault offset estimation, this 
erosion should act equally on both sides of the fault. 
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7.2.2 Potential Ages of Selected Paleoshorelines on the Islay Shelf 

The best-constrained global eustatic sea-level curves for the past 140 ka indicate significant 
variability in sea level on time scales ranging from about 5 to 20 thousand years (Figure I-5-3).  
However, a general trend of gradual, but persistent, decrease in sea level from MIS 5e 
(approximately 120–125 ka) to the LGM during MIS 2 (approximately 20–22 ka) is evident in 
the curves.  This observation suggests an inverse relationship between the age of the most recent 
pre-Holocene occupation of submerged wave-cut platforms/associated strandlines and water 
depth.  This relationship suggests that the deeper strandlines in the study region are expected to 
be younger than the shallower strandlines. 

Figure I-7-1 shows preliminary age estimates for well-developed and well-correlated strandlines 
on the Islay shelf.  Submerged strandlines are correlated to the late-Quaternary global eustatic 
sea-level curve using an inferred uplift rate of 0.2 mm/yr based on the well-constrained uplift 
rate of the Irish Hills subblock from dated emergent marine terraces (discussed in Section 7.1).  
The most recent occupation of a well-developed strandline at –22 ± 1 m elevation on the Islay 
shelf appears to be a stillstand (period of relative sea-level stability) during MIS 5d 
(approximately 90–95 ka).  Restoration of the inferred 0.2 mm/yr uplift rate suggests that the 
strandline at –22 ± 1 m elevation was at an elevation of about –40 to –45 m during MIS 5d 
(approximately 110-115 ka).  This elevation is similar to the elevation of a well-developed 
paleoshoreline feature preserved on the tectonically stable continental shelf of South Africa.  
Uranium-series dating of beach rock collected from this paleoshoreline yields an age of 117 ± 7 
ka (Ramsay and Cooper, 2002).  The –22 ± 1 m strandline on the Islay shelf is shown in green on 
Plates I-3b and c. 

Restoration of uplift suggests that the most recent stillstand at –27 ± 1 m could have been as 
recent as MIS 5b, based on a weak correlation with a well-constrained sea-level lowstand 
documented by Cutler et al. (2003).  However, the weakness of the correlation suggests that this 
strandline, shown in gray on Plates I-3b and I-3c, may be even older.  A better correlation with 
the MIS 5b lowstand may be the well-developed strandline at –38 ± 1 m, shown in red/yellow on 
Plates I-3b and I-3c.  Restoration of uplift suggests that this strandline may have been reoccupied 
during MIS 3 highstands between about 49 and 61 ka at elevations of about –45 to –50 m 
documented by Chappell (2002).  A well-developed shoreline preserved at –61 ± 1 m on the Islay 
shelf, shown in blue/beige on Plates I-3b and I-3c, was probably occupied during a late-MIS3 
highstand about 30 to 40 ka at about –70 m elevation (documented by Cutler et al., 2003).  This 
shoreline may also have been partly developed during an earlier MIS 4 sea-level lowstand at 
about –75 m between 60 and 70 ka.  Furthermore, the elevation of the shoreline (slightly below  
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–60 m) suggests that it may have been occupied during the Younger Dryas cold period between 
12.5 and 11.5 ka (Lambeck et al., 2002). 

7.2.3 Potential Ages of Selected Paleoshorelines on the Santa Rosa Reef Shelf 

Figure I-7-2 shows preliminary age estimates for well-developed and well-correlated 
paleoshorelines developed on the Santa Rosa Reef shelf.  Submerged strandlines are correlated to 
the late-Quaternary global eustatic sea-level curve using an inferred uplift rate of 0.06 mm/yr 
based on correlation with well-dated marine terraces on Point San Luis (discussed in Section 
7.1).  The most recent occupation of a well-developed paleoshoreline at –40 ± 1.5 m (shown in 
green on Plates I-3b and I-3c) elevation in the Santa Rosa Reef shelf appears to be during MIS 
5d (approximately 110–115 ka).  Restoration of the inferred 0.06 mm/yr uplift rate suggests that 
this paleoshoreline was located at about –46 m during MIS 5d, the approximate elevation of a 
well-developed shoreline feature on the continental shelf of South Africa developed during MIS 
5d (Ramsay and Cooper, 2002).  An additional well-correlated paleoshoreline at –45 ± 1 m, 
shown in yellow on Plates I-3b and I-3c, probably was most recently occupied during one or 
more of a series of MIS 3 highstands between about 49 and 61 ka documented by Chappell 
(2002) based on coral data from New Guinea.  Restoration of uplift suggests that this 
paleoshoreline was located at elevations of about –47 to –49 m during that period.  Additional 
restoration of uplift suggests that a slightly lower paleoshoreline at an elevation of –50 ± 3 m 
(shown in red on Plates I-3b and I-3c) may also have been occupied during an earlier MIS 5b 
(approximately 90–95 ka) lowstand documented by Cutler (2003). 

A deeper strandline at –67 ± 1 m, shown in blue on Plates I-3b and I-3c), is locally well 
expressed on the Santa Rosa Reef shelf.  The most recent occupation of this paleoshoreline was 
likely during a late-MIS 3 highstand about 30 to 40 ka at about –70 m elevation.  If a shoreline 
was developed in the DCPP region during the Younger Dryas at about –63 m (as suggested by 
the occurrence of a paleoshorelines at –61 ± 1 m on the Islay shelf) it would be predicted at 
about its original elevation (i.e., –63 m) because of the lower uplift rate of the Santa Rosa Reef 
shelf.  Only two strandlines and one seismic reflection pick are recorded on the Santa Rosa Reef 
shelf close to this elevation.  Although these strandlines are spatially distant, they are correlated 
on Plates I-3b and I-3c in beige to facilitate comparison between a potential Younger Dryas 
shoreline and other, shallower paleoshorelines. 

7.2.4 General Age Constraints 

The tentative correlations to late-Quaternary sea-level highstands and lowstands described above 
do not represent unique age assessments or correlations for the paleoshorelines preserved on the 
Islay and Santa Rosa Reef shelves (see Section 6.3.1).  Uncertainty in global eustatic sea levels 
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and selection of alternative paleosea-level curves allow for alternative age correlations.  
Similarly, variations in uplift rates assumed for the Islay and Santa Rosa Reef shelves would 
result in different correlations or combinations of shoreline reoccupations during various late 
Quaternary highstands and lowstands.  The potential effects of hydroisostatic loading of the 
continental shelf by flooding during the most recent transgression have not been investigated as 
part of this study.  This effect, if significant in the project area, is likely to depress the shelf, 
reducing the effective uplift rates of the Islay and Santa Rosa Reef shelves.   

Each of the well-developed paleoshorelines described above (and shown in color on Plates I-3b 
and c) include broad wave-cut platforms and more than one strandline that crosscuts bedding 
and/or other rock structure; consequently, they are interpreted to be older than the LGM (i.e., 
>22 ka).  Furthermore, the strandlines preserved at elevations higher than about –30 m on the 
Islay shelf and about –35 m on the Santa Rosa Reef shelf are interpreted to have been developed 
during MIS 5 or earlier (i.e., greater than 75 ka). 

7.3 CONSTRAINTS ON FAULT DISPLACEMENT 

At three locations in the study area, wide wave-cut platforms cross the Shoreline fault zone, and 
at a fourth location a wave-cut platform crosses the N40W fault.  The faults are discussed in 
detail in Appendix B.  These relationships provide constraints on the timing and rates of potential 
fault deformation, and also limit potential differences in uplift rate on opposite sides of the faults.  
These locations include (from northwest to southeast):  

• The platform associated with the –38 m strandline crossing the N40W fault. 
• The platform associated with the –25 strandline crossing the C-1 strand of the Central 

segment of the Shoreline fault zone. 
• The platform associated with the –21 m strandline crossing the C-2 strand of the Central 

segment of the Shoreline fault zone.  
• The platform associated with the –31 m strandline crossing the South segment of the 

Shoreline fault zone. 

At each location, possible vertical separation across the fault since platform development is 
constrained based on projection of the wave-cut platform from opposite sides of the fault trace.  
The greatest credible vertical separation at each location is based on the amount of uncertainty in 
this projection.  Uncertainty in vertical separation across the fault trace includes measurement 
uncertainty, geologic context uncertainty, and interpretation uncertainty.  Measurement 
uncertainty is estimated from roughness, continuity, and general shape of the wave-cut platform 
that intersects the fault.  Geologic context uncertainty stems primarily from consideration of the 
amount of erosion that likely occurred since the platform was developed (i.e., during the post-
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LGM transgression), which is estimated to range up to 1.5 m for the study area, as described in 
Section 7.2.1.3.  Other types of geologic context uncertainty (such as uncertainty in uplift rates, 
potential effects of hydroisostatic loading of the continental shelf, and precise relationship of the 
wave-cut platform to paleosea level) are less important for these measurements.  Therefore, a 
geologic context uncertainty of ±1.5 m is assumed for each of the sites described below.  

Interpretation uncertainty is mainly epistemic, and addresses questions related to the quality of 
the mapping and interpretations.  Such questions include whether or not the wave-cut platform 
actually crosses the fault trace in question (i.e., are both features mapped accurately enough to 
use the wave-cut platforms as a strain gauge), and whether or not the wave-cut platform was 
indeed carved during a paleosea-level stillstand.  The interpretation uncertainties are addressed in 
other parts of this appendix, and are not included in the ranges of uncertainty included with the 
vertical separation measurements provided in the following subsections.  

7.3.1 N40W Fault 

The –38 m strandline roughly parallels the trace of the N40W fault for about 1.4 km and its 
wave-cut platform is mapped across multiple traces of the fault (Figure I-7-4a).  Locally, sections 
of mapped fault traces are buried by 1–2 m of sediment as inferred from bathymetric profiling 
and evaluation of one seismic-reflection profile.  Where exposed in rock, some traces of the 
N40W fault are associated with bedrock troughs or low bedrock scarps up to about 1–2 m high, 
such as the eastern trace shown on Profile A on Figure I-7-4, parts a and b.  Elsewhere, bedrock 
traces of the N40W fault are not associated with scarps in the wave-cut platform, such as in 
profile B on Figure I-7-4, parts a and b.  Consideration of numerous profiles provides evidence 
for no systematic vertical separation of the wave-cut platform across the N40W fault, with a 
measurement uncertainty of ±1 m based on the natural variability of the platform.  Therefore, the 
estimated vertical separation across the N40W fault is zero, with a combined uncertainty of 
approximately 2 m. 

The probable timing of the most recent sea-level occupation (and associated significant 
geomorphic modification) of the –38 m paleostrandline and adjacent wave-cut platform on the 
Islay shelf was between 49 and 60 ka (Section 7.2).  Given these age estimates, the estimated 
vertical separation rate for the N40W fault is 0 ± 0.04 mm/yr.   

7.3.2 Central Segment, Shoreline Fault Zone 

The –25 m strandline is mapped near the intersection between the C-1 and C-2 subsegments of 
the Shoreline fault zone, less than 100 m south of the north-trending jetty of Intake Cove (Figure 
I-7-5).  At this location, the Shoreline fault zone is mapped as a series of west-northwest-
trending, discontinuous strands with, en echelon right stopovers.  Two seismic-reflection profiles 
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(Lines PBS 25 and PBS 25T) oriented nearly perpendicular to each other show that the strandline 
and platform are buried by about 3–5 m of sediment.  These seismic-reflection profiles were used 
to develop 1 m elevation contours on the top of bedrock in this region (shown in black on Figure 
I-7-5).  The seismic-reflection profiles suggest that a small northwest-trending trough up to about 
2 m deep is located along the northwestward projection of the C-2 subsegment of the Shoreline 
fault zone.  Farther to the northwest, an escarpment 1–2 m in height extends across the wave-cut 
platform along the northwestward projection of the C-2 subsegment of the Shoreline fault zone.  
Northeast of this escarpment the wave-cut platform surface is consistently about 1 m higher than 
it is southwest of the escarpment, suggesting that the scarp represents a persistent offset of the 
wave-cut platform.  The measurement uncertainty for this site is estimated to be ±2 m because 
measurement of the scarp is based on interpretation of seismic-reflection profiles.   

Seismic-reflection profiles at this site, therefore, suggest a 1 m high scarp (with northeast side 
up) coincident with the C-2 subsegment of the Shoreline fault zone, with a combined uncertainty 
of 2.5 m.  The preferred interpretation is that this scarp is a fault-line scarp from differential 
erosion that was not completely removed during development of the –25 m wave-cut platform.  
The basis for the preferred interpretation is the presence of fault-line scarps northwest and 
southeast of the –25 m wave-cut platform and the lack of evidence for vertical separation on the 
C-2 subsegment where it crosses the –21 m wave-cut platform as discussed below.  However, it 
cannot be precluded that the scarp represents vertical separation on the fault and is caused by late 
Quaternary tectonic deformation.  Therefore, the vertical separation across the C-2 subsegment 
of the Shoreline fault zone at this site is concluded to be either zero or one, with a combined 
uncertainty of 2.5 m. 

The –25 m strandline is moderately well developed (confidence level B) and is tentatively 
correlated with shallower strandlines at –22 ± 1 m farther to the north on the Islay shelf.  
Because it is sufficiently shallow (i.e., higher than elevation –30 m on the Islay shelf), it is 
constrained to be older than 75 ka (Section 7.2.4).  Therefore, the vertical separation rate across 
the C-2 subsegment of the Shoreline fault zone at this site is concluded to be either 0 ± 0.03 
mm/yr or 0.01 ± 0.03 mm/yr. 

Approximately 1.3 km to the southeast offshore of the entrance to DCPP, the wave-cut platform 
associated with the –21 m strandline is mapped across the C-2 subsegment of the Shoreline fault 
zone (Figure I-7-6a).  Here, the platform and strandline show evidence of no vertical deformation 
where the strandline bends 90 degrees to the northeast and the wave-cut platform extends across 
the mapped fault trace.  Portions of the –21.5 m platform are mapped on exposed bedrock, 
whereas other areas are covered by shallow sediment, likely less than 1 m deep, as suggested by 
bathymetric profiles (Figure I-7-6b). Consideration of numerous profiles provides evidence for 
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no vertical separation of the wave-cut platform across the Shoreline fault zone, with a 
measurement uncertainty of ±0.5 m based on the natural variability of the platform.  Therefore, 
the estimated vertical separation across the C-2 subsegment of the Shoreline fault zone is zero, 
with a combined uncertainty of approximately 1.5 m. 

This strandline is relatively continuous and moderately well-developed (confidence levels B 
and C) and is correlated either with well-developed shallower strandlines at –22 ± 1 m to the 
north on the Islay shelf (in correlation alternative 1, Section 6.3.1) or with moderately well-
developed strandlines at –20.5 ± 2 m on the Santa Rosa Reef shelf to the south (in correlation 
alternative 2, Section 6.3.1).  Because it is sufficiently shallow (i.e., higher than elevation –30 m 
on the Islay shelf or higher than –35 m on the Santa Rosa Reef shelf), it is constrained to be older 
than 75 ka (Section 7.2.4).  Given these age estimates, the estimated vertical separation rate for 
the C-2 subsegment of the Shoreline fault zone is 0 ± 0.02 mm/yr.   

7.3.3 South Segment, Shoreline Fault Zone 

South of Point San Luis, a well-expressed strandline and associated wave-cut platform occur at 
an elevation of –31 m across the South segment of the Shoreline fault zone (Figure I-7-7a).  The 
platform is buried by a thin mantle of sediment likely less than 1–2 m as suggested by the 
similarity in elevation between the strandline and the outer edge of the wave-cut platform as 
shown on bathymetric profiles, and the presence of small bedrock islands protruding above the 
sediment.  A seismic reflection profile on the southeast margin of the platform also shows 
relatively thin sediment cover within the resolution of the data (estimated to be ±2 m).  
Consideration of numerous bathymetric profiles across the wave-cut platform provides evidence 
for no vertical separation of the wave-cut platform, with a measurement uncertainty of 
approximately 0.5 m based on the slope, thickness of sediment cover, and natural variability of 
the platform.  In the near vicinity, well-expressed strandlines at elevations of –31 m and –34 m 
northeast and southwest of the fault zone are correlated across the fault zone.  These correlations 
suggest no vertical deformation of the platform or strandlines has occurred since they were 
developed.  Therefore, the estimated vertical separation across the South segment of the 
Shoreline fault zone is zero, with a combined uncertainty of approximately 1.5 m. 

As with the wave-cut platforms that cross the Central segment of the Shoreline fault zone, no 
unique age is estimated for this wave-cut platform based on correlation with global eustatic sea-
level curves.  Because they are sufficiently shallow (i.e., higher than –35 m on the Santa Rosa 
Reef shelf), the paleostrandline and wave-cut platform are constrained to be older than 75 ka 
(Section 7.2.4).  Given these age estimates, the estimated vertical separation rate for the South 
segment of the Shoreline fault zone is 0 ± 0.02 mm/yr.   
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8.0 CONCLUSIONS 

Numerous submerged wave-cut platforms, strandlines, and paleosea cliffs are preserved on the 
inner continental shelf between Morro Bay and Pismo Beach.  These features are imaged as 
gently sloping platforms backed by steeper scarps (paleosea cliffs), both as geomorphic features 
evident in detailed multibeam bathymetry data from rocky parts of the shelf and also buried 
beneath marine sediment evident in seismic reflection profiles.  These features are generally 
discontinuous and vary widely in the strength of their geomorphic expression.  Possible 
explanations for the origin of these wave-cut platforms, strandlines, and paleosea cliffs include 
(1) wave erosion during stillstands within the transgression that followed the LGM about 20–22 
ka; (2) differential erosion during late Pleistocene transgressions and regressions, including the 
post-LGM transgression, caused by variability in bedrock resistance; and (3) wave erosion 
during relatively long-lived paleosea-level highstands, stillstands, and lowstands.  As explained 
in the following paragraphs, the third alternative is the most credible for well-developed and 
correlated paleoshorelines. 

Analysis of the Holocene wave-cut platform demonstrates that a wave-cut platform wider than 
100 m would take an average of 2,000 years of relative sea level stability to develop.  Detailed 
studies of sea-level rise during the post-LGM transgression indicate that no such period of global 
eustatic sea-level stability occurred, with the possible exception of the Younger Dryas cold 
period, which occurred between about 11,500 and 12,500 years ago.  Therefore wave-cut 
platforms wider than 100 m are judged to have been carved prior to the post-LGM transgression. 

Approximately one-third of the mapped strandlines clearly crosscut bedding in rock, indicating 
that differential erosion of bedrock is not a viable explanation for the origin of these geomorphic 
features.   

A sequence of seven paleoshorelines (each composed of multiple individual strandlines) were 
identified on the Islay shelf.  Of these, the most well-developed paleoshorelines include the 
paleoshorelines at elevations –22 ± 1 m, –27 ± 1 m, –38 ± 1 m, and –61 ± 1 m.  Eleven 
individual paleoshorelines (also composed of multiple strandlines) were mapped on the Santa 
Rosa Reef shelf.  Of these, the best-developed paleoshorelines include the paleoshorelines at 
elevations –29 ± 2 m, –40 ± 1.5 m, –45 ± 1 m, and –67 ± 1 m.  Based on the widths of their 
wave-cut platforms, the close correlation with strandlines that clearly crosscut bedding, and the 
strength of the geomorphic expression, these well-expressed and well-correlated paleoshorelines 
are interpreted to result from late Quaternary paleosea-level lowstands, stillstands, or highstands. 

Based on the current correlation with late Quaternary global eustatic sea-level curves, shallower 
submerged paleoshorelines, higher than about –30 m on the Islay shelf and about –35 m on the 
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Santa Rosa Reef shelf, are concluded to have developed during MIS 5 or earlier (i.e., older than 
about 75 ka; Figures I-7-2 and I-7-3).  Deeper paleoshorelines were likely most recently 
occupied during one of several highstands or lowstands between MIS 5 and the LGM (75–22 
ka). Additionally, one paleoshoreline (preserved at an elevation of about –61 to –62 m on the two 
shelf segments) may have been developed during the Younger Dryas (about 12.5–11.5 ka). 

Geomorphic distinctions, correlation of paleoshorelines, and comparison to uplift blocks 
onshore, suggest that the Santa Rosa Reef shelf and Islay shelf represent separate blocks that are 
uplifting at different rates.  Correlation with emergent marine terraces of the Irish Hills subblock 
suggests that the Islay shelf appears to be uniformly uplifting at a rate of 0.2 mm/yr.  Correlation 
of paleoshorelines across the South segment of the Shoreline fault zone suggests that the Santa 
Rosa Reef shelf is uniformly uplifting at a rate of 0.06 mm/yr, together with the Point San Luis 
subblock.  The boundary between these two uplift blocks is constrained to be along an offshore 
extension of the onshore San Luis Bay fault zone (preferred interpretation shown on Plate I-3b) 
or possibly along the Central and North segments of the Shoreline fault zone (Plate I-3c).  The 
preferred location is based on an interpretation of broad offshore platforms correlated to MIS 5a 
that extend from near the coastline to elevations of approximately –16 ± 2 m off Point San Luis 
and –10 ± 2 m between Rattlesnake Creek and Olson Hill as submerged MIS 5a platforms 
(Figure I-7-1 and I-7-1a).  The apparent north-side-up step of approximately 5–8 m between the 
two platforms coincides with the projected offshore extension of the Rattlesnake fault of the San 
Luis Bay fault zone.  The northern edge of the inferred MIS 5a platform is truncated offshore of 
Olson Hill, consistent with a westward extension of the Olson deformation zone. 

This interpretation suggests that (1) the platform in the offshore region between the Rattlesnake 
fault and the Olson deformation zone of is being uplifted at a rate (approximately 0.14 mm/yr) 
similar to that recorded by emergent marine terraces onshore, and (2) the boundary between the 
Santa Rosa Reef shelf and Islay shelf is not localized along the Central segment of the Shoreline 
fault zone, but rather extends across the mapped traces of the Shoreline fault zone.  This 
interpretation supports a model whereby the San Luis Bay fault zone (bounded to the south by 
the Rattlesnake trace and to the north by the Olson zone of deformation) crosses the Shoreline 
fault zone and extends westward to an intersection with the Hosgri fault zone. 

Three wave-cut platforms probably older than 75 ka cross traces of the Shoreline fault zone, and 
one, less than 75 ka, crosses the N40W fault.  Analysis of each of these platforms constrains the 
total vertical separation across the fault trace.  Vertical separation across the C-2 strand of the 
Central segment of the Shoreline fault zone is estimated at two locations.  Directly south of 
Intake Cove, the vertical separation is estimated to be 0 or 1 m, east side up, with a combined 
uncertainty of 2.5 m (Figure I-7-5).  About 1.3 km to the southeast, the vertical separation across 
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the same trace is estimated to be 0 m, with a combined uncertainty of 1.5 m (Figure I-7-6, parts a 
and b).  The estimated vertical separation rate for the C-2 subsegment of the Shoreline fault zone 
is therefore 0 ± 0.02 mm/yr.  Vertical separation across the South segment of the Shoreline fault 
zone is estimated to be 0 m, with a combined uncertainty of 1.5 m (Figure I-7-7, parts a and b).  
The estimated vertical separation rate for the South segment of the Shoreline fault zone is 
therefore 0 ± 0.02 mm/yr.  The estimated vertical separation across the N40W fault is zero, with 
a combined uncertainty of approximately 2 m (Figure I-7-4, parts a and b).  The estimated 
vertical separation rate for the N40W fault is 0 ± 0.04 mm/yr.   
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Table I-1-1. Definitions  

Coastline  A broad region in the vicinity of a shoreline that includes 
coastal landforms, such as beaches, wave-cut platforms, sea 
cliffs, marine terraces, and seaward-facing hillslopes.  

Continental Shelf  The gently westward-sloping sea floor that lies between the 
coastline and the break in slope to the steeper (1.0–2.0 
degrees) continental slope at water depths of 100–225 m.  

DCPP Diablo Canyon Power Plant, the area includes the power 
block, where the reactors and generators are located, and the 
adjuvant support facilities.   

Elevation The vertical distance from a datum (usually mean sea level) to 
a point or object on the Earth’s surface, especially the height 
of a ground point above the level of the sea.  The term is used 
synonymously with altitude in referring to distance above sea 
level, but in modern surveying practice the term “elevation” is 
preferred to indicate heights on the Earth’s surface; “altitude” 
is used to indicate the heights of points in space above the 
Earth’s surface.   

Islay shelf The rocky portion of the inner continental shelf that lies 
offshore of Point Buchon.  It extends from the coastline to the 
continental slope on the west and from Estero Bay on the 
north to the general latitude of the DCPP on the south.  It is 
generally characterized by wide, gently sloping subsea 
exposures of rock, but also includes limited areas of thin late 
Quaternary marine deposits and sand waves.   

Mean sea level (MSL) Sea level measured at the mean of all tides in the region.  This 
is approximately coincident with NAVD 88.  The reference 
datum for all topographic surveys and all maps in Appendix I 
is NAVD 88. 

Outer edge The downslope edge of a remnant of a wave-cut platform. 

Paleo- A combining form denoting the attribute of great age or 
remoteness in regard to time (Paleozoic), or involving ancient 
conditions (paleoclimate), ancestral origin, or fossil forms 
(paleoanthropic).  Sometimes given as pale- before vowels 
(paleoceanography).  

Paleoshoreline  A preserved remnant of an ancient shoreline.  In the study 
area, these are discontinuous features related to sea-level high 
stands onshore and high and low stands offshore.  
Paleoshorelines are typically associated with wave-cut 
platforms and paleosea cliffs and/or paleobeaches.  Locally, 
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multiple closely spaced strandlines are grouped with a single 
paleoshoreline.    

Project DEM A composite digital elevation model (DEM) developed from 
various sources of bathymetric and topographic data in which 
the most accurate and detailed data sets supersede less 
detailed or regional data sets.  Figures and plates presented in 
this appendix are based on version 6 of the composite DEM 
data, which was compiled in August 2010 at 1 m raster 
resolution.  The projection system for the data set is Universal 
Transverse Mercator (UTM), zone 10 North, NAD83 with 
NAVD88 vertical datum. 

San Luis Bay shelf The rocky portion of the inner continental shelf within San 
Luis Obispo Bay.  It extends from the coastline to the 
southern and western limit of bedrock outcrops and from 
Mallagh Landing on the north to Pismo Beach on the south.  
It is generally characterized by subhorizontal subsea 
exposures of rock that are intermittently buried by thin late 
Quaternary marine deposits. 

Santa Rosa Reef shelf  The rocky portion of the inner continental shelf that lies 
offshore of Point San Luis.  It extends from the coastline to 
the continental slope on the west and from the general latitude 
of Lion Rock on the north to the limit of bedrock outcrops 
south and southeast of Point San Luis.  It is generally 
characterized by the wide, gently sloping and flat subsea 
exposures of rock, but also includes limited areas of thin late 
Quaternary marine deposits and sand waves.   

Sea cliff  A cliff or slope produced by wave erosion, situated at the 
seaward edge of the coast or the landward side of the wave-
cut platform, and marking the inner limit of erosion.  It may 
vary from an inconspicuous slope to a high, steep escarpment. 

Shoreline The location where sea surface meets the land; this can 
include an entire tidal range. 

Shoreline angle A shoreline angle is the point (typically in profile) where a 
wave-cut platform meets a sea cliff.  Because of natural 
variation in wave-cut platform surfaces, shoreline angles can 
be formed at a variety of elevations with respect to the tidal 
range, ranging from as low as MSL (approximate elevation of 
0 relative to NAVD 88) to a few meters above MSL.  In the 
study area, the most common elevation of shoreline angles on 
the modern coastline is 2 m, approximately coincident with 
MHHW.  An ancient shoreline angle provides an approximate 
record of the relative sea level at the time when the 
paleoshoreline formed. 

 
Shoreline Fault Zone Report, Appendix I Paleostrandlines

 
Page I-62 of 104



 

 

Shoreline fault zone study 
area 

The area of detailed paleostrandline and wave-cut platform 
mapping described in Appendix I.  This area is shown on 
Figure I-1-1. 

Strandline The two-dimensional geomorphic record of sea level.  On an 
erosional coastline (such as the Irish Hills coastline), it is 
marked by the intersection of a sea cliff and a wave-cut 
platform.  On a depositional coastline, it is marked (less 
precisely) by a beach berm. As with shoreline angles, modern 
strandlines in the study area typically occur at elevations of 
about 2 m, but may range from 0 to a few meters elevation.  
An ancient strandline provides an approximate record of the 
relative sea level at the time the paleoshoreline formed 

Wave-cut platform A broad bedrock platform that slopes gently seaward from a 
sea cliff.  The term “wave-cut platform” is used in this report 
because wave erosion is the dominant erosional process for 
platform development.  Some authors (e.g., Trenhaile, 2000, 
2002; Trenhaile and Layzell, 1981) prefer the term “shore 
platform” because wave erosion is not the only process 
responsible for platform development.  Other erosive 
processes acting on these platforms include chemical and salt 
weathering, bioerosion, and expansion-contraction of clays 
and/or ice (Griggs and Trenhaile, 1994). 

Width The width of the platform is the distance measured 
orthogonally to the strandline from the paleosea cliff or inner 
(coastward) to the outer (seaward) limit of the mapped extent 
of the platform. 
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Table I-4-1. Submerged Strandline Confidence Assessment 

Rank 
Geomorphic Expression 

(with data example) Continuity 
Location 

Confidence 

Probability of 
Representing 

Paleoshoreline 
Level 
A 

Strong geomorphic expression in bedrock with a 
well-defined 
wave-cut 
platform and 
prominent 
shoreline angle; s
relatively continuous. 

trandline is mappable and 

Consistent 
elevation 
over 
distances of a 
few hundred 
meters, 
excepting 
embayments. 

High; map 
with a solid 
line. 

Highly likely; 
closely 
approximates 
paleosea level. 

Level 
B 

Good geomorphic expression in bedrock with a 
generally well-
defined platform 
and readily 
identifiable 
shoreline angle; 
strandline is 
mappable, but discontinuous. 

Mostly 
laterally 
continuous 
but may 
contain 
breaks in the 
shoreline 
angle or 
platform. 

Moderately 
high; map 
with a solid 
line where 
well located 
on bedrock 
and a dashed 
line where 
approximately 
located on 
bedrock or 
inferred; 
dotted line 
where buried. 

Likely;  
closely 
approximates 
paleosea level. 

Level 
C 

Moderate geomorphic expression; Strandlines 
are mappable but are highly degraded. 
Platforms may be mappable, but commonly
too degraded (i.e., rough, incised, or irregularly
sloping) to map. 

 are 
 

Elevation 
generally is 
consistent, 
but may vary 
by 2–4 m.  
The shoreline 
angle 
becomes 
difficult to 
define along 
some 
portions of 
the mapped 
strandline. 

Low;  
dashed line 
where 
approximately 
located on 
bedrock or 
inferred; 
dotted line 
where buried. 

Moderately 
likely; provides 
limiting 
minimum for 
paleosea level, 
possibly 
incorrectly 
interpreted to be 
strandline. 

Level 
D 

Subtle geomorphic expression; platform and 
shoreline angle are difficult to identify and may 
consist of a simple break in slope. 

Platforms and 
shoreline 
angles are 
frequently 
degraded and 
difficult to 
map.  
Elevation of 
the mapped 
strandline 
may vary up 
to 4 m. 

Low; 
questionably 
inferred. 
Dashed and 
queried line 
on bedrock; 
dotted and 
queried line 
where buried. 

Possible; 
probably 
located within 
approximately 
9 m below 
paleosea level, 
possibly 
incorrectly 
interpreted to be 
strandline. 

Shoreline angle 

Shoreline angle 

Shoreline angle 

Potential alternative interpretations 
of wave-cut platform 

Shoreline angle 
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Table I-4-2.  Uncertainties in Assessing Elevations and Ages of Paleostrandlines 

Description 
Resolution or Estimated 

Uncertainty Comments 
   
Data Accuracy and Measurement 
DEM from MBES bathymetry data 
and LiDAR data 

Vertical precision of MBES 
data is ±10 cm.  Vertical 
accuracy is estimated to be ± 
50 cm. 
 
RMSE for absolute vertical 
accuracy of the LiDAR data is 
4–5 cm. 
 

In general, relative vertical accuracy is higher than the 
absolute vertical accuracy of a specific point.  This means that 
while the actual elevation of a specific point (i.e., the 
shoreline angle elevation) may be accurate to within only 50 
cm, the elevation difference between adjacent points on the 
seafloor inferred from profiles derived from these data is 
much more accurate.  

High-resolution seismic-reflection 
profile data 

Vertical accuracy is estimated 
to be ±2 m. 

The estimated elevation of shoreline angle mapped from high-
resolution seismic-reflection profile data is calculated by 
subtracting the depth of the shoreline angle below the seafloor 
from the MBES data using an assumed velocity of water and 
subbottom sediments of 1,600 m/sec.  Given the limited depth 
(generally less than 15 ms TWTT) of the features below the 
seafloor, modest changes to the assumed velocity of the 
sediments are not expected to have a net effect greater than 
about 0.5–1.0 m.  The primary uncertainty stems from the 
variability in the quality of the images and the expression of 
the features.  The latter uncertainty is considered to be 
primarily interpretative in nature. 
 

Measurement of the continuity and 
slope of an individual wave-cut 
platform 

Approximately the same as the 
natural variability of the 
platform, as characterized by 
numerous closely spaced 
profiles. 

The confidence in mapping individual wave-cut platforms 
depends on the natural variability (or roughness) of the 
platform, which in turn is related to bedrock lithology and 
structure.  Sediment burial locally may complicate the 
assessment of the variability in the wave-cut platform.  The 
confidence in measurement of wave-cut platform 
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Description 
Resolution or Estimated 

Uncertainty Comments 
   

characteristics is increased by evaluating numerous closely 
spaced profiles. 
 

Measurement of elevation of the 
shoreline angle 

Measurement uncertainty 
ranges from less than 1 m for 
well-defined shoreline angles 
to as much as 4 m for poorly 
expressed features (see Table I-
4-1 for data examples). 

The uncertainty in the elevation of a specific point measured 
on profiles generated from the MBES data is a function of the 
width and natural variability of the associated platform, the 
height and expression of the paleosea cliff, and the amount of 
sediment cover on the platform.  The uncertainty in the 
elevation of individual paleostrandlines shown on Plate I-3a 
accounts for the variability in the point measurements from 
numerous profiles evaluated for this study. 
 

Geologic Context 
Influence of shoreline morphology 
on the development and expression 
of paleostrandlines and associated 
wave-cut platforms 

Variable. Accounted for in the 
uncertainty in the elevation of 
individual paleostrandlines 
(see Plate I-3a). 

Various factors, such as the shape of the coastline relative to 
the direction of major storm waves and the effect of headlands 
and bays on erosion and sedimentation, influence the location 
and amount of erosion that may occur.  Examination of the 
elevations of the shoreline angle for some well-developed 
paleostrandlines mapped around a paleoheadland/paleobay or 
paleisland localities suggests that there could be up to 3 m of 
variability between the headland and bay or lee sides of 
paleislands.  Localized deeper erosion at a headland may give 
rise to an anomalously low shoreline angle elevation that does 
not appear to be correlative with a specific paleostrandline.  
The mapping criteria used to correlate and map individual 
paleostrandlines addresses these possible outliers. 
 

Influence of bedrock lithology and 
structure on interpretation of 
paleostrandline features 

Uncertainty is reduced by 
using the most confident 
interpretations as a basis for 

The possibility that some or all of the mapped 
paleostrandlines were formed by differential erosion in rock, 
instead of wave erosion during paleosea-level stillstands, was 
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Description 
Resolution or Estimated 

Uncertainty Comments 
   

paleoshoreline correlations.  explicitly considered in the confidence assessment of various 
postulated paleostrandlines (Section 4.2.1).  The 
paleostrandlines with the highest confidence crosscut bedrock 
structures.  The relationship of mapped paleostrandlines to 
existing bedrock structure (i.e., mapped faults, folds, joints, 
and bedding attitudes) was documented on the longitudinal 
profiles and used to inform paleoshoreline correlations (see 
Plates I-3a through I-3d).  
 

Hydroisostatic loading of the 
continental shelf 

N/A 
Estimated to be less than and 
included in other measurement 
uncertainties. 

It is recognized that hydroisostatic processes, especially on 
wide continental shelf regions, could result in spatial and 
temporal differences in patterns of uplift that would influence 
development of submerged shoreline features and their 
present elevation.  Modeling of such processes has not been 
conducted as part of this study.  Due to the limited differences 
in the width of the shelf areas within the study area, it is not 
expected that there have been isostatic adjustments that would 
significantly affect the general conclusions regarding the 
apparent differences in the number and spacing of 
paleostrandlines between the Islay and Santa Rosa Reef 
shelves.  The likely long-term effect of any hydroisostatic 
adjustments to differential loading of the broader shelf areas 
(e.g., San Luis Obispo Bay) relative to the narrower shelf 
areas on the margins of the San Luis Range would be to lower 
paleostrandline features that may have initially formed on 
isostatically uplifted areas marginal to the broader parts of the 
shelf during the initial stages of relative sea-level highstands.  
At this time, we cannot preclude minor warping of individual 
paleostrandlines.  However, it is judged likely that, based on 
estimates of the location and elevation of measured shoreline 
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Description 
Resolution or Estimated 

Uncertainty Comments 
   

angles, such warping would be within the uncertainty bounds 
assigned to the various paleostrandlines.  
 
Given the general broad waveform pattern of such 
deformation that stems from flow in the mantle, this process is 
not considered to be a likely explanation for the differential 
uplift between the Islay and Santa Rosa Reef shelves.  
 

The degree to which erosion since 
development of the platform could 
have removed evidence for fault 
displacement 

Approximately 0.5–1.5 m, 
depending on lithology, 
duration of exposure to erosion 
(on older [>75 ka] platforms) 

This is difficult to quantify.  Platforms formed above water 
depths of about 30–35 m that are assumed to have formed 
before about 75 ka (Section 7.2) were either exposed or buried 
in subaerial conditions for at least 65 thousand years.  During 
that time they likely experienced some weathering. After that, 
sea level rose across the platforms, exposing them to wave 
erosion.  Many of these platforms are flat enough, however, 
that sea level would have passed them quite rapidly (an 
estimated rate of 10 mm/yr sea level rise for the last 
transgression indicates that mean sea level would have passed 
the entire platform in less than 100–200 years), and wave 
erosion likely would have acted on the entire platform in a 
similar fashion (Section 7.2.1.3). 
 
For such flat platforms, it is unlikely that a “knickpoint” 
migrated across the platform due to sea level rise.  Rather, the 
platforms were probably lowered relatively uniformly, or 
differential erosion enhanced preexisting fault-line scarps or 
other features with contrasting erodability.  There is 
uncertainty in how much lowering of the platform surface 
would be required to remove a systematic offset (as would be 
expected from a brittle rupture on the fault traces that are 
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Description 
Resolution or Estimated 

Uncertainty Comments 
   

crossed by the platform) of 1 or 2 m within a platform that is 
currently relatively flat.  
 
Comparison to the paleosea cliffs is informative.  While 
degraded, these submerged sea cliffs are still recognizable, 
even in locations where they are only 1 or 2 m high.  The 
persistence of the paleosea cliffs and wave-cut platforms 
through this cycle of erosion suggests that the amount of rock 
lowering was not great enough to completely remove scarps 
of similar size. It seems unlikely that erosion would have 
removed a systematic offset of more than 1–2 m while still 
preserving the signature of a relatively flat platform and a 
paleosea cliff. 
 
Estimates of bedrock lowering due to post–Late Glacial 
Maximum erosion, based on analysis of the Holocene wave-
cut platform at Islay Creek and offshore of Olson Hill (Figure 
I-7-1b), are about 1 m per thousand years in relatively less 
resistant rock (Section 7.2.1.3)  
 

Reoccupation of wave-cut 
platforms 

N/A 
Uncertainty included in 
estimates of other 
uncertainties. 

The potential for reoccupation of preexisting wave-cut 
platforms is more likely for low uplift areas.  This is explicitly 
considered in evaluating the expected rate of sea-cliff retreat 
from Holocene wave erosion and the ages of submerged 
wave-cut platforms.  Reoccupation of wave-cut platforms 
tends to widen the platforms and decrease their gradients, 
which may reduce their surface roughness and thereby reduce 
uncertainties associated with measuring vertical offsets that 
cross the platforms. 
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Description 
Resolution or Estimated 

Uncertainty Comments 
   
Interpretative 
Interpretations of the continuity and 
correlation of specific 
paleostrandlines 

Alternative correlations are 
considered.  Correlations that 
match paleostrandlines with 
high confidence levels are 
preferred. 

Alternative interpretations are possible given uncertainties in 
the identification and mapping of the less distinct features 
(i.e., the possibility that some subtle paleostrandlines might 
actually represent the change in slope between the outer and 
inner parts of the same platform, or instead may be related to 
differential erosion of bedrock).  Paleostrandlines with the 
highest confidence levels are given the greatest weight in the 
preferred correlations presented in Section 6.3. 
 

Interpretation of the preferred 
elevation of a mapped strandline 

Elevations of the correlated 
shoreline angles are generally 
constrained to within ±1–1.5 m  
(This range of uncertainty is 
based on the assumption that 
the correlated strandlines all 
formed at the same paleosea 
level). 

The uncertainty in the elevation of a strandline based on the 
assumed correlation of a number of shoreline angles 
measurements may be less than the elevation of specific 
measured shoreline angles used to define the strandline. 

Inferred paleostrandline(s) formed 
during a period of relative sea-level 
stability 

Groupings of paleostrandlines 
are considered in identifying 
and correlating prominent 
paleoshorelines. 

The probability of a mapped paleostrandline representing a 
former shoreline formed during a period of relative sea-level 
stability is based on the criteria used to map features (i.e., 
geomorphic expression, continuity, and location confidence) 
and consideration of other geomorphic explanations for the 
origin of the feature.  Multiple paleostrandlines spaced within 
a few meters of elevation may be associated with a period of 
relative sea-level stability (i.e., slight variations may reflect 
minor fluctuations or related storm platforms). 
 

Estimated ages of the 
paleostrandlines and related wave-

Uncertainties in the timing and 
elevations of minor 

Where they are used to constrain fault offset, inferred ages of 
paleostrandlines and wave-cut platforms are not specifically 
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Description 
Resolution or Estimated 

Uncertainty Comments 
   
cut platforms  fluctuations in paleosea level 

are on the order of tens of 
meters and several thousands 
of years for poorly constrained 
highstands and lowstands 
during MIS 3 and 4 (between 
about 75 and 25 ka), and for 
MIS 5b and 5d lowstands.  
These uncertainties are 
estimated from the range of 
interpretations of paleosea-
level curves presented on 
Figure I-5-3. 

tied to minor fluctuations in paleosea levels.  Instead, age 
assessments are based on two primary interpretations: 
1. Paleostrandlines associated with wave-cut platforms 

greater than 100 m in width did not form during the post-
Late Glacial Maximum transgression (see Section 7.2.1).  
It is assumed that the prominent paleoshoreline features 
(strandlines and associated wave-cut platforms) formed 
during periods of relative sea-level stability and that these 
periods are indicated by global sea-level curves (Sections 
7.2.2 and 7.2.3).  

2. Correlations to paleosea-level curves that pass outside of 
the range of interpretations for MIS 3 and 4 highstands 
and lowstands are used to constrain ages as MIS 5 or older 
(i.e., greater than 75 ka) and younger than MIS 5 (i.e., 
between about 25 and 75 ka). 
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Table I-5-1. Elevation and Age of Paleosea-Level Highstands and Lowstands 

Stage Age (ka) 
Elevation 

(m) Location Source 
2 14 –113.6 Hawaii Ludwig et al., 1991 
 15.8 –108.9 Hawaii Ludwig et al., 1991 
 17 –105.8 Hawaii Ludwig et al., 1991 
 19 –100.6 Hawaii Ludwig et al., 1991 
 17 –130 South Africa Ramsay and Cooper, 

2002 
 23.7 –107 Huon Peninsula, Papua 

New Guinea, Barbados 
Cutler et al., 2003 

 28.6 –111 Huon Peninsula, Papua 
New Guinea, Barbados 

Cutler et al., 2003 

 19–22 –125 Bonaparte Zong, 2007 
 19–21 –115 Sunda Shelf Zong, 2007 
 21 –120 ± 5 New Jersey Wright et al., 2009 
3 38 –71 Huon Peninsula Chappell, 2002 
 about 35–50 –15 Gulf Coast Muhs et al., 2004 
  –74 to –85 Huon Peninsula, Papua 

New Guinea, Barbados 
Cutler et al., 2003 

 27.4 ± 4401 –46 South Africa Ramsay and Cooper, 
2002 

 39.1 ± 15301 –46 South Africa Ramsay and Cooper, 
2002 

3a 44.5 –56 Huon Peninsula Chappell, 2002 
 35 ± 7 –30 ± 5 New Jersey Wright et al., 2009 

3b 52 –46 Huon Peninsula Chappell, 2002 
 45 ± 10 –60 ± 5 New Jersey Wright et al., 2009 

3c 58 to 60 –50 Huon Peninsula Chappell, 2002 
 55 ± 10 –20 ± 5 New Jersey Wright et al., 2009 
4 70.6 to 75 –37 to –54 Huon Peninsula Chappell, 2002 
 70.82 –81 Huon Peninsula, Papua 

New Guinea, Barbados 
Cutler et al., 2003 

 70 ± 10 –75 ± 5 New Jersey Wright et al., 2009 
5a about 80 –5 ± 2 Central California Hanson et al., 1994 
 about 77 to 83 –9 to +2 Florida & Bermuda Ludwig et al., 1996 
  about –10 to 

–15 
Bahamas Muhs et al., 2002b 

  –20 Barbados Muhs et al., 2002a 
  –16 New Guinea Muhs et al., 2002a 
  about –3 to 

–4 
Punta Banda Muhs et al., 2002a 

 76.2 ± 4 –24 Huon Peninsula, Papua 
New Guinea, Barbados 

Cutler et al., 2003 
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Stage Age (ka) 
Elevation 

(m) Location Source 
 about 86–84 to 

76 
–6 to +6 Pacific Coast Muhs et al., 2004 

  <+7 Atlantic Coast Muhs et al., 2004 
 about 85–92 >-20 Florida Keys Muhs et al., 2004 
 79–83 –6 to –9 Phillipines Ringor et al., 2004 
 about 80 0 to about 

+6 
Atlantic Coast Wehmiller et al., 2004 

 76–84  Pacific Coast Muhs et al., 2006 
 73.9 ± 1 to 85.3 

± 1.2 
–15 ± 1 Barbados Thompson and 

Goldstein, 2005 
5b 92.6 ± .5 –57 Huon Peninsula, Papua 

New Guinea, Barbados 
Cutler et al., 2003 

 90 ± 10 –20 ± 5 New Jersey Wright et al., 2009 
5c  –2 ± 2 Central California Hanson et al., 1994 
  –20 Barbados Muhs et al., 2002a 
  –18 New Guinea Muhs et al., 2002a 
  about –2 Punta Banda Muhs et al., 2002a 
 101–108 –9 to –11 Phillipines Ringor et al., 2004 
 about 100 about 0 Pacific Coast Muhs et al., 2004 
 98.7 ± 1.1 to 

106.9 ± 1.6 
–13 ± 1 Barbados Thompson and 

Goldstein, 2005 
5d 113.1 ± .7 -19 Huon Peninsula, Papua 

New Guinea, Barbados 
Cutler et al., 2003 

 117 ± .7 44 South Africa Ramsay and Cooper, 
2002 

5e about 125 about +6 ± 2 Central California Hanson et al., 1994 
 about 115–136  Hawaii Muhs et al., 2002b 
 about 113–125  Bermuda Muhs et al., 2002b 
 about 114–123  Pacific Coast Muhs et al., 2002a 
 113–134  Hawaii Muhs et al., 2004 
 about 120 <10 Alaska Muhs et al., 2004 
  5–8 Florida Keys Muhs et al., 2004 
 122–131 3–6 Phillipines Ringor et al., 2004 
 107.2 ± 1 to 

129.3 ± 1 
7 ± 2 Barbados Thompson and 

Goldstein, 2005 
 125 ± 5 6 ± 5 New Jersey Wright et al., 2009 
 119 about 4 South Africa Ramsay and Cooper, 

2002 
6 122–142 –122 Hawaii Ludwig et al., 1991 
 130 ± 20 –120 ± 5 New Jersey Wright et al., 2009 
7 about 210 about –3 ± 4 Central California Hanson et al., 1994 
 182 ± 18 about –3 South Africa Ramsay and Cooper, 

2002 
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Stage Age (ka) 
Elevation 

(m) Location Source 
 about 220–230 about 0 Florida Keys Muhs et al., 2004 
 220–240 >–10 Hawaii Muhs et al., 2004 
 189.9 ± 1.2 to 

248.2 ± 2 
6 ± 2 Barbados Thompson and 

Goldstein, 2005 
8     
9 about 330 +4 ± 4 Central California Hanson et al., 1994 
 300–340 about 0 Florida Keys Muhs et al., 2004 
 300–350 –3 Atlantic Coast Muhs et al., 2004 

10     
11 400 ~22 Alaska Muhs et al., 2004 
 400 >20 Bermuda Olson and Hearty, 

2009 
 430 15.3 South Africa Roberts et al., 2007 

12     
13     
14     
15 500–600 –5 to +5 Hawaii Muhs et al., 2004 

 
Note 
1. Late Pleistocene and Holocene ages from Ramsay and Cooper (2002) are 14C yr BP. 
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Table I-6-1. Summary of Holocene Platform Parameters 

Geologic Unit 
(No. measurements) 

Mean Width 
(m) 

Mean Depth (m) at 
platform outer edge

Mean Slope 
(%) 

Holocene 
Shoreline Angle 

Retreat Rate 
(m/kyr) 7 ka 

Ophiolite (4) 208.3 5.7 3.7 29.3 

Cretaceous 
sandstone (19) 274.0 6.9 3.5 39.1 

Obispo Fm., resistant 
tuff (8)  353.5 9.5 3.5 50.5 
Franciscan Complex 
(5) 325.8 6.2 2.7 46.5 

Obispo Fm. (4) 473.8 10.7 2.8 73.3 

Obispo Fm., diabase 
(4) 370.0 11.6 3.5 49.0 

Monterey Fm. (8) 421.1 11.9 3.5 60.2 

Pismo Fm., 
Miguelito Mem. (4) 668.0 11.6 2.0 95.4 

Total (56) 338.2 8.7 3.3 50.5 
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 Notes:
1) Bradley and Griggs (1976) indicate 

slopes of wave-cut platforms near 
Santa Cruz are commonly about 
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segment (near the seacliff) and 0.7 
to 1.7 percent for the offshore 
segment.

2) The range in slope of the Holocene 
wave-cut platforms in study area is 
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study area:
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Profiles on MIS 5a wave-cut platforms
west of San Luis Hill and Olson Hill

Profile A

Profile C

Profile B

 Notes:
1) Shoreline angle interpreted at base of 

modern sea cliff.
2) Broad wave-cut platform (WCP) formed 

by Holocene re-occupation of MIS 5a 
highstand.

 Notes:
1) Buried shoreline angle at elevation 7±1m 

constrained by boreholes.
2) Possible MIS 5a wave-cut platform uplifted in 

hanging wall of Rattlesnake fault.
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PLATE I-1b
Map of submerged wave-cut platforms 
and strandlines

1:15,000

File path: S:\13800\13838\13838.002\Figures\20101112_Report\Appendix_I\Plate_I_1b.mxd

Hillshade developed from Project DEM, 2010. Data sources include:
- 1 m multi-beam bathymetry data (PG&E, 2010)
- 1 m near-shore LiDAR topography data (PG&E, 2010)
- 5 m SLO County InSAR data (SLO County, 2008)
Map Projection: UTM Zone 10N, NAD 1983, Map Scale:

Base Map:

5 m bedrock contours (top of bedrock)

5 m DEM contours (seafloor surface)

LEGEND
SUBMERGED STRANDLINES

Labels denote elevation (m) and confidence assessment.
A= high, D= low (Refer to Section 4.2.1).

Submerged wave-cut platform (< 100 m wide)

Submerged wave-cut platform ( >100 m wide)

                                                         Dashed where
 approximately located; dotted where buried. 

Holocene Platform

¢ ¢

Emergent Marine Terrace Strandlines (elevation labeled
in meters)

Marine terrace shoreline angle - well constrained
Marine terrace shoreline angle - buried or less 
well constrained
Marine terrace shoreline angle - 
uncertain or inferred
Marine terrace shoreline angle - eroded
Marine terrace shoreline angle - Associated 
wave cut platform stripped of marine deposits

! ! ! !

Shoreline angle interpreted from seismic reflection 
profile, elevation labeled in meters

-57.7

MIS 5a wave-cut platform, associated strandline
constrained by mapping and boreholes onshore to
be at elevation 7 +/- 1m (see text, Section 7.1.3)



San Luis Hill

Point San Luis
Olson Hill

-20B

-42C

-11B

-9D

-31B

-66A

-53C

-39A

-23B

-62B

-22C

-22D

-45B

-44C

-37C

-65C

-19C

-82B

-19B

-40C

-5
2B

-2
5A

-4
9.5

B

-46B

-11.5B

-50B

-28B

-58C

-8A

-34B
-30C

-24A

-55B

-13B

-29A

-28C

-58B

-31C

-47.5B

-39B

-25B

-38.5B

-33.5C

-41C

-2
9B

-28.5C

-13C

-49C

-11C

-17B

-4
9B

-27C

-34C

-20.5B

-29C

-15A

-25C

-24B

-27.5C

-18B

-15.5C

-31A

-50C

-45.5C

-26B

-6.5D

-16B

-24C

-15B

-34B

-25B

-82B

-24B

-31B-23B

-3
7C

-50B

-24B

-39B

-34C

-31B

-22D

-30C

-58B

-25B

-28
.5C

-44C

-24B

-37C

-3
4B

-2
8.5

C

-34B

-13B

-31B

-45B

-29C

7±1

13±1
12±1

28±1 19±1

30±2

23±1

8±
1

18±1

6±1 14±2

33
±3

11±3

11±1

26±1

12±3
14±1

25±2

6.4±1

33
±0

11±2

64±3 19
5+

61+

201+

4.6
±0

.3 148+ 4±0.3

12±1

13
±1

7±
1

13±1

6±
1 6±1

11
±2

7±
1

7±123
±1

11±1

7±1

13±1

13±1

-90

-50

-55

-45

-40

-60

-75

-6
5

-80

-85

-70

-35

-15

-25

-3
0

-95

-20

-10

-80

-35

-80

-40

-65

-75

-35

-80

-30

-15

-35

-75

-80

-25

-65

-60

-65

-1
5

-85

-70

-50

-30

-60

-6
5

-75

-80

-15

-20

-6
0

-65

-20

-5
5

-80

-30

-1
5

-30

-30

-30

-55

-75

-6
0

-6
0

-25

-55

-60

-15

-85

-15

-85

-25

-80

-25

-1
5

-60

-75

-35

-60

-85

-85

-45

-60

-3
5

-50

-75

-70

-3
0

-30

-55

-25

-55

-70

-30

-85

-30

-20

-80

-90

-30

-75

-55

-65

-75

-75

-35

-65

-75

-25

-75

-80

-60

-2
5

-65

-43

-41.4

-83.4

-27.1

120.75° W

120.8° W

120.8° W

120.85° W

35.15° N

35.2° N

35.1° N

120.75° W

120.85° W

35.15° N35.2° N

35.1° N

69
50

00

695000

700000

700000

705000

70
50

00

3885000

38
85

00
0

3890000

38
90

00
0

3895000
38

95
00

0

D

D

D

D

D

£¤101

£¤101

DCPP

Pacific Gas and Electric Company

0 0.20.1

Miles

0 0.50.25

Kilometers

0 0.20.1

Nautical Miles

µ

PLATE I-1c
Map of submerged wave-cut platforms 
and strandlines

1:15,000

File path: S:\13800\13838\13838.002\Figures\20101112_Report\Appendix_I\Plate_I_1c.mxd

Hillshade developed from Project DEM, 2010. Data sources include:
- 1 m multi-beam bathymetry data (PG&E, 2010)
- 1 m near-shore LiDAR topography data (PG&E, 2010)
- 5 m SLO County InSAR data (SLO County, 2008)
Map Projection: UTM Zone 10N, NAD 1983, Map Scale:

Base Map:

5 m bedrock contours (top of bedrock)

5 m DEM contours (seafloor surface)

LEGEND
SUBMERGED STRANDLINES

Labels denote elevation (m) and confidence assessment.
A= high, D= low (Refer to Section 4.2.1).

Submerged wave-cut platform (< 100 m wide)

Submerged wave-cut platform ( >100 m wide)

                                                         Dashed where approximately
 located; dotted where buried. 

Holocene Platform

¢ ¢

Emergent Marine Terrace Strandlines (elevation labeled
in meters)

Marine terrace shoreline angle - well constrained
Marine terrace shoreline angle - buried or less 
well constrained
Marine terrace shoreline angle - 
uncertain or inferred
Marine terrace shoreline angle - eroded
Marine terrace shoreline angle - Associated 
wave cut platform stripped of marine deposits

! ! ! !

Shoreline angle interpreted from seismic reflection 
profile, elevation labeled in meters

-57.7

MIS 5a wave-cut platform, associated strandline
is currently at elevation 0 m (see text, Section 7.1.3)

MIS 5a wave-cut platform, associated strandline
constrained by mapping and boreholes onshore to
be at elevation 7 +/- 1m (see text, Section 7.1.3)
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PLATE I-1d
Map of submerged wave-cut platforms
and strandlines

1:15,000

File path: S:\13800\13838\13838.002\Figures\20101112_Report\Appendix_I\Plate_I_1d.mxd

Base Map:
Hillshade developed from Project DEM, 2010. Data sources include:
- 1 m multi-beam bathymetry data (PG&E, 2010)
- 1 m near-shore LiDAR topography data (PG&E, 2010)
- 5 m SLO County InSAR data (SLO County, 2008)
Map Projection: UTM Zone 10N, NAD 1983, Map Scale:

5 m bedrock contours (top of bedrock)

5 m DEM contours (seafloor surface)

LEGEND
SUBMERGED STRANDLINES

Labels denote elevation (m) and confidence assessment.
A= high, D= low (Refer to Section 4.2.1).

Submerged wave-cut platform (< 100 m wide)

Submerged wave-cut platform ( >100 m wide)

                                                         Dashed where approximately
 located; dotted where buried. 

Holocene Platform

¢ ¢

Emergent Marine Terrace Strandlines (elevation labeled
in meters)

Marine terrace shoreline angle - well constrained
Marine terrace shoreline angle - buried or less 
well constrained
Marine terrace shoreline angle - 
uncertain or inferred
Marine terrace shoreline angle - eroded
Marine terrace shoreline angle - Associated 
wave cut platform stripped of marine deposits

! ! ! !

Shoreline angle interpreted from seismic reflection 
profile, elevation labeled in meters

-57.7

MIS 5a wave-cut platform, associated strandline
is currently at elevation 0 m (see text, Section 7.1.3)
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PLATE I-2a
Map showing submerged strandlines, 
wave-cut platforms, and geology

1:15,000

Hillshade developed from Project DEM, 2010. Data sources include:
- 1 m multi-beam bathymetry data (PG&E, 2010)
- 1 m near-shore LiDAR topography data (PG&E, 2010)
- 5 m SLO County InSAR data (SLO County, 2008)
Map Projection: UTM Zone 10N, NAD 1983, Map Scale:

Base Map:

File path: S:\13800\13838\13838.002\Figures\20101112_Report\Appendix_I\Plate_I_2a.mxd

Note:
   1) Sources of traces in project fault compilation are discussed in Section 3.
   2) Emergent marine terrace strandlines compiled using data from DCPP LTSP 
   Response to Question  GSG 16 (1988), Hanson et al., (1994), and field observations (this study)

LEGEND
Simplified Geologic Unit Legend

Monterey Formation (Tmm, Tmm?)

Resistant Obispo Formation (Tmor, Tmor?)

Miguelito Member of Pismo Formation (Tmp,Tmpm)

Obispo Formation diabase (Tmod, Tmod?)

Quaternary sand waves (Qs, Qs?, Qsw, Qsw/Qcs)

Cretaceous sandstone (Ks, Ks?)

Franciscan Complex (KJf, KJf?, KJfm, KJfm?, KJfmv, KJfmv?)

Obispo Formation (Tmo, Tmo?)

Cretaceouse/Jurassic Ophiolite (KJfo, KJfo?, KJo)

Fault- probably early Quaternary or older, identified by truncated
beds, juxtaposition of rock type, seismic data, persistent 
juxtaposition of textures not explained by shoreline angle or 
wave-cut platform; solid where well-located; dashed where 
approximate or inferred; dotted where concealed

Syncline- solid where well located; dashed where approximate 
or inferred; queried where insufficient data to confirm; arrow at 
end indicates direction of plunge
Lineament- solid where well expressed [either (1) positive 
evidence that it is not a fault, (2) probable fault, but lacks 
clearer evidence, and/or can be explained by alternative 
process]; dashed where moderately expressed

Contact- solid where well located and clearly justified 
based on samples, MBES, and/or onshore data; 
dashed where approximately located; dashed-queried 
where suggested but not required by data; dotted where 
concealed; dotted-queried where inferred and concealed

Offshore Structural Features

Anticline- solid where well located; dashed where approximate 
or inferred; queried where insufficient data to confirm; arrow at 
end indicates direction of plunge

Fault- indirect evidence for Quaternary activity (e.g., seismicity
trend; possible delicate scarp) identified by truncated beds, 
juxtaposition of rock type, seismic data, persistent juxtaposition 
of textures not explained by shoreline angle or wave-cut platform; 
solid where well-located; dashed where approximate or inferred; 
dotted where concealed

Fault- direct evidence for late Quaternary offset (e.g., seismic data)
or direct association with late Quaternary fault; solid where 
well-located; dashed where approximate or inferred; 
dotted where concealed

?

?

?

?

?

? ¢ ¢

Emergent Marine Terrace Strandlines 
(elevation labeled in meters)

Marine terrace shoreline angle - well constrained

Marine terrace shoreline angle - buried or less 
well constrained

Marine terrace shoreline angle - 
uncertain or inferred

Marine terrace shoreline angle - eroded

Marine terrace shoreline angle - Associated 
wave cut platform stripped of marine deposits

! ! ! !

SUBMERGED STRANDLINES

Labels denote elevation (m) and confidence assessment.
A= high, D= low (Refer to Section 4.2.1).

10 m DEM contours (seafloor surface)

Submerged wave-cut platform (< 100 m wide)

Submerged wave-cut platform ( >100 m wide)

") Shoreline angle interpreted from seismic reflection 
profile, elevation labeled in meters.

                                                                      Dashed where
approximately located; dotted where buried. 
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PLATE I-2b
Map showing submerged strandlines, 
wave-cut platforms, and geology

1:15,000

File path: S:\13800\13838\13838.002\Figures\20101112_Report\Appendix_I\Plate_I_2b.mxd

Hillshade developed from Project DEM, 2010. Data sources include:
- 1 m multi-beam bathymetry data (PG&E, 2010)
- 1 m near-shore LiDAR topography data (PG&E, 2010)
- 5 m SLO County InSAR data (SLO County, 2008)
Map Projection: UTM Zone 10N, NAD 1983, Map Scale:

Base Map:

LEGEND
Simplified Geologic Unit Legend

Monterey Formation (Tmm, Tmm?)

Resistant Obispo Formation (Tmor, Tmor?)

Miguelito Member of Pismo Formation (Tmp,Tmpm)

Obispo Formation diabase (Tmod, Tmod?)

Quaternary sand waves (Qs, Qs?, Qsw, Qsw/Qcs)

Cretaceous sandstone (Ks, Ks?)

Franciscan Complex (KJf, KJf?, KJfm, KJfm?, KJfmv, KJfmv?)

Obispo Formation (Tmo, Tmo?)

Cretaceouse/Jurassic Ophiolite (KJfo, KJfo?, KJo)

Fault- probably early Quaternary or older, identified by truncated
beds, juxtaposition of rock type, seismic data, persistent 
juxtaposition of textures not explained by shoreline angle or 
wave-cut platform; solid where well-located; dashed where 
approximate or inferred; dotted where concealed

Syncline- solid where well located; dashed where approximate 
or inferred; queried where insufficient data to confirm; arrow at 
end indicates direction of plunge
Lineament- solid where well expressed [either (1) positive 
evidence that it is not a fault, (2) probable fault, but lacks 
clearer evidence, and/or can be explained by alternative 
process]; dashed where moderately expressed

Contact- solid where well located and clearly justified 
based on samples, MBES, and/or onshore data; 
dashed where approximately located; dashed-queried 
where suggested but not required by data; dotted where 
concealed; dotted-queried where inferred and concealed

Offshore Structural Features

Anticline- solid where well located; dashed where approximate 
or inferred; queried where insufficient data to confirm; arrow at 
end indicates direction of plunge

Fault- indirect evidence for Quaternary activity (e.g., seismicity
trend; possible delicate scarp) identified by truncated beds, 
juxtaposition of rock type, seismic data, persistent juxtaposition 
of textures not explained by shoreline angle or wave-cut platform; 
solid where well-located; dashed where approximate or inferred; 
dotted where concealed

Fault- direct evidence for late Quaternary offset (e.g., seismic data)
or direct association with late Quaternary fault; solid where 
well-located; dashed where approximate or inferred; 
dotted where concealed

?

?

?

?

?

?

Note:
   1) Sources of traces in project fault compilation are discussed in Section 3.
   2) Emergent marine terrace strandlines compiled using data from DCPP LTSP 
   Response to Question  GSG 16 (1988), Hanson et al., (1994), and field observations (this study)

¢

Emergent Marine Terrace Strandlines
(elevation labeled in meters)

Marine terrace shoreline angle - well constrained
Marine terrace shoreline angle - buried or less 
well constrained
Marine terrace shoreline angle - 
uncertain or inferred
Marine terrace shoreline angle - eroded

Marine terrace shoreline angle - Associated 
wave cut platform stripped of marine deposits

! !

SUBMERGED STRANDLINES

Labels denote elevation (m) and confidence assessment.
A= high, D= low (Refer to Section 4.2.1).

10 m DEM contours (seafloor surface)

Submerged wave-cut platform (< 100 m wide)

Submerged wave-cut platform ( >100 m wide)

") Shoreline angle interpreted from seismic reflection 
profile, elevation labeled in meters.

                                                                      Dashed where
approximately located; dotted where buried. 
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PLATE I-2c
Map showing submerged strandlines, 
wave-cut platforms, and geology

1:15,000

File path: S:\13800\13838\13838.002\Figures\20101112_Report\Appendix_I\Plate_I_2c.mxd

Hillshade developed from Project DEM, 2010. Data sources include:
- 1 m multi-beam bathymetry data (PG&E, 2010)
- 1 m near-shore LiDAR topography data (PG&E, 2010)
- 5 m SLO County InSAR data (SLO County, 2008)
Map Projection: UTM Zone 10N, NAD 1983, Map Scale:

Base Map:

Note:
   1) Sources of traces in project fault compilation are discussed in Section 3.
   2) Emergent marine terrace strandlines compiled using data from DCPP LTSP 
   Response to Question  GSG 16 (1988), Hanson et al., (1994), and field observations (this study)

LEGEND
Simplified Geologic Unit Legend

Monterey Formation (Tmm, Tmm?)

Resistant Obispo Formation (Tmor, Tmor?)

Miguelito Member of Pismo Formation (Tmp,Tmpm)

Obispo Formation diabase (Tmod, Tmod?)

Quaternary sand waves (Qs, Qs?, Qsw, Qsw/Qcs)

Cretaceous sandstone (Ks, Ks?)

Franciscan Complex (KJf, KJf?, KJfm, KJfm?, KJfmv, KJfmv?)

Obispo Formation (Tmo, Tmo?)

Cretaceouse/Jurassic Ophiolite (KJfo, KJfo?, KJo)

Fault- probably early Quaternary or older, identified by truncated
beds, juxtaposition of rock type, seismic data, persistent 
juxtaposition of textures not explained by shoreline angle or 
wave-cut platform; solid where well-located; dashed where 
approximate or inferred; dotted where concealed

Syncline- solid where well located; dashed where approximate 
or inferred; queried where insufficient data to confirm; arrow at 
end indicates direction of plunge
Lineament- solid where well expressed [either (1) positive 
evidence that it is not a fault, (2) probable fault, but lacks 
clearer evidence, and/or can be explained by alternative 
process]; dashed where moderately expressed

Contact- solid where well located and clearly justified 
based on samples, MBES, and/or onshore data; 
dashed where approximately located; dashed-queried 
where suggested but not required by data; dotted where 
concealed; dotted-queried where inferred and concealed

Offshore Structural Features

Anticline- solid where well located; dashed where approximate 
or inferred; queried where insufficient data to confirm; arrow at 
end indicates direction of plunge

Fault- indirect evidence for Quaternary activity (e.g., seismicity
trend; possible delicate scarp) identified by truncated beds, 
juxtaposition of rock type, seismic data, persistent juxtaposition 
of textures not explained by shoreline angle or wave-cut platform; 
solid where well-located; dashed where approximate or inferred; 
dotted where concealed

Fault- direct evidence for late Quaternary offset (e.g., seismic data)
or direct association with late Quaternary fault; solid where 
well-located; dashed where approximate or inferred; 
dotted where concealed

?

?

?

?

?

? ¢ ¢

Emergent Marine Terrace Strandlines
(elevation labeled in meters)

Marine terrace shoreline angle - well constrained

Marine terrace shoreline angle - buried or less 
well constrained

Marine terrace shoreline angle - 
uncertain or inferred

Marine terrace shoreline angle - eroded

Marine terrace shoreline angle - Associated 
wave cut platform stripped of marine deposits

! ! ! !

SUBMERGED STRANDLINES

Labels denote elevation (m) and confidence assessment.
A= high, D= low (Refer to Section 4.2.1).

10 m DEM contours (seafloor surface)

Submerged wave-cut platform (< 100 m wide)

Submerged wave-cut platform ( >100 m wide)

") Shoreline angle interpreted from seismic reflection 
profile, elevation labeled in meters.

                                                                      Dashed where
approximately located; dotted where buried. 
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PLATE I-2d
Map showing submerged strandlines, 
wave-cut platforms, and geology

1:15,000

File path: S:\13800\13838\13838.002\Figures\20101112_Report\Appendix_I\Plate_I_2d.mxd

Note:
   1) Sources of traces in project fault compilation are discussed in Section 3.
   2) Emergent marine terrace strandlines compiled using data from DCPP LTSP 
   Response to Question  GSG 16 (1988), Hanson et al., (1994), and field observations (this study)

LEGEND
Simplified Geologic Unit Legend

Monterey Formation (Tmm, Tmm?)

Resistant Obispo Formation (Tmor, Tmor?)

Miguelito Member of Pismo Formation (Tmp,Tmpm)

Obispo Formation diabase (Tmod, Tmod?)

Quaternary sand waves (Qs, Qs?, Qsw, Qsw/Qcs)

Cretaceous sandstone (Ks, Ks?)

Franciscan Complex (KJf, KJf?, KJfm, KJfm?, KJfmv, KJfmv?)

Obispo Formation (Tmo, Tmo?)

Cretaceouse/Jurassic Ophiolite (KJfo, KJfo?, KJo)

Fault- probably early Quaternary or older, identified by truncated
beds, juxtaposition of rock type, seismic data, persistent 
juxtaposition of textures not explained by shoreline angle or 
wave-cut platform; solid where well-located; dashed where 
approximate or inferred; dotted where concealed

Syncline- solid where well located; dashed where approximate 
or inferred; queried where insufficient data to confirm; arrow at 
end indicates direction of plunge
Lineament- solid where well expressed [either (1) positive 
evidence that it is not a fault, (2) probable fault, but lacks 
clearer evidence, and/or can be explained by alternative 
process]; dashed where moderately expressed

Contact- solid where well located and clearly justified 
based on samples, MBES, and/or onshore data; 
dashed where approximately located; dashed-queried 
where suggested but not required by data; dotted where 
concealed; dotted-queried where inferred and concealed

Offshore Structural Features

Anticline- solid where well located; dashed where approximate 
or inferred; queried where insufficient data to confirm; arrow at 
end indicates direction of plunge

Fault- indirect evidence for Quaternary activity (e.g., seismicity
trend; possible delicate scarp) identified by truncated beds, 
juxtaposition of rock type, seismic data, persistent juxtaposition 
of textures not explained by shoreline angle or wave-cut platform; 
solid where well-located; dashed where approximate or inferred; 
dotted where concealed

Fault- direct evidence for late Quaternary offset (e.g., seismic data)
or direct association with late Quaternary fault; solid where 
well-located; dashed where approximate or inferred; 
dotted where concealed

?

?

?

?

?

?

Hillshade developed from Project DEM, 2010. Data sources include:
- 1 m multi-beam bathymetry data (PG&E, 2010)
- 1 m near-shore LiDAR topography data (PG&E, 2010)
- 5 m SLO County InSAR data (SLO County, 2008)
Map Projection: UTM Zone 10N, NAD 1983, Map Scale:

Base Map:

¢ ¢

Emergent Marine Terrace Strandlines
(elevation labeled in meters)

Marine terrace shoreline angle - well constrained

Marine terrace shoreline angle - buried or less 
well constrained

Marine terrace shoreline angle - 
uncertain or inferred

Marine terrace shoreline angle - eroded

Marine terrace shoreline angle - Associated 
wave cut platform stripped of marine deposits

! ! ! !

SUBMERGED STRANDLINES

Labels denote elevation (m) and confidence assessment.
A= high, D= low (Refer to Section 4.2.1).

10 m DEM contours (seafloor surface)

Submerged wave-cut platform (< 100 m wide)

Submerged wave-cut platform ( >100 m wide)

") Shoreline angle interpreted from seismic reflection 
profile, elevation labeled in meters.

                                                                      Dashed where
approximately located; dotted where buried. 
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Shoreline Angles interpreted from seismic reflection profiles

Submerged Strandlines:

Solid lines represent strandlines interpreted based on strong 
geomorphic evidence in rock (confidence levels A and B). 
Dashed lines represent strandlines interpreted based on 
weaker geomorphic evidence, or inferred based on correlation 
with stronger evidence at similar elevations nearby (Level C). 
Dotted lines represent strandlines interpreted to be buried or 
inferred (Level D).

Refer to Table 4-1 “Submerged Strandline Confidence
Assessment” for complete descriptions of confidence levels.

Bars indicate uncertainty in the elevations (m) of the strandline; 
numbers indicate width (m), of associated wave-cut platforms.

 Relationships between the strandline and bedrock structure 
are designated by colored symbols.

Crosscuts all structure

Crosscuts bedding but parallels joints of faults

Parallels bedding/structure

Indistinct relationship to structure

Level A

Level B

Level C

Level D

Longitudinal profile along
coastline showing correlation of

submerged strandlines
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Shoreline Angles interpreted from seismic reflection profiles

Submerged Strandlines:

Solid lines represent strandlines interpreted based on strong 
geomorphic evidence in rock (Level A and B). Dashed lines 
represent strandlines interpreted based on weaker geomorphic 
evidence, or inferred based on correlation with stronger 
evidence at similar elevations nearby (Level C). Dotted lines 
represent strandlines interpreted to be buried or inferred
(Level D).

Refer to Table 4-1 “Submerged Strandline Confidence
Assessment” for complete descriptions of confidence levels.

Bars indicate uncertainty in the elevations (m) of the strandline; 
numbers indicate width (m), of associated wave-cut platforms.

 Relationships between the strandline and bedrock structure 
are designated by colored symbols.

Crosscuts all structure

Crosscuts bedding but parallels joints or faults

Parallels bedding/structure

Indistinct relationship to structure

Estimated Paleoshoreline Ages:
Younger Dryas (11.5 - 12.5 ka)
Late MIS 3 (30 - 40 ka)
MIS 3 (50 - 60 ka)
MIS 5b (~95 ka)
MIS 5d (~110 - 115 ka)
Unknown
Alternative colors indicate strandlines that are interpreted to 
have been occupied during more than one stillstand.

Potential location of uplift rate boundary

Vertical exaggeration 400x
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ANALYSIS OF INHIBITION OF FAULTING AT FAULT BRANCHES 

Paul Somerville, URS, 6 April 2009 

Objective  
The branching rupture scenario addressed in this study is one in which rupture begins on 
the main fault and branches onto the branch fault (with or without continuing to rupture 
on the main fault past the branch point). For Diablo Canyon, the scenario is one in which 
rupture begins on the Hosgri fault and branches onto the Shoreline fault.  Other modes of 
branching, for example from the branch fault onto the main fault (e.g. Fliss et al., 2005), 
are not addressed in this study.   

Method 
We first compile a list of fault geometries with branch faulting and observed ruptures, 
including both cases in which there was rupture on the branch fault and cases in which 
there was no rupture on the branch fault.  Next, we compare the observed cases with the 
predictions of the Kame et al. (2003) model to assess whether they are consistent with 
that model.  For cases with rupture on the branch fault, we assess its impacts on ground 
motions recorded near the branch fault based on observed ground motions and previously 
published simulations. 

The Kame et al (2003) Fault Branching Model 
According to Kame et al (2003), branching of rupture from one fault to another can only 
occur under certain conditions.  Poliakov et al. (2002) and Kame et al. (2003) have 
shown that the propensity of the rupture path to follow a fault branch is determined by the 
preexisting stress state, branch angle, and incoming rupture velocity at the branch 
location.  The predictions of the Kame et al. (2003) model use the following three 
parameters: 
Ψ = angle between the direction of maximum compressive stress (Smax) and the fault strike 

φ = angle between the main fault and the branch fault 

vr = rupture velocity (expressed as a fraction of the shear wave velocity cs) 

The geometry of these parameters is shown in Figure 1. 

 
Figure 1.  Configuration of a preexisting branched fault system and prestress state. Gray lines 

indicate potential rupture surface and black line indicates propagating rupture. Source:  Kame 
et al. (2003). 
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Figure 2.  Qualitative prediction of the directions over which the larger scale prestress states 

favor right-lateral shear along bend paths. (a) Fault-normal precompression is dominant, Ψ > 
45o, allowing rupture to continue along bend paths primarily to the extensional side. (b) Fault-
parallel precompression is dominant, Ψ < 45o, allowing rupture to continue along bend paths 
primarily to the compressional side. The gray zones indicate the angle range where the initial 
shear stress is larger than the frictional resistance.  Source: Kame et al. (2003). 

As shown in Figure 2, values of Ψ > 45o generally favor branch faulting on the 
extensional side of the main fault, while values of Ψ < 45o generally favor branch faulting 
on the compressional side of the main fault.  Figures 1 through 6 pertain to right-lateral 
faulting.  For left-lateral faulting, these figures are rotated about the X axis.   

The predictions of the model for four values of Ψ, namely 56o, 45o, 25o and 13o, are 
shown in Figures 3 through 6.   In each case, the predictions are shown for each 
combination of four values of φ and three values of rupture velocity cs.  The values of φ 
are 30o, 15o, -15o, and -30o, and the values of vr are 0.6cs, 0.8 cs, and 0.9 cs.    The branch 
fault is on the compressional side of the fault for positive values of φ, and on the 
extensional side of the fault negative values of φ.  These figures show final rupture traces 
in the vicinity of the intersection of the main fault with the branch fault. Lstop indicates the 
length of arrested rupture, given in terms of the slip-weakening zone size R0 for low 
speed rupture along the main fault.  Arrested rupture is indicated by the lines that have 
been highlighted in pink. 

Application to the Kame et al. (2003) model to the Hosgri – Shoreline Fault Branch 
Using the Kame et al (2003) model, branching of rupture from the Hosgri onto the 
Shoreline fault is physically prohibited under the current stress regime.  Taking the Smax 
(orientation of the maximum compressional stress) to be N15E (McLaren, 2001), and 
strike angles of N25W for the Hosgri and N50W for the Shoreline fault, we obtain Ψ = 
45o and φ = +25o.  These conditions pertain to Figure 4, top row, which shows rupture 
continuing on the main fault (shown in black) and strongly inhibited on the branch fault 
(shown in pink) for all three values of rupture velocity. 

The statistics of fault branching angles in California have been analyzed by Ando et al. 
(2009).  They find that fault branching angles have a skewed distribution of values that is 
approximately symmetrical on the compressional and dilatational sides of the fault, with 
a peak at 17 o. 
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Figure 3.  Diagram of final rupture traces in the vicinity of the intersection for cases with high 

inclination of Smax, Ψ = 56o. Lstop indicates the length of arrested rupture once dynamically 
nucleated; those are given in terms of the slip-weakening zone size Ro for low-speed rupture 
along the main fault.  Inhibition of fault rupture is shown by the pink highlighting.  Source:  
Kame et al., 2003. 
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Figure 4.  Diagram of final rupture traces in the vicinity of the intersection for cases with 

intermediate inclination of Smax, Ψ = 45o. Lstop indicates the length of arrested rupture once 
dynamically nucleated; those are given in terms of the slip-weakening zone size Ro for low-
speed rupture along the main fault.  Inhibition of fault rupture is shown by the pink highlighting.  
Source:  Kame et al., 2003. 
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Figure 5.  Diagram of final rupture traces in the vicinity of the intersection for cases with 

intermediately low inclination of Smax, Ψ = 25o. Lstop indicates the length of arrested rupture 
once dynamically nucleated; those are given in terms of the slip-weakening zone size Ro for 
low-speed rupture along the main fault.  Inhibition of fault rupture is shown by the pink 
highlighting.  Source:  Kame et al., 2003. 
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Figure 6.  Diagram of final rupture traces in the vicinity of the intersection for cases with low 

inclination of Smax, Ψ = 13o. Lstop indicates the length of arrested rupture once dynamically 
nucleated; those are given in terms of the slip-weakening zone size Ro for low-speed rupture 
along the main fault.  Inhibition of fault rupture is shown by the pink highlighting.  Source:  
Kame et al., 2003. 
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List of Fault Ruptures on Branched Faults 
Wesnousky (2006; 2008) compiled information on the geometrical characteristics of a set 
of 37 earthquake surface rupture events, including 22 strike-slip events listed in 
Appendix 1.  The main focus of these studies is on geometrical irregularities and their 
relationship to the termination of rupture.  The focus of his studies was on stepovers, not 
on fault branching.  The annotation of his fault maps states that adjacent and continuing 
traces of active faults that did not rupture during the earthquake are shown as dotted lines.  
However, this does not appear to consistently be the case, for example in the 1990 Luzon 
earthquake discussed further below.   This limits the usefulness of his data compilation 
for the assessment of branch faulting in our study. 

From the list of 22 strike-slip events in Appendix 1, we have selected six events 
involving rupture on branched faults, listed in Table 1.  Bold fault names indicate that 
rupture proceeded on that fault past the branch point.  All three possible modes of fault 
branching behavior are represented in these cases. 

Mode 1. In three cases, including the 1979 Imperial Valley, 1995 Kobe, and 1992 
Landers earthquakes, such rupture occurred on both the main fault and the branch fault 
(for the Kobe earthquake, the Gosukebashi segment represents the continuation of the 
Suwayama main fault segment).  

Mode 2. In the 1990 Luzon and 2002 Denali earthquakes, rupture proceeded onto the 
branch fault but stopped on the main fault at the branch point.   

Mode 3. In the 2001 Kokoxili (Kunlunshan) earthquake, the main fault continued to 
rupture without branching onto the Kitadan fault. 

The mode 3 case is of most interest to Diablo Canyon, where we would like to know 
whether a southward rupture on the Hosgri fault would occur without branching onto the 
Shoreline fault. 

Table 1.  Earthquakes on branched faults 

EVENT MAIN FAULT BRANCH 
FAULT 

REFERENCE 

1979 Imperial Valley Imperial Brawley Kame et al., 2003 

1990 Luzon Philippine Digdig Rantucci, 1994 

1995 Kobe Suwayama 
(Gosukebashi) 

Okamoto Sekiguchi et al., 2000 

1992 Landers Johnson Kickapoo Kame et al., 2003 

2001 Kokoxili 
(Kunlunshan) 

Kunlun Kitadan Bhat et al., 2007 

2002 Denali Denali Totschunda Bhat et al., 2004 
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Comparison of Observations with Theoretical Models of Branch Faulting 

1.  1979 Imperial Valley earthquake  
Rupture in the 1979 Imperial Valley earthquake branched at the junction of the Imperial 
and Brawley faults, and surface and subsurface rupture proceed on both faults (Archuleta 
et al., 1984), as shown in Figure 7.  The approximate Smax direction is poorly constrained 
but may be estimated to be approximately north-south, based on stress directions reported 
by Hardebeck and Hauksson (1999) along a profile somewhat to the northwest near the 
Salton Sea. That leads to Ψ = 37o with the main fault (the Imperial fault), where it 
branched, on the extensional side, at approximately φ = -34o onto the Brawley fault. This 
case corresponds to the results shown in Figure 4, last row, where the simulations show 
that progression of rupture on both the main fault as well as the branch is expected for all 
values of rupture velocity, and is enhanced by high values of rupture velocity.  The model 
prediction is consistent with the observation that rupture continued on the main fault as 
well as branching onto the Brawley fault. 

 
Figure 7.  Fault geometry and maximum stress orientation, 1979 Imperial Valley earthquake.  
Source:  Kame et al. (2003). 

2. 1990 Luzon Earthquake 

A location map of faults in Luzon is shown in Figure 8, and a rupture map of the 1990 
Luzon earthquake is shown in Figure 9 (Rantucci, 1994).  Rupture propagated northward 
on the Philippine fault and branched off that fault onto the Digdig fault near Rizal.  The 
approximate Smax direction is poorly constrained in this region.  Seno (1993) gives a 
value of about 300o, consistent with the overall relative direction of about 294o shown by 
Bird (2003), but measurements shown by Bird et al. (2003) on Luzon vary from 325o in 
southeastern Luzon to 294o in northwestern Luzon.  Assuming a value of 294o, and a 
strike of 310o for the Philippine fault, we obtain Ψ = 16o.  The Digdig fault branches from 
the Philippine fault at an angle φ = +15o (the Philippine fault is a left-lateral fault, so the 
Dig-dig fault is on the compressional side).  This case corresponds to the results shown in 
Figure 6, second row from the top, where the simulations show that progression of 
rupture only on the branch is expected for values of rupture velocity of 0.6cs and 0.8cs. 
For these conditions, the model prediction is consistent with the observation that rupture 
branched onto the Digdig fault without continuing on the Philippine fault.  For a rupture 
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velocity of 0.9cs, there is weak tendency for rupture to also propagate on the main fault.  
If the direction of is Ψ as much as 25o, which is within its range of uncertainty, then the 
Kame et al. (2003) model would predict rupture to continue on the Philippine fault 
without branching onto the Digdig fault.   

The locations of previous earthquakes on the Philippine fault are shown in Figure 9.  The 
segment of the Philippine fault south of Rizal broken by the 1990 earthquake previously 
broke in 1645, whereas segments of the Philippine fault north of Rizal, which did not 
break in 1990, previously ruptured more recently, in 1796 and 1892 earthquakes.  This 
suggests that branching off the Philippine fault onto the Digdig fault in the 1990 
earthquake may also have been influenced by the preexisting stress state on the 
Philippine fault. 

 
Figure 8.  Location map of the 1990 Luzon earthquake.  Rupture propagated northward on the 

Philippine fault (PF) and branched onto the Digdig fault (DF).  Source: Rantucci (1994). 
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Figure 9.  Rupture map of the 1990 Luzon earthquake.  Rupture propagated northward on the 

Philippine fault and branched off that fault onto the Digdig fault near Rizal.  The locations of 
the 1645, 1796 and 1892 earthquakes are also shown.  Source: Rantucci (1994). 

 

3. 1995 Kobe earthquake 
A fault model of the 1995 Kobe earthquake was developed by Sekuguchi et al. (2000), 
shown in Figures 10 and 11.  The fault model is divided into four main segments, A, B, C, 
and D (respectively corresponding to the Nojima, Suma, Suwayama, and Gosukebashi 
faults), and a branch segment, E, corresponding to the Okamoto fault.  Of these five fault 
segments, only the Nojima fault (on Nojima Island) had surface faulting.  Rupture of the 
remaining segments is inferred from aftershock locations, geodetic data, and the 
constraints on the location of the intersection of the causative fault planes and the earth 
surface in the Kobe City area obtained by Sekiguchi et al. (1996a, b).  Sekiguchi et al. 
(2000) showed that inclusion of rupture on the branching Okamoto fault provided an 
improved fit to seismological and geodetic data. 
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Figure 10.  Fault-plane model (with segments A, B, C, D, and E). Black and gray lines show the 

active-fault traces reported by Ishihara et al. (1991). The black lines are those estimated to 
be causative faults. Vectors show static displacements during 1984 and 1995 after the 
earthquake, as determined by Hashimoto et al. (1996) from GPS data. Epicenters of the 
mainshock and aftershocks during the day of the mainshock are those determined by 
Nemoto et al. (1996, 1997). Dots are epicenters of aftershocks that occurred within 18 hours 
after the mainshock. Source: Sekiguchi et al., 2000. 

 

 
 
Figure 11.  Final moment release distribution for the fault model with segments A, B, C, D, and E.  

Source:  Sekiguchi et al., 2000. 

The fault geometry of the branching fault is shown in Figure 10 (Sekiguchi et al., 1984).  
The approximate Smax direction is east-west, based on stress directions reported by Seno 
(2002). That leads to Ψ = 37o with the main fault (taken as the Suwayama segment), 
where it branched on the extensional side onto the Okamoto fault.  Measured with respect 
to the strike of the Suwayama fault, the branching angle φ is -35o, but measured with 
respect to the Gosukebashi fault, the branching angle φ = -50o.  The change in strike of 
the main fault (between the Suwayama and Gosukebashi faults) at the fault branch is 35o.  
The model of Kame et al. (2003) assumes that the main fault is straight, so their 
calculations may not be completely applicable to the Kobe earthquake.  This case 
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corresponds approximately to Figure 4, last row, where the simulations show that 
progression of rupture on both the main fault as well as the branch is expected for all 
values of rupture velocity, and is enhanced by high values of rupture velocity.  The model 
prediction is consistent with the inference by Sekiguchi et al. (2000) that rupture 
branched onto the Okamoto fault as well as continuing on the Gosukebashi fault. 

4. 1992 Landers earthquake 
The fault geometry of the Landers earthquake, based on Sowers et al. (1994), is shown in 
Figure 12. Smax is taken from stress orientations in the Landers region determined by 
Hardebeck and Hauksson (2001) to be at approximately Ψ = 60o with the trace of the 
Johnson Valley fault where it branched to the extensional side onto the Kickapoo fault, 
with the angle φ = -30o. The rupture also continued a few kilometers on the main 
(Johnson Valley) fault. This case corresponds to the results shown in Figure 3, last row, 
where the simulations show that progression of rupture on both the main fault as well as 
the branch is expected for all values of rupture velocity.  The model prediction is 
consistent with the observation that rupture continued on the main fault as well as 
branching onto the Kickapoo fault.   

Rupture died out on the Johnson Valley Fault a short distance after branching, which 
remains unexplained by the model.  However, Kame et al. (2003) cited King et al.’s 
(1994) finding that a region of negative stress change occurs on the northwest 
continuation of the Johnson Valley Fault.  The dynamic rupture was arrested shortly after 
propagating into that region of negative stress change. The negative stress changes are 
modest, of the order of 0.1 MPa, but may be related to why the rupture arrested. 

 
Figure 12.  Fault geometry and maximum stress orientation, 1992 Landers earthquake.  Source:  
Kame et al. (2003). 
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5.  2001 Kokoxili (Kunlunshan) Earthquake 
Rupture propagated eastward on the Kunlun fault past its junction with the Kitadan fault, 
without branching onto the Kitadan fault (Xu et al., 2002; Bhat et al., 2007; Figure 13).  
The stepover of a few km between the Kunlun and Kitadan fault is considered to be 
insufficient to have hindered branching.   The maximum compression direction Ψ with 
respect to the strike of the Kunlun fault near the junction was estimated by Bhat et al. 
(2007) to range from approximately 30o to 45o.   The branching angle of the Kitadan fault 
is φ = -10o.  This case corresponds to Figure 4 or 5, third row from top.  In Figure 5, for 
Ψ = 25o, rupture on the branch fault is inhibited for Vr = 0.6cs and 0.8cs, and partly 
inhibited for Vr = 0.9cs.  In Figure 4, for Ψ = 45o, rupture on the branch is inhibited only 
for partly and only for Vr = 0.8cs.  The model prediction may be consistent with the 
observation that rupture continued on the main fault without branching onto the Kitadan 
fault.  It is also possible that the rupture velocity was supershear at the fault branching 
point (Bouchon and Vallee, 2003).  More information about this case is needed to obtain 
a definitive conclusion. 

 
Figure 13.  Simplified map of the surface rupture (red line) for the 2002 Kokoxili earthquake 

(adapted from Klinger et al. [2005]). Epicenter is indicated by a red triangle so that rupture 
propagated mainly to the east 

 

6.  2002 Denali earthquake   
Bhat et al. (2004) analyzed the observed dynamic slip transfer from the Denali to 
Totschunda faults during the Mw 7.9 3 November 2002 Denali fault earthquake, Alaska 
(Figure 14).  They used 2D numerical simulations of the rupture processes in the vicinity 
of the branch junction. The angle Ψ between the maximum compression direction and the 
strike of the Denali fault near the junction was estimated to be 70o and 80o for their 
numerical simulations. The rupture velocity at branching is not well constrained but has 
been estimated to average about 0.8cs throughout the event.  They used values of 0.6cs 
0.8cs, 0.9cs and 1.4 cs in their simulations.  The assumed branching angle of the 
Totschunda fault was φ = 15o.  Except for 70o and 0.9cs, all of their simulations predicted 
that the rupture path branches off the Denali fault onto the Totschunda fault.  For all of 
these conditions, the model prediction is consistent with the observation that rupture 
branched onto the Totschunda fault without continuing on the Denali fault.  For 70o and 
0.9cs, rupture continued on the Denali fault as well as branching onto the Totschunda 
fault, but the rupture speed on the Denali fault was slower than that along the Totschunda 
fault and the slip was less.  

The calculations of Kame et al. (2003) do not cover angles Ψ as large as 70o and 80o.  
The Denali case corresponds most closely to the results for Ψ = 54o shown in Figure 3, 
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third row from the top, where the simulations show that progression of rupture mainly on 
the branch is expected for values of rupture velocity of 0.6cs and 0.8cs, with a weak 
tendency for rupture to propagate on the main fault.  For these conditions, the model 
prediction is consistent with the observation that rupture branched onto the Totschunda 
fault without continuing on the Denali fault.  For a rupture velocity of 0.9cs, there is weak 
tendency for rupture to also propagate on the main fault. 

 
Figure 14.  Rupture path, shown as a solid red line, of the Mw 7.9 Denali fault earthquake. The 

star near the western end of the rupture marks the epicenter.  Source:  Bhat et al. (2004). 
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Impacts of Fault Branching on Ground Motions 

1. 1979 Imperial Valley Earthquake, Brawley Fault 
Although the Brawley fault contributes only about 4% of the total seismic moment, it has 
a marked effect on the ground motion of nearby stations. Figure 15 shows the calculated 
contributions from the Brawley fault at stations of the El Centro array. At station E05, the 
53o component was most affected, whereas the 323o component at E06 was most affected.  
This was explained as resulting from radiation pattern effects by Archuleta (1984).  
Figure 16 illustrates the contribution of the Brawley fault to the total motion at stations 
E06 and E07. The total synthetic seismogram is divided into the contributions from the 
Imperial fault and from the Brawley fault.  The Brawley fault made a large contribution 
to the peak velocity on the 323o component at E06, and to the 53o component at E05 (not 
shown in Figure 16, but indicated in Figure 15). 

 
Figure 15.  Calculated contributions of the Brawley fault to the ground velocity recorded at strong 

motion recording stations of the El Centro array.  Source:  Archuleta (1984).   
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Figure 16.  Calculated contributions of the Brawley and Imperial faults to the ground velocity 

recorded at station E06.  Source:  Archuleta (1984).   
 
2. Kobe Earthquake – Okamoto fault 
Sekiguchi et al. (2000) simulated the near-source ground motion using 3-D FDM (Pitarka 
et al., 1998) to estimate the effect of slip on the Okamoto fault on the ground motions, 
based on Iwata et al. (1999). The slip on the Okamoto fault affected the ground motion in 
the eastern part of Kobe (Nada and Higashi-Nada wards), Ashiya, and Nishinomiya cities, 
but its contribution was not dominant, even in those regions, constituting about 30 to 50% 
of the maximum velocity at 0.1 to 1.0 Hz.  Figure 17 shows the contribution of the 
Okamoto fault (segment E) to the total synthetic ground velocities at station KBU.  The 
contribution is about 30% on the North component, and very small on the east component.  
The contributions of each fault segment to the calculated peak velocity throughout the 
region is shown in Figure 18. 
 

 
 
Figure 17.  Observed (bold line) and synthetic (thin line) waveforms at KBU station. From the top: 

observed, synthetics for all 5 segments (ABCDE), and synthetics from segments A, B, C, D, 
and E (Okamoto segment).  Source:  Sekiguchi et al. (2000). 
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Figure 18.  Distribution of the maximum horizontal velocity from each segment of the source.  

From top to bottom: distributions of maximum horizontal velocity caused by slip on Segments 
B, C, D, and E (Okamoto segment) and on the entire source.  Source: Sekiguchi et al. (2000). 

 
 
Conclusions 

We have analyzed six events involving rupture on branched faults which represent three 
possible modes of fault branching behavior. In three cases, including the 1979 Imperial 
Valley, 1995 Kobe, and 1992 Landers earthquakes, such rupture occurred on both the 
main fault and the branch fault.   In all three of these cases, the observations are 
consistent with the Kame et al. (2003) model.  In the 1990 Luzon and 2002 Denali 
earthquakes, rupture proceeded onto the branch fault but stopped on the main fault at the 
branch point.  The Denali earthquake observations are consistent with the Kame et al. 
(2003) model, and the Luzon earthquake observations are also potentially consistent, but 
the uncertainty in the stress field orientation renders this inconclusive with current data.  
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In the 2001 Kokoxili (Kunlunshan) earthquake, the main fault continued to rupture 
without branching onto the Kitadan fault.  The Kokoxili earthquake observations are 
potentially consistent with the Kame et al. (2003) model, but the uncertainty in the stress 
field orientation renders this inconclusive with current data.  The Kokoxili earthquake is 
the only case of the six that is directly relevant to the Hosgri – Shoreline branch, where 
we expect that rupture will continue on the main fault and be inhibited on the branch fault. 

In the cases of the Imperial Valley and Kobe earthquakes, the contribution of the branch 
fault to the ground motions of the earthquake as a whole appear to have been locally 
fairly large, up to about one-half the overall ground motion level. 
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APPENDIX 1.  FAULT RUPTURE MAPS OF LARGE STRIKE-SLIP EARTHQUAKES 

Source: Wesnousky (2006) 

No. Date Location Type Length 
(km) Mw Ref 

1 1857-Jan-9 San Andreas, CA ssr 360 7.9 1 
2 1891-Oct-28 Neo-Dani,  JPN ssl 80 7.3 2 
3 1930-Nov-2 Kita-Izu, JPN ssl 35 6.7 3 
4 1939-Dec-25 Erzincan, TUR ssr 300 7.7 4 
5 1940-May-19 Imperial, CA ssr 60 6.9 5 
6 1942-Dec-20 Erbaa-Niksar,  TUR ssr 28 6.8 4 
7 1943-Nov-26 Tosya, TUR ssr 275 7.5 4 
8 1943-Sep-10 Tottori, JPN ssl 10.5 6.2 6 
9 1944-Feb-01 Gerede-Bolu,  TUR ssr 135 7.3 4 
10 1967-Jul-22 Mudurnu, TUR ssr 60 6.9 4 
11 1968-Apr-8 Borrego Mtn, CA ssr 31 6.1 7 
12 1979-Oct-15 Imperial, CA ssr 36 6.2-6.4 8,9 
13 1981-Jul-29 Sirch Iran  ss 64 6.2 10 

14 1987-Nov-23 Superstition Hills, 
CA. ssr 25 6.2-6.4 11 

15 1990-Jul-16 Luzon, PHL ssl 112 6.9 12,13 
16 1992-Jun-28 Landers, CA ssr 77 7.2 14 
17 1998-Mar-14 Fandoqa, IRN ssn 25 6.6 10 
18 1999-Oct-16 Hector Mine, CA. ssr 44 6.9 15 
19 1999-Aug-17 Izmit, TUR ssr 145 7.1 16 
20 1999-Nov-12 Duzce, TUR ssr 40 7.0 17 
21  2001-Nov-14 Kunlun, China ssl 421 7.8 18-20 
22 2002-Nov-03 Denali, AK ssr 302 7.6 21 
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K-1 Introduction 

Somerville et. al (1997) derived directivity scale factors based on the within-event 
residuals of Abrahamson and Silva (1997) model.  To facilitate combining the residuals 
from different earthquakes, the directivity model used a normalized directivity parameter, 
X, given by the ratio of the length of the rupture toward the site, S, to the total rupture 
length, L, as shown in Figure K-1. 

Somerville et al. (1999) used the following functional form for the directivity effect for 
the average horizontal component: 

	   	   (K-‐1)	  

A short-coming of the Somerville et al. (1997) model is that is did not include saturation 
(with X) that was observed in numerical simulations conducted as part of the Bay Bridge 
hazard studies.  Abrahamson (2000) developed an update to the Somerville et al. (1997) 
model that was set to include saturation effects constrained for M7.5 earthquakes for a 
spectral period of 3 seconds.   

The Abrahamson (2000) model used the following functional form for the base 
directivity model: 

	  
	   (K-‐2)

	  

where C1(T) and C2(T) are the coefficients from the Somerville et al. (1999) model.  In 
addition, Abrahamson (2000) introduced a magnitude-dependent and a distance-
dependent taper to the directivity factor: 

	   (K-‐3)

	  

	  

	  
	   (K-‐4)

	  

While the Abrahamson (2000) model captured saturation effects, it did not work well for 
magnitudes that were not close to M7.5 or for periods not close to 3 seconds.  

Recently, as part of the NGA project, a new directivity model was developed by Spudich 
and Chiou (2008) based on the residuals from Next Generation Attenuation Ground 
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Motion Prediction Equations (NGA GMPEs).  As part of the NGA project, this model 
was reviewed by the NGA developers in terms of its applicability to the NGA GMPEs.  
The Spudich and Chiou (2008) directivity model is more general in that it includes a 
radiation pattern term.  An issue with this model is that it is not centered on zero for 
average directivity conditions, implying a change in the median ground motion for 
average directivity conditions.  The NGA developers were unsure of the cause for this 
shift and how the models should be applied.   

Watson-Lamprey (2007) evaluated the within-event residuals from the NGA GMPEs 
following the same approach as used by Somerville et al. (1999).  She found that the 
directivity effect was about one-half as strong as in the Somerville et al. (1999) model.  
This was not consistent with the strong directivity effects given in the Spudich and Chiou 
(2008) model. 

As a result, the NGA developers did not make a recommendation with regard to the 
applicability of the new directivity model to the NGA GMPEs.  Rather, a follow-on 
project to further evaluate the directivity effect was recommended.  This follow-on 
project began in 2010 and is scheduled to be completed in 2012.  As part of this follow-
on project, Abrahamson and Watson-Lamprey developed an update of the Abrahamson 
(2000) model based on numerical simulations conducted as part of the NGA project.  
This updated model is described in this appendix. 

K-2. Numerical Simulations Conducted for the NGA Project 

To support the NGA ground motion model developers, a large set of 1-D finite-fault 
kinematic simulations were run for magnitudes 6.5 to 8.2 for strike-slip earthquakes. The 
simulations were conducted by three modeling groups: URS, UNR, and Pacific 
Engineering and Analysis.  Descriptions of the simulation methods used by these three 
groups are given in Somerville et al. (2005).  The URS and UNR simulations for are the 
fault normal and fault parallel components and the PEA simulations are for the average 
horizontal component.  In developing the directivity model, only the URS simulations are 
used.   

K-2.1 Simulation Cases 

The simulation cases are listed in Table K-1. The ground motions were computed for a 
minimum of 20 realizations of the source for each scenario.  One realization of the source 
includes a slip distribution – hypocenter combination.  For two ruptures (SC and SD), the 
minimum number of realizations was increased to 30 because the slip models for these 
two scenarios includes both deep and shallow ruptures to allow an evaluation of the effect 
of asperity depth.  Shallow rupture is defined as having the center of at least one asperity 
at a depth of 5 km or less.  

The hypocenters were constrained to be located in the upper half (positive Y values in 
Figures 1 and 2) of the rupture with no less than 6 distinct hypocenter locations.  The 
depth distribution of the hypocenters includes both shallow and deep events.   

The station locations for the strike-slip are shown in Figures K-2. The stations are located 
on just one side of the rupture due to symmetry for a vertical strike-slip fault.  
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K-3 Residuals from Simulations 

The finite-fault simulations lead to a large data set of simulated ground motions.  For the 
evaluation of directivity effects, a regression analysis using a simplified model is 
conducted and the within-event residuals computed. 

The directivity scaling from the residuals for T=3 sec for the M7.5 strike-slip scenario 
(SE) is shown in Figure K-3.  The three simulation models show very different directivity 
effects: the UNR simulations show no directivity effects, the PEA simulations show some 
directivity effects, and the URS simulations show large directivity effects. The UNR and 
PEA simulations include randomness in the source that works well for on average, but 
tends to break up the directivity.  Therefore, only the residuals from the URS model are 
used for this study. 

The T=2 second residuals from the URS model are shown in Figures K-4a-d for 
magnitudes 6.5, 7.0, 7.5, and 7.8, respectively. These plots show that the directivity factor 
saturates at about 10 km for all four magnitudes. Similar plots of the T=5 seconds 
residuals are shown in Figures K-5a-d. For the longer period, the directivity factor 
saturates at about 40 km for all four magnitudes.  

 

K-4 Directivity Model 

The within-event residuals, were to the following functional form using ordinary least-
squares: 

	   (K-‐5)	  

where M is the moment magnitude, RRup is the rupture distance, s and θ are the length and 
angle for segments of the rupture between the site and the hypocenter as described below. 

The s and θ terms are computed from the geometry of the site, rupture, and hypocenter.  
First, the closest point on the rupture to the site is found.  The surface projection of this 
point is called P1.  Next, move along the rupture segments toward the epicenter until 
either the length of the rupture reaches the saturation distance, s0, or the epicenter is 
reached. This point is called P2. 

The s term is the length of rupture between points P1 and P2  measured along strike, not 
just the distance between P1 and P2; and θ is the angle between the line P2-Site and P1-P2 
(see Figures K-5 and K-6).  The saturation distance, s0, is given by 

	   	   (K-‐6)	  

Distance and magnitude tapers are applied to limit the directivity effect.  The tapers are 
given by: 
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	   (K-‐7)

	  

	  

	   (K-‐8)
	  

This model provides a good fit to the directivity effect seen in the URS residuals, but it 
has the same issue as seen in the Spudich and Chiou (2008) model: the mean of the 
model is not zero over uniformly distributed stations.  If this model is applied to the NGA 
models, then in addition to capturing the directivity effects, there is a shift in the average 
ground motion. 

The goal of this study is to develop directivity factors that can be applied to the NGA 
GMPEs without changing the median ground motion for average directivity conditions.  
To meet this goal, the directivity model derived from the simulation residuals was 
adjusted to remove the mean value for randomly located sites.  The directivity model was 
applied to a uniform grid of sites within 40 km of the rupture, spaced 1 km apart and the 
mean of the model predictions was computed. The mean was then fit to the following 
functional form: 

	   (K-‐9)	  

The resulting directivity model, centered on zero, has the following form: 

	   (K-‐10)	  

The coefficients of the model are listed in Table K-2.  

The directivity model, given by equation K-10 is compared to the Somerville et al. (1999) 
and Abrahamson (2000) directivity models in for M6.5 earthquakes Figures K-7a-c for 
spectral periods of 1, 3, and 5 seconds, respectively. Similar plots are shown in Figures 
K-8a-c for M7.5 earthquakes for spectral periods of 1, 3, and 5 seconds, respectively.  
These figures show that the main difference between the new model and the Abrahamson 
(2000) model is that the saturation distance in the new model varies as a function of 
period. 

The period dependence of the directivity models is compared in Figure K-9.  This figure 
shows that the new model has a peak in the directivity effect as different periods 
depending on the magnitude.  For the larger magnitude earthquakes the peak in the 
directivity factor is at longer periods than for moderate magnitudes. 
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Table K-1. Sources for Strike-Slip Simulations 
	  

Event	  

Name	  

	  

	  

Mag	   Area	  (km2)	   W	  (km)	   L	  (km)	   Dip	  

Top	  of	  
Rupture	  
(km)	  

SA	   6.5	   325	   13	   25	   90	   0	  

SB	   6.5	   480	   15	   32	   90	   0	  

SC	   6.5	   210	   10	   21	   90	   0	  

SD	   7.0	   1005	   15	   67	   90	   0	  

SE	   7.5	   3150	   15	   210	   90	   0	  

SF	   7.5	   4800	   15	   320	   90	   0	  

SG	   7.5	   2100	   15	   140	   90	   0	  

SH	   7.8	   6300	   15	   420	   90	   0	  

SI	   7.8	   3525	   15	   235	   90	   0	  

SJ	   8.2	   7050	   15	   470	   90	   0	  
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Table K-2. Directivity Model Coefficients for Strike-Slip Earthquakes 

Period 
(sec) 

c1  
(km) 

b2 

(1/km) a1 a2 

1 10 0.018 -2.07 -0.061 

2 20 0.041 -0.27 -0.201 

3 30 0.044 0.32 -0.303 

4 40 0.037 0.43 -0.371 

5 50 0.034 0.42 -0.391 

7 50 0.028 0.22 -0.380 

10 50 0.023 0.04 -0.392 
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Figure	  K-‐1.	  Directivity	  parameters	  for	  strike-‐slip	  earthquakes	  used	  by	  the	  
Somerville	  et	  al.	  (1999).	  
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Figure K-2.  Station locations for strike-slip simulations. 
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Figure K-3.  Comparison of directivity scaling for M7.5 strike-slip (Scenario SE) for T=3 
sec for the three different simulation methods. 
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Figure	  K-‐4a.	  	  Residuals	  for	  period	  T=2	  sec	  and	  M6.5.	  	  

	  

	  

Figure	  K-‐4b.	  	  Residuals	  for	  period	  T=2	  sec,	  and	  M7.0.	  	  
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Figure	  K-‐4c.	  	  Residuals	  for	  period	  T=2	  second	  and	  M7.5.	  	  

	  

	  

Figure	  K-‐4d.	  	  Residuals	  for	  period	  T=2	  seconds	  and	  M7.8.	  	  
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Figure	  K-‐5a.	  	  Residuals	  for	  period	  T=5	  seconds	  and	  M6.5.	  	  

	  

Figure	  K-‐5b.	  	  Residuals	  for	  period	  T=5	  seconds	  and	  M7.0.	  	  
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Figure	  K-‐5c.	  	  Residuals	  for	  period	  T=5	  seconds	  and	  M7.5.	  	  

	  

Figure	  K-‐5d.	  	  Residuals	  for	  period	  T=5	  seconds	  and	  M7.8.	  	  



Shoreline Fault Zone, Appendix K, Update of the Abrahamson (2000) Directivity Model for Strike-Slip 
Earthquakes 

K-16 of 22 

	  

Figure	  K-‐6.	  	  Examples	  of	  the	  definitions	  of	  the	  segment	  length	  and	  angle	  for	  a	  
straight	  vertically	  dipping	  fault.	  	  Here,	  s0	  =	  30	  km.	  
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Figure	  K-‐7.	  	  Example	  of	  the	  definitions	  of	  the	  segment	  lengths	  and	  angle	  for	  a	  
bending	  vertically	  dipping	  fault.	  Here,	  s0	  =	  30	  km.	  
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Figure	  K-‐8a.	  Comparison	  of	  directivity	  models	  for	  T=1	  second	  period	  and	  M6.5.	  

	  

Figure	  K-‐8b.	  Comparison	  of	  directivity	  models	  for	  T=3	  seconds	  period	  and	  M6.5.	  
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Figure	  K-‐8c.	  Comparison	  of	  directivity	  models	  for	  T=5	  seconds	  period	  and	  M6.5.	  

	  

	  



Shoreline Fault Zone, Appendix K, Update of the Abrahamson (2000) Directivity Model for Strike-Slip 
Earthquakes 

K-20 of 22 

	  

Figure	  K-‐9a.	  Comparison	  of	  directivity	  models	  for	  T=1	  second	  period	  and	  M7.5.	  

	  

	  

Figure	  K-‐9b.	  Comparison	  of	  directivity	  models	  for	  T=3	  seconds	  period	  and	  M7.5.	  
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Figure	  K-‐9c.	  Comparison	  of	  directivity	  models	  for	  T=5	  seconds	  period	  and	  M7.5.	  
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Figure	  K-‐8.	  	  Comparison	  of	  directivity	  factors	  for	  the	  average	  horizontal	  for	  full	  
directivity	  (full	  rupture	  toward	  the	  site)	  for	  a	  site	  at	  1	  km	  distance.	  	  
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Diablo Canyon Power Plant 
Deer Canyon earthquakes of October 18, 2003 

 
Two small (ML 3.4) earthquakes occurred on October 18, 2003 at 12:27 and 12:38 AM 
PDT (07:27 and 07:38 GMT).  The events are located approximately 4 km east of Diablo 
Canyon Power Plant (DCPP), in the region northwest of Deer Canyon.  Both earthquakes 
were felt in the Unit 1 control room; the second event triggered strong motion 
instruments at the plant site.  The earthquakes are part of a sequence of 14 small 
earthquakes that occurred between October 12 and October 24, 2003.  The following is a 
report describing the earthquake sequence and strong motion recordings from the plant.   
 
Earthquake Sequence 
 
The Deer Canyon earthquakes were recorded by the PG&E Central Coast Seismic 
Network (CCSN).  The CCSN has operated since 1987 as part of the PG&E Long Term 
Seismic Program.  The CCSN data are augmented by recordings from the U.S. 
Geological Survey’s (USGS) Northern California Seismic Network (NCSN).  The CCSN 
consists of 20 seismographic stations, including five dual-gain 3-component stations 
(large triangles in inset to Figure 1).  The addition of the CCSN, including the three-
component stations greatly improves the accuracy of the earthquake locations in the 
region around DCPP. 
 
The earthquakes are located using the velocity model and station corrections from 
McLaren and Savage (2000).  Duration magnitudes (MD) also are estimated from the 
CCSN data.  The earthquake location parameters for the 14 events in the sequence are 
listed in Table 1.  Events 1, 4, 5, 11, 12, and 13 (Table 1) were recorded by both the 
CCSN and NCSN; the combined data from the two networks were used in the locations 
for these six events.   
 
The Deer Canyon earthquake locations generally are well constrained.  Except for event 
6, all of the events have small (<1 km) horizontal and vertical depth errors and all have 
low (<.20 sec) Root Mean Square (RMS) residuals.  Except for event 14, all have at least 
1 S-wave reading from a station that is at about 1 focal depth distance from the epicenter, 
providing good depth control.   
 
Figure 1 shows the Deer Canyon sequence with previous earthquakes for the period 1987 
to the present.  The previous earthquakes were located using the same velocity model and 
station corrections as the current sequence.    
 
The two magnitude 3 earthquakes of October 18 have similar characteristics. The USGS 
local magnitude (ML) for both events is 3.4 (http://usgs.wr.gov); the duration magnitudes 
(MD) from the CCSN for the two events are 3.4 and 3.3 for the 12:27 AM and 12:38 AM 
events, respectively.  The earthquake depths also are similar:  6.5 and 6.7 km.  (The 
USGS website reports depths of 2.3 and 2.5 km, respectively, however, due to the better 
coverage of the combined network and S-wave data, our depths are more accurate.)  
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Lastly, the focal mechanisms of the two events (events 4 and 5 of Figure 2) both show 
normal oblique slip. 
 
The Deer Canyon sequence consists of 14 earthquakes with magnitudes ranging from 0.4 
to 3.4.  Three small earthquakes preceded the October 18 magnitude 3 mainshocks: two 
on October 12 with magnitudes of 2.3 and 0.5, and one magnitude 1.7 event on October 
17. Nine aftershocks have occurred up through October 24 with magnitudes less than 
M2.6.  The first preshock (event 1 of Table 1) occurred in the same depth range (6.5 km) 
as the two magnitude 3 earthquakes. The second two preshocks and nearly all of the 
aftershocks are located in a narrow depth range at about 3.7 km; the exception is event 11 
that was located at a depth of 8.9 km.  This deeper event was located away from the other 
aftershocks, about 7 km NW of the mainshocks (Figure 1). 
 
The Deer Canyon earthquakes occurred within the San Luis/Pismo structural block.  The 
San Luis/Pismo structural block is one of three distinct uplifting structural blocks of the 
Los Osos domain (Lettis et al, 2001).  The block is bounded on the west by the Hosgri 
fault zone and on the northeast and southwest by west-northwest-trending, high-angle 
reverse Quaternary faults (Los Osos and Southwest boundary fault zones of Figure 1); 
crustal shortening is accommodated primarily by reverse faulting along the northwest 
trending block margins (Lettis, et al. 2001).   
 
The San Luis/Pismo block is highly fractured.  Figure 1 shows the Deer Canyon sequence 
and the previous earthquakes.  The previous seismicity shows scattered activity across the 
San Luis/Pismo block; the Deer Canyon earthquakes locate within this region of previous 
activity.  
 
Cross section AA’ perpendicular to the long axis of the block (Figure 1) shows that the 
previous seismicity is approximately uniformly distributed in depth.  The depth range of 
the main Deer Canyon sequence, from 3.4 to 6.7 km, is consistent with the depth range of 
the previous seismicity.   
 
Earthquakes occurring within the block generally have had a variety of focal mechanisms 
(Figure 2).  The normal oblique mechanisms for the magnitude 3 events on October 18 
and the reverse mechanisms of aftershocks 11 and 13 are consistent with the mechanisms 
of past earthquakes in this region. 
 
Strong ground motion 
 
Both earthquakes were felt in the Unit 1 control room; the operators reported that the 
second event was the stronger.  The first event did not trigger the seismic instruments.  
The second event did not trigger the Basic Seismic System analog recorder (Kinemetrics 
SMA) in the control room, however the Kinemetrics digital recorders (SSA) at the Unit 1 
containment base, top of containment, the auxiliary building, and the free-field pit 
location (near the fitness trailer) did trigger on the second event.  According to David 
Castleman of Kinemetrics, Inc., the SMA system worked properly; however, the system 
did not trigger because the containment base ground motions contained significant energy 
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outside the 1.0 to 10.0 Hz bandwidth of the SMA trigger.  The Supplemental System was 
inoperable at the time of the earthquakes; however, three temporary accelerometers 
(TerraTech GSR-18), located in the Auxiliary and the Turbine buildings, recorded the 
second event.   The peak accelerations are listed in Table 2. 
 
The earthquake force monitor (EFM) located in the control room measured 0.02g on the 
vertical component.  The EFM measurement is from the sensor at the Unit 1 Containment 
base and does not have the DC offset removed.  If the DC offset is removed, the peak 
acceleration on the vertical component is 0.011g.  
 
The ground motions from the free-field and containment base were corrected by 
removing the DC offset, filtering the long period noise, and removing the baseline drift.  
First, the DC offset was removed using the average of the first 50 samples from the pre-
event part of the accelerogram.  Next, the accelerograms were high-pass filtered using a 
4-pole Butterworth filter with a corner-frequency at 1 Hz.  This corner-frequency was 
selected by evaluating the Fourier spectrum of the unfiltered accelerations which 
indicated noise at periods greater than 1 second.  Finally, the baseline drift was removed 
using a high-order polynomial (without the constant and linear terms) fit to the 
displacement waveform.  The corrected acceleration, velocity, and displacement time 
seismograms for the three components of motion at the free-field stations are shown in 
Figures 3a, 3b, and 3c.  Similar plots of the acceleration, velocity, and displacement 
seismograms for the Unit 1 containment base are shown in Figures 4a, 4b, and, 4c.  These 
seismograms show that the shaking at the DCPP site had a duration of strong shaking of 3 
seconds.  The containment base recordings appear to still have long period noise at a 
frequency of about 1 Hz that was not completely removed by the filtering (see 
displacement seismograms in Figures 4a, 4b, and 4c).  Additional filtering could remove 
this noise, but it would also begin to affect the part of the ground motion that is not noise 
(e.g. at the S-wave arrival).  This noise does not affect the peak values. 
 
Table 3 lists the peak accelerations, peak velocities, and peak displacements of the free-
field and Unit 1 containment base ground motions after the filtering and baseline 
corrections are applied.   The peak accelerations range between about 1 to 2% g with the 
largest peak acceleration on the vertical component.   
 
The response spectra were computed for the free-field and Unit 1 containment base 
recordings.  The 5% damped spectra for the free-field and Unit 1 containment base 
recordings are shown in Figure 5 and 6, respectively.  The response spectra for this 
earthquake show very high frequency content that is typical for an earthquake of this 
magnitude.  For the free-field, the horizontal spectra peak at about 12 Hz and the vertical 
spectrum peaks at about 20 Hz.  For the Unit 1 containment base, the peaks are shifted to 
slightly smaller frequencies.  This shift to lower frequencies is an expected effect of the 
large foundation.  The ratio of the average horizontal response spectrum from the 
containemt base to the free-field station is shown in Figure 7.  This response spectral ratio 
shows the reduction in high frequency content on the containment base compared to the 
free-field recording. 
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The magnitude of the earthquake is too small to reliably use standard empirical 
attenuation relations to evaluate the strength of the ground motion.  As an alternative to 
empirical attenuation relations, the ground motion can be evaluated using the stochastic 
point source model (Boore, 2000).   The stochastic model is used to estimate the ground 
motion expected for a (moment) magnitude 3.4 earthquake at a hypocentral distance of 
7.8 km for typical rock site conditions in California.  The response spectrum computed 
for a stress-drop of 120 bars and a kappa of 0.042 seconds is compared to the average 
horizontal spectrum from the free-field recording in Figure 8.  This comparison shows 
that the frequency content of the free-field ground motion is consistent with the expected 
frequency content for a magnitude 3.4 earthquake with a kappa value that is typical of 
California rock sites. The level of shaking is consistent with a stress-drop of 120 bars.  A  
stress-drop of 120 bars is higher than average for California earthquakes, but it is within 
the range of observed stress-drops for small magnitude events.  The underestimation of 
the ground motion at frequencies less than 3 Hz may indicate that the moment magnitude 
is greater than 3.4 (e.g. the ML may be underestimating the moment magnitude for this 
event).  If the moment magnitude is 3.5, then the fit to the lower frequencies is improved 
and the stress-drop is reduced to 85 bars which is close to the average stress-drop for 
small earthquakes in California.   
 
Conclusions 
 
The occurrence, location, and magnitude of the October 18, 2003 Deer Canyon 
earthquakes is not a surprise as the sequence of earthquakes is consistent with our 
understanding of the tectonic framework in the region around DCPP.  The events 
occurred in the San Luis/Pismo block, which is a region of previous seismicity.  
Additional small earthquakes are expected to occur in this block. 
 
The ground motions from the second event (12:38 AM) are typical for ground motions 
from a magnitude 3.4 earthquake at a distance of 7.8 km on a rock site condition. 
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Table 1: Earthquake location parameters for the Deer Canyon sequence, 10/12/03 to 10/24/03.   
Felt events are highlighted in gray. 
 

No. Date Time (UTC) Lat Lon Depth 

No. P- & 
S-wave 

readings

Gap btwn 
stas. 
(deg) 

Dist. to 
nearest 
station 

(km) 
RMS 
(sec) *MD 

No. S-wave 
readings 

Horiz. 
Error 
(km) 

Vert. 
Error 
(km)

No. P-
wave first 
motions 

1 10/12/2003 13:32 28.54 35 11.97 -120 48.83 6.6 52 145 3 0.13 2.3 2 0.41 0.39 43 
2 10/12/2003 16:57 37.60 35 12.28 -120 47.59 3.8 6 137 3 0.07 0.5 1 0.66 0.33 5 
3 10/17/2003 13:19 14.33 35 12.49 -120 47.88 3.6 34 123 3 0.14 1.7 4 0.37 0.17 30 
4 10/18/2003 07:27 18.37 35 12.23 -120 48.53 6.5 57 125 3 0.12 3.4 2 0.23 0.39 101 
5 10/18/2003 07:38 59.14 35 12.15 -120 48.52 6.7 60 127 3 0.12 3.3 2 0.25 0.35 112 
6 10/18/2003 07:40 49.52 35 12.10 -120 47.81 3.7 6 149 4 0.05 0.4 1 3.09 1.79 5 
7 10/18/2003 07:41 43:44 35 12.18 -120 47.92 3.7 9 147 4 0.09 1.1 1 0.85 0.44 8 
8 10/18/2003 07:55 18.96 35 12.13 -120 47.88 3.7 16 132 4 0.12 1.3 3 0.52 0.21 11 
9 10/20/2003 10:38 21.93 35 12.24 -120 47.97 3.6 9 146 4 0.07 1.1 1 0.61 0.31 7 

10 10/20/2003 18:22 37.72 35 12.35 -120 48.05 3.8 9 142 3 0.07 0.9 1 0.67 0.33 8 
11 10/20/2003 19:28 31.85 35 15.05 -120 44.37 8.9 46 50 4 0.10 1.5 3 0.43 0.61 15 
12 10/21/2003 08:35 40.18 35 12.43 -120 48.00 3.6 24 125 3 0.11 1.2 2 0.54 0.25 12 
13 10/21/2003 13:43 36.44 35 12.65 -120 48.20 3.7 37 119 3 0.12 2.6 3 0.36 0.17 41 
14 10/24/2003 23:30 52.84 35 12.06 -120 47.73 3.4 6 147 4 0.07 0.7 0 0.52 0.33 6 

*MD = duration magnitude 
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Table 2. Digital peak acceleration recordings from the Basic and temporary Supplemental 
systems (DC offset removed, prior to filtering and baseline correction) 
 
Instrument 

type 
Instrument 

location 
Peak Accelerations 

(g) 
  Channel 1 

(Horiz 1) 
Channel 2 
(Vertical) 

Channel 3 
(Horiz 2) 

Kinemetrics 
SSA 

Free field pit 
(near admin 
bldg) 

-0.020 -0.022 0.011 

Kinemetrics 
SSA 

Unit 1 
Containment 
base,  
89’ elev. 

-0.008 -0.011 -0.009 

Kinemetrics 
SSA 

Unit 1 top of 
Containment 

-0.032 0.14 -0.024 

Kinemetrics 
SSA 

Auxiliary 
Bldg,  
64 ‘ elev. 

0.005 0.010 0.006 

Terratech 
GSR-18 

Auxiliary 
Bldg,  
64’ elev. 

0.009 0.021 -0.011 

Terratech 
GSR-18 

Turbine 
Bldg Unit 1, 
85’ elev. 

0.013 0.024 0.009 

Terratech 
GSR-18 

Turbine 
Bldg Unit 2, 
85’ elev. 

0.010 0.024 -0.014 

Terratech 
GSR-18 

500 KV 
switchyard 
control room 
basement 

0.025 0.013 0.014 

 
 

Shoreline Fault Zone Report, Appendix L-1 Deer Canyon Earthquakes Page L1-8 of 21



Table 3. Peak ground motions values from the Basic Seismic System digital recorders  
(after filtering and baseline correction) 
Instrument 

type 
Instrument 

location 
Component Peak 

Acceleration 
(g) 

Peak 
Velocity 
(cm/s) 

Peak 
Displacement 

(cm) 
Horizontal 1 
(Channel 1) 

0.020 0.32 0.0100 

Vertical 
(Channel 2) 

0.022 0.19 0.0042 

Kinemetrics 
SSA 

Free field pit 
(near fitness 
trailer) 

Horizontal 2 
(Channel 3) 

0.011 0.19 0.0068 

Horizontal 1 
(Channel 1) 

0.008 0.16 0.0077 

Vertical 
(Channel 2) 

0.012 0.16 0.0060 

Kinemetrics 
SSA 

Unit 1 
Containment 
base,  
89’ elev. 

Horizontal 2 
(Channel 3) 

0.009 0.22 0.0094 

 

Shoreline Fault Zone Report, Appendix L-1 Deer Canyon Earthquakes Page L1-9 of 21



  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Map and seismic cross section showing the Deer Canyon sequence (orange circles) from October 12 
through October 24, 2003 with previous earthquakes (grayed circles) from October 1987 to October 11, 2003.  The 
data were recorded by the PG&E Central Coast Seismic network (large triangles on top figure inset; triangles with 
tick marks are 3-component stations) and the Northern California Seismic network (small triangles on top figure 
inset).  Seismic stations also are shown on larger map(green triangles).  Location of seismic cross section AA’ is 
shown on map with 8-km-wide bars to mark events projected on to the cross section in bottom figure.  Quaternary 
faults are from PG&E (1988); selected faults are labeled.  The thick gray line is the boundary of the San Luis/Pismo 
structural block (Lettis and others, 2001 ). 
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Figure 2.  Lower hemisphere P-wave focal mechanisms.  Grayed mechanisms are from McLaren 
and Savage (2000) for the time period October 1997 through January1997.  Darker mechanisms 
are from the Deer Canyon sequence and are numbered according to Table 1.  See Figure 1 for 
fault description. 
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Figure 3a.  Acceleration, velocity, and displacement for the horizontal 1 component (channel 1) 
of the free-field recording after filtering and baseline correction.   
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Figure 3b.  Acceleration, velocity, and displacement for the horizontal 2 component (channel 3) 
of the free-field recording after filtering and baseline correction.   
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Figure 3c.  Acceleration, velocity, and displacement for the vertical component (channel 2) of 
the free-field recording after filtering and baseline correction.   
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Figure 4a.  Acceleration, velocity, and displacement for the horizontal 1 component (channel 1) 
of the unit 1 containment base recording after filtering and baseline correction. There is still 
some noise in the displacements at a frequency of about 1 Hz.  
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Figure 4b.  Acceleration, velocity, and displacement for the horizontal 2 component (channel 3) 
of the unit 1 containment base recording after filtering and baseline correction. There is still 
some noise in the displacements at a frequency of about 1 Hz. 
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Figure 4c.  Acceleration, velocity, and displacement for the vertical  component (channel 2) of 
the unit 1 containment base recording after filtering and baseline correction. There is still some 
noise in the displacements at a frequency of about 1 Hz. 
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Figure 5.  Response spectra at 5% damping for the free-field ground motion. 
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Figure 6.  Response spectra at 5% damping for the unit 1 containment base ground motion. 
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Figure 7.  Response spectral ratio (5% damping) of the average horizontal component at at 
containment base of unit 1 to the free-field.  The spectral ratio is only plotted for frequencies 
greater than 2 Hz because there is noise in the containment base recordings at frequencies less 
than 2 Hz.
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Figure 8.  Comparison of the average horizontal response spectrum at 5% damping for the free-
field recording with the expected California rock site spectrum from a moment magnitude 3.4 
earthquake at a distance of 7.8 km with a stress-drop of 120 bars and kappa of 0.042 sec based 
on the stochastic point source model (red curve).  The green curve shows the spectrum if the 
moment magnitude is 3.5 with a stress-drop of 85 bars.   
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A  member  of  the  STARS  (Strategic  Teaming  and  Resource  Sharing)  Alliance 
Callaway • Comanche Peak • Diablo Canyon • Palo Verde • South Texas Project • Wolf Creek 

 

 
 
January 5, 2004 
 
PG&E Letter No. DCL-03-184 
 
U.S. Nuclear Regulatory Commission 
ATTN:  Document Control Desk 
Washington, DC  20555-0001 
 
Docket No. 50-275, OL-DPR-80 
Docket No. 50-323, OL-DPR-82 
Diablo Canyon Units 1 and 2 
Special Report 03-04: San Simeon Earthquake of December 22, 2003 
 
Dear Commissioners and Staff: 
 
On December 22, 2003, at 1116 PST, with Unit 1 and Unit 2 operating at 100 
percent power, a 6.5 magnitude earthquake occurred 11 km northeast of San 
Simeon, California.  Ground motion was felt and recognized as an earthquake by the 
control room operators.  The earthquake force monitor recorded greater than 0.01g 
for the seismic event.  Operations personnel declared an Unusual Event at 1122 
PST.  (Reference NRC Event Notification Number 40408.)  On December 23, 2003, 
at 1212 PST, the Unusual Event was terminated upon confirmation that no damage 
to the plant occurred. 
 
This special report is submitted pursuant to Equipment Control Guideline (ECG) 
51.1, “Seismic Instrumentation.”  This ECG requires the following actions for a 
seismic event:  for seismic monitoring instruments actuated during a seismic event, 
“data shall be retrieved from actuated instruments and analyzed to determine the 
magnitude of the vibratory ground motion.   A special report shall be prepared and 
submitted to the Commission … describing the magnitude, frequency spectrum, and 
resultant effect upon facility features important to safety.” 
 
Enclosure 1 describes the ground motion analysis including the magnitude and 
frequency spectrum of this event.  Enclosure 2 provides an analysis of the resultant 
effect upon facility features important to safety. 
 
As this event relates to the Diablo Canyon Power Plant, there was no adverse effect 
to public health and safety, or upon facility features important to safety. 
 
If you have any questions, please contact me at 805-545-4600 or Mr. Lloyd Cluff at 
415-973-2791. 
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Document Control Desk  PG&E Letter DCL-03-184 
January 5, 2004 
Page 2 

 
 

 
 
 
Sincerely, 
 
 
 
Lawrence F. Womack 
 
 
SWH/A0597032 
Enclosures 
 
cc:  Bruce S. Mallett, Region IV  

David L. Proulx, Resident 
  Girija S. Shukla, NRR 

Diablo Distribution 
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San Simeon Earthquake of December 22, 2003 
 
Introduction 
 
On December 22, 2003 at 1116 PST a strong earthquake of moment magnitude (MW) 
6.5 struck the central coast region.  The earthquake, called the San Simeon 
Earthquake, was located approximately 50 km NNW of Diablo Canyon Power Plant 
(DCPP), in the region 11 km northeast of San Simeon, at a depth of about 7 km.  The 
San Simeon Earthquake is the largest earthquake measured in the San Simeon region.  
The second largest earthquake in this region was the 1952 Bryson Earthquake of local 
magnitude (ML) 6.2, approximately 8 km north of the 2003 epicenter.  The San Simeon 
Earthquake was widely felt from Los Angeles to San Francisco.  Earthquake ground 
effects included landslides and related ground failure near the epicenter, however no 
surface faulting was observed.  Most of the damage occurred in Paso Robles, 39 km 
ENE of the epicenter.  Two deaths have been confirmed due to a building collapse.  The 
earthquake was also strongly felt at DCPP in the Administration Building and the 
Control Room.  Strong motion instruments at the plant site were triggered.  
 
The main shock initiated a rupture at a depth to the southeast and triggered a vigorous 
aftershock sequence that extends about 30 km southeast of the main shock.  As of 
December 26, 2003, approximately 960 aftershocks have occurred, including about 120 
magnitude (M) 3 events and 19 M 4 earthquakes.  During the first 24 hours, the activity 
was about 50 percent higher than the average for a California sequence according to 
the US Geological Services online report, December 24, 2003, (http://www.usgs.gov/). 
 
The San Simeon Earthquake was a reverse fault event beneath the Santa Lucia 
Mountains.  It occurred along a NW-SE trending fault plane that dips either to the SW or 
NE.  This is a common fault mechanism along this trend.  (Reference 1). 
 
Figure 1 shows the location of the main shock and first 20 hours of aftershocks.  There 
is concentrated activity near the main shock and at the southeast end of the aftershock 
zone.  Most of the aftershocks near the main shock are located between the Oceanic 
and Nacimiento fault zones, whereas the earthquakes to the southeast are not as 
constrained by the faults.  It is not clear which fault, if either, was the cause of the 
earthquake.  The aftershock patterns in depth view (Figure 1, cross sections AA’ and 
BB’) show diffuse activity above the main shock and no obvious fault plane.  The closest 
distance from the aftershock zone to DCPP is about 38 km. 
 
Strong Ground Motion 
 
The main shock was felt in the Units 1 and 2 Control Room.  It triggered the basic 
seismic system analog recorder (Kinemetrics SMA) in the Control Room and the 
Kinemetrics digital recorders (SSA) at the Unit 1 containment base, top of containment, 
the Auxiliary Building, and the free field pit locations (near the Fitness Trailer).  The 
supplemental system was out of service at the time of the earthquake, however, three 
temporary accelerometers located in the Auxiliary and Turbine Buildings and a 
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permanent instrument in the basement of the 500 kV Switching Center triggered.  The 
supplemental system is currently inoperable and replacement parts are obsolete; both 
the basic and supplemental systems are scheduled to be replaced in January 2004 with 
new instrumentation. 
 
The earthquake force monitor (EFM) located in the control room measured 0.04g on the 
horizontal component.  The EFM measurement is from the sensor at the Unit 1 
containment base and does not have the baseline drift removed.  With the baseline shift 
removed (but prior to filtering), the peak acceleration on the horizontal component is 
0.042g.  Table 1 lists the peak accelerations, peak velocities and peak displacements of 
the free-field and Unit 1 containment base ground motions after filtering and baseline 
corrections are applied.  The peak accelerations range between 0.02g and 0.05g, with 
the largest peak acceleration in the free field, horizontal 2 direction. 
 
Regarding the frequency spectrum, the response spectra were computed for the     free-
field and Unit 1 containment base recordings.  The 5 percent damped spectra for the 
free-field and Unit 1 containment base recordings are shown in Figures 2 and 3, 
respectively.  The response spectra for this earthquake show a typical spectral shape 
for rock sites.   
 
For the free-field, both horizontal spectra and the vertical spectra peak at 4 to 5 Hz.  
These peaks of the free-field spectra are lower than expected for a magnitude 6.5 
reverse earthquake recorded at 38 km distance.  Current attenuation relations for rock 
site yield median horizontal spectral accelerations that are 1.5 to 2 times larger than the 
recorded free-field spectra.  For the Unit 1 containment base, the spectra peak at 3 to 4 
Hz for all three components.  The containment base spectra show amplification in this 3 
to 4 Hz range as compared to the free-field spectra.  At short frequencies (< 2 Hz), the 
spectra from the containment base are similar to the free-field spectra.  At high 
frequencies (e.g. 10 Hz), the horizontal spectra from the containment base are smaller 
than the free-field spectra.  
 
Conclusions 
 
The San Simeon Earthquake is the largest measured in the San Simeon region.  The 
reverse fault motion of the main shock and aftershocks and the aftershock patterns are 
consistent with previous seismic activity in this region.  The free-field ground motions 
recorded at DCPP are below then median ground motion estimated for this event using 
current attenuation relations for rock sites. 
 
Dr. Norman Abrahamson and Ms. Marcia McLaren of PG&E Geosciences Department 
are preparing a detailed report of the San Simeon earthquake.  The report will include 
analyses of the Kinemetrics SMA tape system.  The detailed report will be available 
upon request 
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Figure 1.  San Simeon Earthquake (large red circle) of 22 December 2003, 19:15 GMT, 
and aftershocks to 23 December 2003, 14:51 GMT.  Nearby faults are labeled.  
Diamond earthquake symbols are preliminary locations form the USGS website; circles 
are events that have been reviewed by USGS seismologists NCEDC.  Seismicity cross 
sections AA’ and BB’ are also shown. 
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Table 1. Peak ground motions values from the Basic Seismic System digital 
recorders (after filtering and baseline correction). 
 
Instrument 

type 
Instrument 

location 
Component Peak 

Acceleration 
(g) 

Peak 
Velocity 
(cm/s) 

Peak 
Displacement 

(cm) 
Horizontal 1 
(Channel 1) 

0.034 8.3 7.4 

Vertical 
(Channel 2) 

0.022 7.6 6.3 

Kinemetrics 
SSA 

Free field pit 
(near Fitness 
Trailer) 

Horizontal 2 
(Channel 3) 

0.046 8.2 4.9 

Horizontal 1 
(Channel 1) 

0.033 8.2 7.6 

Vertical 
(Channel 2) 

0.036 8.1 6.3 

Kinemetrics 
SSA 

Unit 1 
Containment 
base,  
89’ elev. 

Horizontal 2 
(Channel 3) 

0.041 7.9 5.0 
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Figure 2. Response spectra at 5% damping for the free-field ground motion. 
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Figure 3. Response spectra at 5% damping for the unit 1 containment base ground 
motion. 
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Analysis of The Resultant Effect Upon Facility Features Important To Safety For 
The San Simeon Earthquake of December 22, 2003 

 
Plant Systems Response: 
 
The San Simeon Eearthquake registered 0.04g at the plant site, as read by the 
earthquake force monitor (EFM).  The duration of the main shock was approximately  22 
seconds.  During this time, numerous alarms were received on both units.  Many of the 
alarms were associated with movement of fluid levels in various systems.  When the 
seismic activity stopped, the alarms that were received cleared and returned to normal.  
Operations responded by dispatching people into the power plant to visually verify 
systems that had received level alarms.  Examples of the level alarms include; spent 
fuel pools, electro-hydraulic (EH) control system, and startup transformer 1-1.  
Operations took action to restore the operation of the Unit 2 EH pumps that had tripped 
off line due to a low-low system level lockout.  This low-low system level lockout was 
due to the motion of the EH fluid; there were no leaks from the system.  All other 
investigations to alarms revealed no leakage from systems and no damage caused by 
the earthquake.  It was noted that the seismically-induced wave action in the Unit 1 
spent fuel pool was of sufficient magnitude to cause a small amount of water to splash 
up onto the surrounding deck of the pool.  Plant personnel were dispatched to clean this 
area. 
 
Per Casualty Procedure (CP) M-4, “Earthquake,” a walkdown of the facility was 
conducted.  All systems continued to operate normally.  No visible damage was 
discovered.  Operations personnel performed inventory checks required by CP M-4; no 
systems were found to be leaking as a result of the earthquake.  DCPP Fire Department 
personnel conducted plant walkdowns, including both containment structures to verify 
the continued integrity of fire protection features.  No observable damage was 
discovered within the power plant and containment structures.  No fire protection 
impairments were found.  Operations personnel also performed an inventory of the 
diesel fuel oil storage tanks.  No abnormalities were observed. 
 
Seismic Monitoring Instrumentation Response: 
 
The main shock triggered the basic seismic system analog recorder (Kinemetrics SMA) 
in the Control Room and the Kinemetrics digital recorders (SSA) at the Unit 1 
containment base, top of containment, the Auxiliary Building, and the free-field pit 
locations (near the Fitness Trailer).  The supplemental system was inoperable at the 
time of the earthquake, however, three temporary accelerometers located in the 
Auxiliary and Turbine Buildings and a permanent instrument in the basement of the 
control room at the 500 kV Switching Center triggered.  The EFM located in the Control 
Room measured 0.04g on the horizontal component 
 
All functional seismic monitoring instrumentation operated as designed. 
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Mw 6.0 Parkfield Earthquake of 28 September 2004 
Preliminary Report by Geosciences Department, PG&E 

 
A (Mw 6.0) earthquake occurred Tuesday, September 28, 2004 at 10:15:24 PDT at a 
depth of 8 km (5 miles) near Parkfield, California (Figure 1).  This is the long-awaited 
Parkfield earthquake.  It is the seventh in a series of repeating earthquakes that have 
occurred on the Parkfield section of the San Andreas fault at fairly regular intervals in 
1857, 1881, 1901, 1922, 1934, and 1966.  The first in 1857, was a foreshock to the great 
Fort Tejon earthquake (Mw 7.9), which ruptured the fault from Parkfield to the southeast 
for over 180 miles.  In 1984 the USGS “predicted” the next Parkfield (M 6.0) earthquake 
would take place within the time window of 1988 to 1993, therefore, the September 28 
earthquake was at least ten years behind the expected occurrence.  The six (M6.0) 
earthquakes are termed “characteristic” because they all ruptured the same area on the 
fault and were about the same magnitude.  This September 28 earthquake ruptured the 
same region as the 1966 event and fits the description of a characteristic Parkfield 
earthquake. Strong shaking lasted about 10 seconds.  The aftershocks extend along the 
San Andreas fault from 5km SE of the epicenter to about 25 km NW of the epicenter, at 
the SE end of the creeping (aseismic) section of the fault.    
 
The 2004 earthquake was located by the California Integrated Seismograph Network 
(CISN) at 35.815N, 120.374W.  This location is 7 miles SSE of Parkfield, and 50 miles 
NE of DCPP (Figure 1 inset).  As of October 5, over 900 aftershocks have been recorded, 
including two M5 and five M4 events.  The two M5.0 events occurred on 9/29 at 10:19 
PDT and on 9/30 at 11:54 PDT at about 10 km depth.  Both locate to the northwest, 12 
and 15 miles, respectively, from the main shock.  The CISN focal mechanisms from the 
main shock and aftershocks indicate the events occurred on a northwest trending right-
lateral strike-slip fault (Figure 2), consistent with motion along the San Andreas fault.  
Surface rupture of a few cms has been observed at various locations along the fault 
between the section of the fault 15 km SE of the epicenter to 20 km NW of the epicenter 
near the 9/29 M5.0 aftershock (Figure 1).   
 
Figure 3 shows maps of the shear stress calculations for the 1983 Coalinga earthquake 
(Mw 6.2) and the 2003 San Simeon earthquake (Mw 6.5).  These results suggest that the 
Coalinga earthquake may have retarded the Parkfield earthquake (Parkfield section in 
blue, low shear stress zone), while the San Simeon earthquake may have ratcheted up the 
stress at Parkfield 9 months ago (Parkfield section in red, high stress change zone; Ross 
Stein, personal communication). 
 
The earthquake was strongly felt in the Parkfield area.  No deaths or injuries have been 
reported to date. The San Miguel Substation was the closest PG&E facility to the event, 
18 miles to the west.  No damage was reported.  Figure 1 shows that the 500 kV and 230 
kV electric transmission lines and the line 306 Gas transmission line cross the fault 
within about 5 km of the epicenter.  PG&E made field checks and no damage was 
reported.  The earthquake was felt at DCPP (eg. the Administration building), but was not 
felt in the control room at the site.  The newly installed Consolidated Seismic System 
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recorded the earthquake on all 19 instruments.  The data are summarized below in the 
Strong Motion section.  
 
Strong Ground Motion 
 
In anticipation of the Parkfield earthquake, this part of the San Andreas fault is 
particularly well instrumented due to the presence of the CISN Parkfield array (Figure 4). 
Consequently, there are many strong motion recordings of the earthquake. Although the 
aftershock patterns are predominantly from the epicenter to the NW, the recorded ground 
motions are highly variable, suggesting that slip along the fault was complex.   
 
A key feature of the near-fault ground motions is the large variability: near the fault the 
average horizontal peak accelerations range from 0.1 to 1.3g.  The closest station to the 
epicenter was about 3 km to the NW; it recorded 0.16 g.  The highest acceleration of 1.3 
g was at the northern end of the aftershock zone, north of Parkfield, about 15 km from the 
epicenter.  Two additional stations recorded over 1 g ground motions, within 5 km of 
Parkfield.  These recordings are near the location of the two M5 aftershocks.  There also 
was unusually strong ground shaking recorded southeast of the epicenter, suggesting that 
the rupture was not unilateral. A peak acceleration of 0.85 g was recorded 9 km SE of the 
epicenter, less than 1 km from the fault, and two additional stations to the SE and E of the 
fault recorded accelerations of 0.84 g and 0.82 g. 
 
The free-field peak accelerations recorded at DCPP are compared to other free-field peak 
acceleration in Figure 5.  The distance from DCPP to the Parkfield rupture is about 85 
km. This comparison shows that the peak accelerations recorded at DCPP are slightly 
smaller than other peak acceleration at similar rupture distances. Also shown in this 
figure are the peak accelerations predicted by the Abrahamson & Silva (1997) attenuation 
relation for a magnitude 6.0 strike-slip earthquake.  Since all the site conditions are not 
currently available, both rock and soil attenuation relations are shown.  Overall, the 
Abrahamson and Silva model is consistent with the observed PGA values, but it tends to 
overestimate the peak accelerations at large distances.   
 
DCPP Strong Ground Motion  
The main shock was felt in the DCPP Administration building and it triggered the newly 
installed Consolidated Seismic System (CSS).  The location of the new CSS are listed in 
Table 1 and are shown in Figures 6 and 7.  
 
The recordings were processed as follows: 

1.  Remove the baseline shift.   
The average acceleration over the first two seconds was used to remove the 
baseline shift. 

 
2.  Determine useable frequency band 

The Fourier spectra of the recordings were computed.  Based on the shape of 
the Fourier spectra, the reliable frequency band was estimated.  For free-field 
recordings, high-pass corner frequencies of 0.1 Hz and 0.2 Hz were selected 
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for the horizontal and vertical components, respectively.  For the in-structure 
recordings, high-pass corner frequencies of  0.2 Hz and 0.4 Hz were selected 
for the horizontal and vertical components, respectively.  For all components, 
low-pass corner frequencies of 40 Hz were selected.   

 
3.  Apply a band-pass filter 
 Using the corner frequencies identified in step 2, a band-pass filter is applied 

to each recording.  A 5-pole Butterworth filter is used. 
 
4. Apply baseline correction 
 A baseline correction is applied to the band-pass filtered recordings.  The 

displacement baseline is modeled using a high-order polynomial without the 
constant or linear terms. 

 
5. Integrate to velocity and displacement 
 The baseline corrected recordings are then integrated to velocity and 

displacement using a time domain integration.  The normalized arias intensity 
(used to compute the duration) is also computed in this step.  

 
6. Compute the response spectra 
 In the final step, the response spectra at 5% damping are computed. 

   
Table 1 lists the peak accelerations, peak velocities, and peak displacements of the 
recordings from the Consolidated Seismic System.  The free-field ground motions had 
peak horizontal accelerations of about 0.006g to 0.011g after the baseline shift, filters, 
and baseline corrections are applied.  The peak vertical accelerations on the free-field 
recordings were less than one-half of the average horizontal peak acceleration. 
 
The acceleration, velocity, and displacement time series for the three-components of free-
field station ESTA28 are shown in Figures 8-10.  The normalized Arias intensity, shown 
in Figure 11, is used to evaluate the duration of the ground shaking.  One common 
measure of duration is the time interval from the 0.05 to 0.75 level of the normalized 
Arias Intensity (called the 5-75% duration).  For these recordings, the 5-75% duration 
corresponds to about 7 seconds. 
 
The free-field response spectral values at frequencies greater than 1 Hz recorded at the 
DCPP site were factors of 2-3 lower than the median response spectral values computed 
for this earthquake using attenuation relations similar to those used in the LTSP (Figure 
12).  This is partly due to the general over-prediction of the ground motions at large 
distances by the attenuation relation and partly due to the larger than typical shear-wave 
velocities at DCPP (the DCPP site has a shear-wave velocity of 4500-5000 ft/s, but the 
attenuation relations used in the LTSP were based on ground motions primarily recorded 
on soft-rock and shallow soil sites with shear wave velocity of about 1500-2000 ft/s).  
Sites with larger shear-wave velocities tend to have smaller ground motions since there is 
less of an impedance contrast. 
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The 5% damped response spectra for all the CSS recordings are shown in Figures 13 to 
31.   
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Figure 1. Location of the September 28, 2004 Parkfield earthquake (Mw6.0).  Also 
shown are M3 and greater aftershocks, surface rupture observations, and locations of the 
500/230kV transmission lines (red line) and the Gas pipeline 306 (green line). Inset map 
shows earthquake with regional faults. 
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 September 28, 2004 at 17:15:24 UTC ML=6.0; (USGS/UCB 
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Figure 2. USGS moment tensor focal mechanism for the Mw 6.0 Parkfield earthquake 
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Figure 3. Top figure is the calculated shear stress imposed by the 1983 Coalinga 
earthquake on planes parallel to the San Andreas fault at 8 km depth; bottom figure is 
calculated shear stress from the 2003 San Simeon earthquake. (Figures from Ross Stein, 
US Geological Survey, 10/7/04) 
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Figure 4.  Location of the CISN strong motion instruments with corresponding peak 
horizontal ground motions.  Values greater than 0.80g are circled.  The heavy line shows 
the rupture dimension used for computing the rupture distances. 
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Figure 5.  Peak accelerations for the average horizontal component recorded during the 
Parkfield earthquake compared with the Abrahamson and Silva (1997) attenuation 
relation.  Both rock and soil curves are shown since the site classifications were not yet 
reviewed.   
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Figure 6. Location of Consolidated Seismic System instruments in Units 1 and 2 
Containment (top) and Auxiliary building (bottom). 

Shoreline Fault Zone Report, Appendix L3 Parkfield Earthquake Page L3-11 of 37



 
Figure 7. Location of Consolidated Seismic System instruments in Units 1 and 2 turbine 
building (top) and Free field (bottom). 
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Figure 8.  Free-field ground motions: ESTA28 X component (85' elev. Free Field in 
paved area north of U1 containment). 
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Figure 9.  Free-field ground motions: ESTA28 Y component (85' elev. Free Field in 
paved area north of U1 containment). 
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Figure 10.  Free-field ground motions: ESTA28 Z component (85' elev. Free Field in 
paved area north of U1 containment). 
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Figure 11 Acceleration normalized Arias Intensity from free-field station ESTA28.  This 
shows the duration of the accelerograms. 
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Figure 12.  Comparison of free-field spectra from DCPP with those predicted from 
commonly used attenuation relations. 
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Figure 13.  Response spectra at 5% damping for ESTA 01 (89’, 180 degrees on 
containment Base Slab). 
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Figure 14.  Response spectra at 5% damping for ESTA 02 (U1 303’ elevation, 225 
degrees). 
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Figure 15.  Response spectra at 5% damping for ESTA 03. (64’ elev, U1 in Aux. Bldg). 
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Figure 16. Response spectra at 5% damping for ESTA 04 (89' elev, area FW outside U1 
containment on Base Slab). 
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Figure 17.  Response spectra at 5% damping for ESTA 05(89' elev, outside U1 
containment on Base Slab). 
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Figure 18.  Response spectra at 5% damping for ESTA 08 (140' elev in U1 containment 
at operating floor). 
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Figure 19.  Response spectra at 5% damping for ESTA 09 (140' elev in U1 containment 
on liner). 
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Figure 20.  Response spectra at 5% damping for ESTA 10 (117' elev in U1 containment 
on bio shield). 
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Figure 21.  Response spectra at 5% damping for ESTA 14 (89’ elev outside U2 
containment on base slab). 

Shoreline Fault Zone Report, Appendix L3 Parkfield Earthquake Page L3-26 of 37



 

0.0001

0.001

0.01

0.1

0.1 1 10 100

S
pe

ct
ra

l A
cc

el
er

at
io

n 
(g

)

Frequency (Hz)

ESTA 15, Comp X

ESTA 15, Comp Y

ESTA 15, Comp Z

DCPP: Station ESTA15, Parkfield EQ (09/28/04), Mw=6.0

 
 
Figure 22.  Response spectra at 5% damping for ESTA 15 (89’ elev outside U2 
containment on base slab). 
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Figure 23.  Response spectra at 5% damping for ESTA 16 (89’ elev outside U2 
containment on base slab). 
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Figure 24.  Response spectra at 5% damping for ESTA 17 (100' elev U1 Aux/Fuel 
Handling Building). 
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Figure 25.  Response spectra at 5% damping for ESTA 18 (100' elev U1 Aux Building). 
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Figure 26.  Response spectra at 5% damping for ESTA 19 (100' elev U1 & U2  Aux 
Building). 
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Figure 27.  Response spectra at 5% damping for ESTA 20 (Free Field near Raw Water 
reservoirs). 
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Figure 28.  Response spectra at 5% damping for ESTA 21 (85' elev. U1 Turb Bldg North 
end of switch gear room). 
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Figure 29.  Response spectra at 5% damping for ESTA 23 (85' elev. U2 Turbine Building 
South end Stairs). 
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Figure 30.  Response spectra at 5% damping for ESTA 27 (82' elev. Free Field in 
underground vault near Fitness Trailer). 
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Figure 31.  Response spectra at 5% damping for ESTA 28 (85' elev. Free Field in paved 
area north of U1 containment). 
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Table 1.  Peak values from the DCPP recordings of the 2004 Parkfield Earthquake after 
filtering and baseline corrections.  See Figures 6 and 7 for instrument locations. 
 
 PGA(g) PGV (cm/s) PGD (cm) 
Station X Y Z X Y Z X Y Z 
ESTA01 0.0069 0.0119 0.0045 0.711 0.990 0.310 0.127 0.128 0.044 
ESTA02 0.0137 0.0220 0.0080 0.985 1.329 0.366 0.169 0.183 0.068 
ESTA03 0.0065 0.0105 0.0032 0.682 0.907 0.317 0.124 0.112 0.043 
ESTA04 0.0075 0.0121 0.0046 0.717 0.958 0.324 0.131 0.120 0.042 
ESTA05 0.0072 0.0115 0.0036 0.651 0.883 0.310 0.119 0.100 0.043 
ESTA08 0.0118 0.0118 0.0051 0.0727 1.012 0.324 0.125 0.130 0.044 
ESTA09 0.0105 0.0124 0.0051 0.799 1.071 0.331 0.124 0.119 0.046 
ESTA10 0.0087 0.0127 0.0050 0.752 0.964 0.358 0.136 0.123 0.047 
ESTA14 0.0077 0.0133 0.0051 0.696 1.036 0.367 0.127 0.125 0.042 
ESTA15 0.0075 0.0128 0.0044 0.671 1.017 0.297 0.116 0.122 0.049 
ESTA16 0.0075 0.0128 0.0041 0.735 0.906 0.352 0.129 0.104 0.042 
ESTA17 0.0074 0.0113 0.0032 0.687 0.912 0.323 0.111 0.043 0.179 
ESTA18 0.0083 0.0131 0.0041 0.741 0.971 0.299 0.122 0.119 0.041 
ESTA19 0.0072 0.0119 0.0038 0.691 0.965 0.328 0.129 0.132 0.044 
ESTA20 0.0045 0.0120 0.0032 0.0628 0.965 0.293 0.113 0.125 0.044 
ESTA21 0.0077 0.0106 0.0035 0.733 0.903 0.309 0.117 0.113 0.038 
ESTA23 0.0079 0.0131 0.0046 0.738 1.007 0.284 0.139 0.128 0.039 
ESTA27 0.0087 0.0113 0.0039 0.882 0.966 0.289 0.163 0.154 0.040 
ESTA28 0.0059 0.0088 0.0028 0.684 0.774 0.295 0.179 0.152 0.037 
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REPORT ON THE ANALYSIS  
OF THE SHORELINE FAULT ZONE,  
CENTRAL COASTAL CALIFORNIA  

Report to the U.S. Nuclear Regulatory Commission  
January  2011  

 
 
1.0 INTRODUCTION  
This report presents the results of a two-year Pacific Gas and Electric (PG&E) study of 
the Shoreline fault zone, which is located offshore of the Diablo Canyon Power Plant 
(DCPP).  In November 2008, PG&E informed the U.S. Nuclear Regulatory Commission 
(NRC) that preliminary results from the DCPP Long Term Seismic Program (LTSP) 
seismic hazard update showed an alignment of seismicity that suggested the presence of a 
previously unidentified fault approximately 1 kilometer (km) offshore of DCPP.  This 
previously unidentified fault was subsequently named the Shoreline fault zone by PG&E.  
 
Using a seismic margin approach, PG&E conducted an initial sensitivity study to 
evaluate the potential impact of the Shoreline fault zone on the seismic safety of DCPP 
(PG&E, 2008).  PG&E used conservative assumptions about the total length of the fault 
zone to consider a magnitude 6.5 strike-slip earthquake at a distance of 1 km from DCPP.  
The results of this sensitivity study demonstrated that the 84th percentile ground motion 
from the Shoreline fault zone was lower than the 1991 LTSP ground motion for which 
the plant had been evaluated and shown to have adequate margin (NRC, 1991).  
Therefore, PG&E concluded that the plant had adequate seismic margin to withstand the 
ground motions from the Shoreline fault zone.  In early 2009, the NRC conducted an 
independent study of the potential impacts of the Shoreline fault zone on DCPP and also 
concluded that there was adequate seismic margin (NRC, 2009).  
 
Although these initial sensitivity studies show that the plant has adequate margin to 
withstand ground motion from the potential Shoreline fault zone, four main parameters of 
the Shoreline fault zone were not well constrained: geometry (length, width, dip); 
segmentation; location offshore of DCPP; and slip rate.  To address the uncertainties in 
these source parameters and analyze the earthquake relocations, PG&E prepared a two-
year Action Plan in 2009 (Appendix A1) to collect additional data to better characterize 
the Shoreline fault zone.  Figure 1-1 shows the location of the Shoreline fault zone study 
area.  A Progress Report was issued in January of 2010 that summarized the first-year 
activities (see PG&E, 2010a, Appendix A).  
 
1.1 Organization of This Report  
This report presents the results of the two-year study and comprises the following:  
 

• A more complete evaluation of the geologic and seismologic characteristics of 
the Shoreline fault zone (geometry, location, segmentation, and slip rate).  

• An assessment of the ground motion hazard at the DCPP that includes the 
Shoreline fault zone.   
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• An assessment of the potential for secondary fault deformation on the DCPP 
site.  

 
Section 1 provides background on prior coastal investigations and the LTSP.  Section 2 
summarizes the geologic; geophysical (gravity and magnetic surveys, multibeam echo 
sounding [MBES], and seismic reflection profiling); and seismicity data that were 
collected from 2008 to 2010 for this report.  More detailed descriptions of specific data 
sets are presented in Appendices B through I.  Independent reviews of the Hardebeck 
earthquake relocations are in Appendices C1 and C2.  Section 3 discusses the tectonic, 
geologic, and seismologic setting of the Shoreline fault zone study area.  Section 4 
describes the geological, seismological, and geophysical characteristics of the Shoreline 
fault zone.  Section 5 presents the source characterization of the Shoreline fault zone, and 
Section 6 describes the ground-motion impacts to DCPP.  Further details are provided in 
Appendices J and K.  Section 7 describes the potential for secondary fault deformation at 
the DCPP site.  Section 8 summarizes the findings of this report and presents PG&E’s 
conclusions.  Finally, Section 9 contains the references cited in this report. 
 
1.2 Background  
The existence of an offshore fault zone between Point Buchon and Point San Luis was 
discussed by NRC staff in 1989 and was based on the linear nature of the coastline in this 
area and the presence of lineaments and escarpments parallel to the coast, as well as a 
postulated slip deficit across the San Luis–Pismo structural block.  Nitchman (1988) 
described the San Luis Range as being bounded by the Los Osos fault to the north, the 
Hosgri fault to the west, and several reverse faults to the south.  The southern boundary 
included the Wilmar Avenue fault, the San Luis Bay fault, and an inferred northeast-
dipping reverse fault that Nitchman called the Inferred Offshore fault.  The basis for 
Nitchman’s (1988) interpretation was the observation that the shoreline was parallel to 
the N60°W trending San Luis Range, and the lack of tilting of marine terraces (Killeen, 
1988).  This suggested that the range is uplifting as a block and, he thought, is probably 
bounded to the southwest by a matching reverse fault that is a mirror image of the Los 
Osos fault.   
 
PG&E presented evidence supporting its conclusion that there was no significant 
undetected fault paralleling the coast in the zone from the shore out to a distance of 1–2 
km, within which shallow water precluded obtaining seismic reflection profiles (PG&E, 
1989a, Response to Question 43e; 1990).  This evidence consisted of seismic reflection 
data that covered the area offshore of the shallow water zone, and seismic reflection lines 
that would have crossed any significant coast-parallel faulting extending into Estero Bay.  
PG&E recognized the difficulties of identifying faults in shallow water with an acoustic 
basement characterized by steeply dipping structures, and examined other lines of 
evidence, mainly bathymetric data in the near shore from Morro Bay to Point San Luis.  
Prominent bathymetric escarpments that could be traced from Point Buchon to Point San 
Luis were identified and interpreted to be a series of closely spaced shoreline features that 
formed during previous low sea-level conditions (PG&E, 1990).  Although the general 
trend of these escarpments appeared to cut obliquely across bathymetric contours, each 
individual slope break was subparallel to the bathymetric contours, sinuous and irregular, 
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indicating that the breaks in slope were not tectonically controlled.  NRC staff concluded 
that while the evidence presented by PG&E supported the absence of a coast-parallel 
fault, the presence of such a fault could not be completely ruled out (NRC, 1991, pp. 2-29 
to 2-30).   
 
PG&E established the LTSP in 1984, and assembled a robust geosciences and 
engineering program to support licensing and operation of DCPP.  Following the success 
of the LTSP in satisfying the NRC’s licensing requirements for DCPP, this program has 
grown to include partnerships with the U.S. Geological Survey (USGS) as well as state, 
local, and academic institutions such as the Seafloor Mapping Lab at the California State 
University Monterey Bay and the Pacific Earthquake Engineering Research Center at the 
University of California, Berkeley.  
 
Long Term Seismic Program  
Following the successful completion of the LTSP in 1991, PG&E maintained the LTSP 
staff of geoscience and engineering experts to keep abreast of new geological, 
geophysical, seismological, and seismic engineering information that might apply to 
Diablo Canyon.  PG&E recognized that some issues (e.g., the type of fault motion on the 
Hosgri fault, the characterization of the Southwestern Boundary zone, and ground motion 
estimates for oblique-slip earthquakes) were controversial due to lack of definitive 
evidence, and assumed that future geoscience discoveries would bring these issues to a 
firm conclusion.  As a result, PG&E made a commitment to continue LTSP activities for 
the life of the plant (PG&E, 1991b; NRC, 1991, p. 1-7).   
 
PG&E–USGS Cooperative Research and Development Agreement  
Both the 2003 San Simeon and 2004 Parkfield earthquakes provided extensive data and 
new opportunities to better understand and more accurately characterize details of the 
tectonic environment in the central coastal California region and to compare this new 
information with existing knowledge.  PG&E and USGS have collaborated on studies of 
the San Simeon and Parkfield earthquakes as part of a Cooperative Research and 
Development Agreement (CRADA) that was established in 1992 to improve rapid 
earthquake notifications and develop new geoscience data and advanced analysis 
methods leading to reducing earthquake risks in PG&E’s service territory in northern and 
central California.  The PG&E–USGS CRADA has provided a unique and productive 
opportunity to conduct collaborative research that is of mutual interest to both PG&E and 
the USGS.  
 
Examples of CRADA-supported mutual-interest research include fixed-wing and marine 
geomagnetic surveys that were conducted in 2008 and 2009, as well as high-resolution 
marine seismic reflection profiles that were collected as part of the California Seafloor 
Mapping Program (http://walrus.wr.usgs.gov/mapping/csmp/).  The advent of differential 
GPS navigation and improvements in offshore geophysical mapping technology have 
enabled higher-resolution imaging of the shallow water areas along the California coast.  
These modern geologic and geophysical data have helped to improve the regional 
tectonic characterization in south-central coastal California.  
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LTSP Update  
Beginning in 2006, PG&E embarked on an effort, called the LTSP Update, to update its 
geological geophysical, and seismological databases and to incorporate new scientific 
information and emerging tectonic concepts to advance the understanding of earthquake 
hazards in the south-central coastal region.  One of the initial tasks in this plan was to 
combine the occurrence of additional seismicity since the original LTSP with the 
development and application of recently-developed advanced earthquake location 
techniques (tomoDD [Zhang and Thurber, 2003] and hypoDD [Waldhauser, 2001]).  This 
work led to identifying a seismicity lineament that parallels the coast between Point 
Buchon and Point San Luis (Hardebeck, 2010).  This lineament was not apparent at the 
time of completion of the original LTSP in 1991.  While these newer data appear to 
confirm the location, orientation, and approximate length of Nitchman’s reverse-slip 
Inferred Offshore fault, the focal mechanisms of earthquakes that have occurred along the 
Shoreline fault zone from 1988 to 2008 are more consistent with right-lateral strike-slip 
motion than reverse motion.  The new geologic and geophysical data that have been 
collected as part of the LTSP Update are being used in conjunction with the earthquake 
locations to constrain the geometry, segmentation, location, and slip rate of the Shoreline 
fault zone for this report. 
 
As part of the ongoing LTSP Update, continued investigation of the DCPP region in 
general and the Shoreline fault zone in particular plan to include three-dimensional (3-D) 
marine and two-dimensional (2-D) onshore seismic reflection profiling, additional 
potential field mapping, GPS monitoring, and the installation of an ocean bottom 
seismograph network.   
 
1.3 Acknowledgments   
This study originated as part of the Diablo Canyon LTSP Update conducted by PG&E 
under the direction of Mr. Lloyd S. Cluff.  The PG&E Staff who contributed to this study 
include Dr. Norman Abrahamson, Mr. Kent Ferré, Mr. William Horstman, Ms. Debbie 
Kwok, Ms. Marcia McLaren, Dr. Stuart Nishenko, Dr. William Page, Ms. Megan 
Stanton, Mr. Richard Van der Linden, and Ms. Katie Wooddell. 
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2.0 DATA COLLECTION 
Continued seismic monitoring and the acquisition of high-resolution potential field 
(magnetics and gravity), seismic reflection, bathymetric, and topographic data have 
significantly improved the ability to resolve geologic and tectonic structures in the 
vicinity of DCPP since the original LTSP Final Report and Addendum (PG&E, 1988, 
1991a).  
 
Many of the regional geophysical data sets discussed in this report were collected as part 
of the PG&E–USGS CRADA.  These new data were combined with onshore and 
offshore geologic data to update earlier models for the area and were integrated with 
more site-specific studies of the Shoreline fault zone carried out by PG&E.  The 
following sections summarize the data collection activities from 2008 to 2010.  More 
detailed descriptions of these data sets can be found in the Appendices.  Section 2.8 
contains definitions for terms used in this report. 
 
2.1 Geology  
Onshore and offshore geologic mapping was performed in 2009 and 2010 to prepare a 
“seamless” onshore/offshore geologic map of the Shoreline fault zone study area 
(Plate 1).  The mapping included (1) detailed mapping of the extensive rock exposures in 
the sea cliffs and on the wave-cut platform at low tide from Lion Rock (north of Diablo 
Cove) to south of Rattlesnake Creek, and (2) collection of rock samples offshore.   
 
2.1.1 Onshore Geologic Mapping 
The local lithology of the various formations was described, and structures cutting the 
formations, shear zones, faults, and folds were characterized (Appendix B).  Coastline 
mapping utilized both Light Detection and Ranging (LiDAR) surveys and orthophoto 
maps (Appendix G).  This mapping is more detailed and more accurately located than 
earlier mapping onshore by Hall (1973) and Hall et al. (1979) and for the LTSP (PG&E, 
1988, 1991a).  This allowed projecting the onshore geology to the offshore interpretation 
of the geology based on the multibeam echo sounding (MBES) bathymetry data 
(Appendix F), magnetic field data (Appendix D), and seismic reflection data (Appendix 
H).  

 
2.1.2 Offshore Geologic Mapping  
Interpretation of the MBES bathymetry image used texture and structures to differentiate 
various rock units and to identify folds and faults.  The magnetic field data helped with 
differentiation of rock units that have high magnetic signatures, and seismic reflection 
profiles helped in places with interpretation of folds, faults, and paleoshorelines where 
the rocks are covered by Quaternary sediments.  Fifty new diver samples were collected 
offshore in July 2010 (see Figure 2-1 for locations and Appendix B) to supplement the 
diver and drop core samples obtained earlier for the LTSP (PG&E, 1991a).  The sampling 
targeted areas of distinct bathymetric texture as identified from the MBES bathymetry 
data (Appendix F) and specific locations where preliminary geologic interpretations 
suggested a conflict between the original LTSP and the current mapping.  Diver samples 
are analyzed to determine bulk physical properties (e.g., density and magnetic 
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susceptibility).  Sample locations are assumed to be accurate to within 10–20 m.  The last 
steps were to complete the offshore geologic interpretations by projecting offshore the 
formation contacts and structures from the onshore mapping, and to finalize the map 
shown on Plate 1.   
 
2.2 Seismographic Station Coverage 
McLaren and Savage (2001) summarized the seismographic station coverage in the 
Central Coast region.  Aside from early instrumentation installed in 1927 in Santa 
Barbara and in 1961 at Parkfield, there were very few instruments in this region until 
about 1981, when the USGS began installing short-period vertical-component 
instruments with analog telemetry as part of the National Earthquake Hazards Reduction 
Program (NEHRP) (Lindh et al., 1981) (Figure 2-2).  In 1987, PG&E installed the 
Central Coast Seismic Network (CCSN), consisting of 20 seismographic stations along 
the coast from Ragged Point to Point Sal.  Fifteen of those stations were installed with 
short-period vertical-component sensors, and five had dual-gain three-component 
sensors.  The minimum magnitude detection threshold value is approximately M 1.0 for 
onshore earthquakes and M 1.5 for near-offshore events.  The network was designed to 
supplement the USGS network and improve the location accuracy of offshore 
microearthquakes.  The recorded earthquakes were typically located using computer 
programs that inverted the arrival times from stations to travel times using a one-
dimensional (1-D) velocity model.  Despite the use of dual gain at the 5 three-component 
stations, events greater than about M 2.4 at 5–10 km distance from a station were off 
scale, or clipped, making S-wave arrival picks impossible.   
 
Data processing has consisted of timing P- and S-wave arrivals and locating the 
earthquakes using the 1-D velocity model of McLaren and Savage (2001) and the 
location program Hypoinverse (Klein, 1985).  Final locations were computed by 
integrating USGS data.  Since about 2003, the PG&E data have been streaming to the 
USGS for automatic integration with the USGS data for computing locations and for 
focal mechanisms using the program FPFIT (Reasenberg and Oppenheimer, 1985).  
  
Starting in 2006, PG&E began a five-year program to update approximately 17 of the 
original 20 stations with digital telemetry and digital recorders for velocity and 
acceleration (six components).  By the end of 2011, PG&E expects to have 16 stations 
updated (Figure 2-2).  The recorded data are markedly improved and should result in 
more accurate earthquake locations, particularly in the offshore region (Figure 2-2).  
PG&E is planning to install ocean-bottom seismometers starting in 2011 to further 
improve offshore locations.   
 
Since 1987, the CCSN has recorded approximately 23,500 earthquakes in the Central 
Coast region bounded by the area shown on Figure 2-3a.  The histogram (Figure 2-3b) 
shows that most these earthquakes are aftershocks from the moment magnitude (Mw) 6.5 
San Simeon earthquake of 2003.  The Hardebeck (2010) relocations and focal 
mechanisms were computed using a subset of the PG&E/USGS seismicity data.   
 
2.3 Potential Field—Magnetic Surveys 
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Three magnetic surveys were conducted in the DCPP area in 2008 and 2009.  These 
included a regional fixed-wing aeromagnetic survey from San Simeon to Point 
Concepcion (Langenheim et al., 2009a), a marine magnetic survey from Estero Bay to 
San Luis Obispo Bay (Sliter et al., 2009), and a helicopter magnetic survey from Point 
Buchon to Point San Luis (New Sense Geophysics, 2010).  All three data sets are 
described in more detail in Appendix D.  Figure 2-4 compares the magnetic data that 
were available at the time of the original LTSP (PG&E, 1988) with the helicopter 
magnetic data that were collected in 2009.  This comparison illustrates how modern high-
resolution data collection techniques have significantly improved imaging the potential 
field in this area. 
 
2.4 Potential Field—Gravity Surveys 
The USGS has compiled, edited, and reprocessed nearly 30,000 gravity measurements to 
produce an isostatic residual gravity map for the region, from Monterey Bay on the north 
to the Santa Barbara channel on the south (Langenheim et al., 2008).  These data are 
further discussed in Appendix E.  Figure 2-5 compares the gravity data available during 
the original LTSP (PG&E, 1988) with these newer data.  While new gravity data have 
been collected onshore, little, if any, new data have been collected offshore.  
 
2.5 Multibeam Echo Sounding Surveys  
MBES bathymetry data for the Estero Bay to San Luis Obispo Bay near-shore region 
were acquired by the Seafloor Mapping Lab at the California State University Monterey 
Bay during 2007, 2009, and 2010.  Appendix F contains further details of the data 
collection and reduction.  Figures 2-6 and 2-7 compare seafloor bathymetry offshore of 
DCPP and Olson Hill using data that were available during the original LTSP (PG&E, 
1988) and the newer MBES bathymetry data.  Part of the improvement in resolution 
reflects the use of modern swath mapping techniques, and part is due to the fact that 
mapping could be done closer to shore than in previous surveys.  
 
These data are used, in conjunction with high-resolution seismic reflection profile data 
discussed in Section 2.7, to (1) compile a geologic map of the area offshore of DCPP and 
map the surface expression of the Shoreline, Hosgri, and other faults in the area (see 
Plate 1 and Appendix B), and (2) map the depth and distribution of paleowave-cut 
platforms and strandlines (Appendix I).  
 
2.6 LiDAR Survey  
As noted in the Introduction (Section 1.2.1), the difficulties of surveying in shallow water 
have limited the ability to image the seafloor.  Therefore, to provide seamless coverage of 
bathymetry and topography in the intertidal zone, PG&E contracted TetraTech to conduct 
a LiDAR survey from fixed-wing aircraft during one of the lowest tides of the year (–1.5 
feet relative to mean lower low water [MLLW] at 3:02 p.m. on 28 January 2010).  Figure 
2-1 shows the area of the LiDAR survey.  This data set is described in more detail in 
Appendix G.   
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2.7 High-Resolution Seismic Reflection Profiling  
High-resolution single-channel seismic reflection data were acquired by the USGS in 
2008 and 2009 between Piedras Blancas and Pismo Beach, along shore-perpendicular 
transects spaced 800 meters (m) apart extending from close to shore to beyond the 3-mile 
limit of California State waters.  These data were collected, along with the marine 
magnetic data described in Section 2.3, as part of the PG&E–USGS CRADA, the 
California State Waters Mapping Program, the USGS Coastal and Marine Geology 
Program, and the USGS Earth Surface Processes Program and have been published as 
USGS Open File Report 2009-1100 (Sliter et al., 2009).  Appendix H contains further 
details.  High-resolution seismic reflection profiling provides greater definition of the top 
few hundred meters beneath the seafloor and is valuable for the identification of recent 
fault offsets (Appendix B) and for interpretation of paleowave-cut platforms and 
strandlines (Appendix I).      
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3.0 REGIONAL TECTONIC AND SEISMIC SETTING 
The following two sections provide descriptions of the regional tectonic setting and the 
associated patterns of earthquake activity in south-central coastal California.  The role of the 
Shoreline fault zone in the tectonic and seismic setting is discussed in Section 4.  
 
3.1 Regional Tectonic Setting 
The Shoreline fault zone is located along the coastal margin of the San Luis Range in south-
central California near San Luis Obispo.  This region of California is characterized by 
transpressional deformation between the San Andreas fault zone to the east and the San 
Gregorio–San Simeon–Hosgri system of near-coastal faults to the west (Figure 3-1).  
Transpressional deformation in the region appears to be driven by three distinct but interacting 
processes (Lettis et al., 2009): (1) northward left transfer of slip from the San Andreas fault to 
the Rinconada and West Huasna faults to the Hosgri–San Simeon fault system; (2) clockwise 
rotation of the western Transverse Ranges domain, which imparts northerly-directed strain in the 
region; and (3) possible plate-normal convergence across the region.   
 
This transpressional deformation has produced several distinct but interacting crustal domains 
and tectonic structures (Figure 3-1; PG&E, 1988).  The Los Osos domain is a triangular region 
consisting of northwest-striking reverse, oblique, and strike-slip faults that border uplifted blocks 
and subsiding basins within the domain.  To the west, the Los Osos domain is bordered by the 
more northerly trending Hosgri–San Simeon fault system that separates the Los Osos domain 
from the offshore Santa Maria basin.  To the south, the Los Osos domain is bordered by the 
western Transverse Ranges domain.  To the northeast, the Los Osos domain is bordered by the 
Oceanic–West Huasna fault system that separates the Los Osos domain from the more northerly 
trending Santa Lucia–San Rafael ranges.  The northwest-trending structural grain of the Los 
Osos domain is transitional between the west-trending structural grain in the Transverse Ranges 
to the south and the north-northwest-trending structural grain of the Santa Lucia–San Rafael 
ranges to the northeast, and appears to be abruptly truncated to the west by the more northerly 
trending Hosgri–San Simeon fault system. 
 
The geomorphology and coastal evolution of south-central California within the Los Osos 
domain reflects the strong influence of late Quaternary tectonic processes.  A well-preserved 
flight of emergent marine terraces along the coast provides an excellent strain gauge from which 
Hanson et al. (1994, 2004) have assessed the style, rate, and extent of Quaternary deformation in 
the region.  These studies show that the region has undergone late Pleistocene transpressional 
deformation accommodated by both strike-slip and dip-slip faulting, and by block uplift and 
subsidence. 
 
The Hosgri and San Simeon fault zones are characterized by 1–3 millimeters per year (mm/yr) of 
right-lateral slip, with the rate of slip increasing from south to north along the San Gregorio–San 
Simeon–Hosgri fault system, ultimately to 6–8 mm/yr on the San Gregorio fault zone to the 
north in the San Francisco Bay area (Hanson et al., 2004).  Whereas the Hosgri fault zone is 
offshore for its total length, the San Simeon fault zone is onshore between Ragged Point and San 
Simeon Point for part of its length (Hanson and Lettis, 1994; Hall et al., 1994).  Focal 
mechanisms and the distribution of seismicity along the Hosgri fault zone document nearly pure 
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strike-slip on a near-vertical to steeply east-dipping fault to a depth of 12 km (McLaren and 
Savage, 2001; Hardebeck, 2010).   
 
The DCPP is located on the southwestern slope of the Irish Hills (Figure 3-2) in the northern part 
of the San Luis Range, a prominent west-northwest-trending topographic and structural high that 
forms the core of one of the more prominent uplifted structural blocks (the San Luis–Pismo 
block) in the Los Osos domain (Lettis et al., 1990).  The range is uplifting as a relatively rigid 
crustal block bordered by the northwest-trending Los Osos and Southwestern Boundary zone 
faults.  Elevations and ages of the marine terraces on the southwest side of the San Luis Range 
show that the range is uplifting at rates of between 0.1 mm/yr to the southeast to 0.2 mm/yr to 
the northwest, with little or no observable internal deformation.  Major geologic structures within 
the range, including the Pismo syncline, which cores the Irish Hills, and the San Miguelito, Edna, 
and Pismo faults, do not deform Quaternary deposits or landforms and are not active structures in 
the contemporary tectonic setting.  Previously characterized active fault zones bordering the San 
Luis–Pismo block to the northeast, southwest, and west are the Los Osos, Southwestern 
Boundary (including the San Luis Bay fault zone), and Hosgri fault zones, respectively (Figure 
3-2).  As shown on Figure 3-1, the Shoreline fault zone is located along the southwestern margin 
of the San Luis–Pismo block.    
 
3.1.1 Los Osos Fault Zone 
The northeastern margin of the San Luis Range is bordered by the Los Osos fault zone, which 
separates the uplifting range from the subsiding or southwest-tilting Cambria block to the 
northeast.  The fault zone has had a complex history of both strike-slip and dip-slip displacement 
(Lettis and Hall, 1990).  The fault zone is a 50 km long, 2 km wide system of discontinuous, 
subparallel, and en echelon fault traces extending from Estero Bay on the north to an intersection 
with the West Huasna fault southeast of San Luis Obispo.  Along the coast, the fault zone 
truncates a flight of marine terraces, indicating a vertical rate of separation across the fault zone 
of about 0.2 mm/yr.  Preliminary results from new geomorphic mapping, interpretation of 
reprocessed seismic-reflection data, analysis of seismicity data, and structural analysis suggest 
that the fault zone dips steeply to the southeast (45 to 70 degrees or possibly steeper), and may 
be primarily an oblique-slip fault, with a significant component of dip slip to accommodate uplift 
of the range.   
 
3.1.2 Southwestern Boundary Fault Zone 
The southwestern margin of the San Luis Range is bordered by a complex zone of late 
Quaternary reverse, oblique-slip, and possibly strike-slip faults.  Taken as a whole, these faults 
separate the San Luis–Pismo block from the subsiding Santa Maria Valley block to the 
southwest.  The zone of faults is collectively called the Southwestern Boundary fault zone and is 
4–10 km wide and over 60 km long (Lettis et al., 1990, 2004).  The faults generally strike west-
northwest and dip steeply to moderately to the northeast.  Principal structures within this fault 
zone include the Wilmar Avenue, San Luis Bay, Pecho, Los Berros, Oceano, and Nipomo faults.  
The cumulative rate of vertical separation across the fault zone, based primarily on deformation 
of the marine terrace sequence along the coast and southwest side of the range onshore, ranges 
from about 0.1 to 0.2 mm/yr; the rate for each fault is generally 0.04–0.1 mm/yr. 
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3.1.3 San Luis Bay Fault Zone 
Within the Southwestern Boundary fault zone, the San Luis Bay fault zone lies closest to the 
DCPP.  The general location of the fault zone is well constrained onshore but is less well 
constrained offshore both to the east in San Luis Obispo Bay and to the west toward the Hosgri 
fault zone.  Onshore a strand of the fault zone is exposed along Avila Beach Road, where it 
juxtaposes Franciscan basement over the Squire Member of the Pismo Formation and displaces 
an overlying marine wave-cut platform and associated marine terrace deposits (PG&E, 1990).  A 
fault strand also displaces fluvial deposits at the mouth of San Luis Obispo Creek before 
extending offshore to the east into San Luis Obispo Bay.  Farther east, the fault zone is 
interpreted to extend to a location offshore of Mallagh Landing, where it either dies out or 
intersects the offshore projection of the San Miguelito fault (Plate 1).  The fault zone does not 
extend onshore east of Mallagh Landing, confirming that this is the eastern end of the fault zone. 
 
To the northwest of Avila Beach, the San Luis Bay fault zone crosses a topographic saddle north 
of Point San Luis where the fault is blind, but beneath the onshore coastal terraces the fault 
diverges into two distinct traces or zones that deform the marine terraces.  The southern trace is 
named the Rattlesnake fault and has a vertical separation rate of about 0.08 mm/yr.  The northern 
trace is named the Olson fault in the LTSP documents (PG&E, 1990) and the Olson Hill 
deformation zone in this report (Plate 1).  The Olson Hill deformation zone appears to form a 
monoclinal warp in the marine terraces with a total vertical separation of about 0.06 mm/yr.  In 
contrast to the better-defined Rattlesnake fault, the deformation of marine terraces near Olson 
Hill cannot be attributed to any specific bedrock fault (Appendix B).  The cumulative rate of 
vertical separation across these two parts of the San Luis Bay fault zone along the outer coast is 
about 0.14 mm/yr.  Offshore to the west, the fault zone is interpreted to extend either to an 
intersection with the Shoreline fault zone (for a total fault length of 8 km) or across the Shoreline 
fault zone to an intersection with the Hosgri fault zone (for a total fault length of 16 km) 
(Appendix B).    
 
3.1.4 Hosgri Fault Zone 
The Hosgri fault zone is the southern portion of the larger 410 km long San Gregorio–San 
Simeon–Hosgri fault system.  It is an active transpressional, convergent right-slip fault zone that 
extends southeastward approximately 110 km from a location 6 km offshore of Cambria to a 
point 5 km northwest of Point Pedernales (Hanson et al., 2004).  The Hosgri fault zone lies 
offshore for its total length.  As described above, the fault zone separates two tectonic domains 
of contrasting styles and rates of crustal deformation: the offshore Santa Maria basin on the 
western side of the fault zone and the onshore Los Osos domain on the eastern side (PG&E, 
1988, 1990; Lettis et al., 2004).  To the east, the fault zone truncates a marine bedrock platform 
associated with uplift of the San Luis–Pismo block. 
 
The Hosgri fault zone was mapped along its entire length using petroleum industry multichannel 
seismic-reflection data that imaged the traces to depths of 1.5–3 km beneath the seafloor (PG&E, 
1988, 1990).  Part of the fault zone is remapped for this study using single-channel, high-
resolution USGS sparker data (Appendix H).  The USGS data set provides better near-surface 
resolution of the fault traces and associated structures but with limited depth of penetration.  An 
approximate 33 km long section of the Hosgri fault zone is shown on the geologic map of the 
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Shoreline fault zone study area (Plate 1).  The remainder of the Hosgri fault zone extends both 
northwest and southeast of the area on Plate 1.  
 
Offshore of DCPP the Hosgri fault zone trends approximately N25°W to N30°W and appears to 
control the break between the inner and outer continental shelves.  It also forms the western 
termination of the offshore Islay and Santa Rosa reef bedrock shelves (Appendix I) and many of 
the geologic structures in the Los Osos domain.  As mapped from the high-resolution USGS 
seismic reflection data set, the Hosgri fault zone consists of multiple traces, with individual 
traces that are continuous for as long as 18 km.  The fault zone itself is up to 2.5 km wide and 
contains both active and inactive traces as well as en echelon conjugate faults and folds.  The 
fault traces appear vertical to steeply dipping in the upper few hundred meters of the sediment 
section.  On the multichannel data, with several seconds of signal penetration, some of the traces 
dip steeply to the east below about 1 km depth.   
 
3.2 Regional Seismicity Setting  
Figure 3-2 shows the regional seismicity patterns (a) and focal mechanisms (b) from 1987 to 
2008 from Hardebeck (2010).  Earthquake activity west of the San Andreas fault zone is 
concentrated in several areas: (1) within the Santa Lucia Range: (2) west of the San Simeon area 
within the active offshore Piedras Blancas anticlinorium; (3) along and east of the Hosgri fault 
zone within the Los Osos domain; and (4) in the southwestern offshore region, broadly west of 
Pt. Arguello.  The dense cluster of earthquakes along the Santa Lucia Range contains primarily 
aftershocks from the 2003 Mw 6.5 San Simeon earthquake (McLaren et al., 2008).  The San 
Simeon earthquake is the largest event recorded in the region since the 1927 Mw 7.2 Lompoc 
earthquake.  The Lompoc earthquake occurred in the southern offshore region, southwest of 
Point Conception.  
 
Within the Los Osos domain, earthquakes occur primarily within the San Luis–Pismo, Casmalia, 
and western Los Osos blocks (Figures 3-1 and 3-2), and they extend to a depth of 12–15 km.  
The San Luis–Pismo and Casmalia block activity is consistent with active uplifting blocks.  
There is a relative lack of seismic activity within the eastern half of the Los Osos block and 
within the onshore Santa Maria basin.  The lower rates of seismic activity in these areas suggest 
low rates of deformation within the down-dropped blocks of the Los Osos domain.  However, 
the seismic activity in Estero Bay (western half of the Los Osos block) is an exception to this 
generalization and suggests locally active deformation within this down-dropped block. 
 
Relatively few earthquakes have occurred west of the Hosgri fault zone from about the north end 
of Estero Bay to Pt. Sal (Figure 3-2a), consistent with its regional role as a significant tectonic 
boundary.  The Hosgri fault zone as a tectonic boundary is also consistent with the truncation of 
the Los Osos domain by the Hosgri fault zone and the lack of mapped Quaternary faults directly 
west of the Hosgri.  
 
Focal mechanisms of the region are predominantly reverse and strike-slip (Figure 3-2b) and are 
consistent with dextral transpressional deformation.  Mechanisms beneath the Santa Lucia Range 
from the San Simeon aftershock zone to the area northeast of the San Simeon fault zone show 
predominantly reverse motion along west-northwest-trending fault planes.  Along and west of 
the San Simeon fault zone in the Piedras Blancas anticlinorium, mechanisms are predominantly 
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strike-slip.  Strike-slip mechanisms are also prevalent south of the San Simeon aftershock zone 
and along the West Huasna fault zone.  
 
There are numerous strike-slip mechanisms along the Hosgri fault zone between Estero Bay and 
Pt. San Luis, and directly east of the Hosgri in Estero Bay, along the Shoreline fault zone, and 
onshore within the Irish Hills.  Generally, the Hosgri mechanisms have nodal planes that strike 
more north-northwesterly compared to the northwesterly striking focal mechanisms directly east 
of the Hosgri fault zone.  Strike-slip mechanisms along the West Huasna fault zone change from 
nearly north-south-striking nodal planes east of San Luis Obispo to west-northwest-striking 
nodal planes north of San Luis Obispo to the southern end of the 2003 San Simeon earthquake 
aftershock zone.  
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4.0 SHORELINE FAULT ZONE   
 
The purpose of this section is to provide a detailed description of the seismic characteristics of 
the Shoreline fault zone as developed from extensive geologic, geophysical, and seismological 
data bases and analyses summarized in the previous sections.  This description includes data and 
results considered in the Progress Report (PG&E, 2010a) and developed subsequently.  The 
current understanding of the Shoreline seismicity lineament is discussed in Section 4.2, and the 
geological and geophysical characteristics of the Shoreline fault zone are discussed in Section 
4.3.  Section 4.4 presents the current understanding of the recency of fault activity and maximum 
slip rate of the Shoreline fault zone, and Section 4.5 discusses the kinematic relationship between 
the Shoreline fault zone and the Hosgri and Southwestern Boundary fault zones. 
 
4.1 Introduction  
Following identification of the Shoreline seismicity lineament in 2008 (published in Hardebeck, 
2010), an extensive program to acquire and interpret new geological, geophysical, and 
bathymetric data was performed in 2009 and 2010, as described in Section 2.  Based on these 
studies, a coast-parallel, near-shore bedrock fault zone was identified that lies within the 
epicentral uncertainty of the seismicity lineament.  Given the close spatial association of the fault 
zone to the seismicity lineament, PG&E interprets that this fault zone, called the Shoreline fault 
zone, is producing the observed seismicity.  
 
Plate 1 shows the location of the Shoreline fault zone in relation to the observed seismicity and 
the interpreted onshore and offshore geology.  The earthquake data are from Hardebeck (2010) 
and are used as a primary basis for analysis.  The onshore and offshore geologic mapping is 
presented in more detail in Appendix B.   
 
The Shoreline fault zone is divided into three segments based on differences in the geologic and 
geomorphic expression of surface and near-surface faulting, intersections with other mapped 
structures, features observed in the high-resolution magnetic field data, and variations in the 
continuity, trend, and depth of the seismicity along the lineament.  The segments of the Shoreline 
fault zone are named the North, Central, and South segments (Figure 4-1a). Similarly, the 
Shoreline seismicity lineament is divided into three distinct, en echelon sublineaments, referred 
to as the Northern, Central, and Southern seismicity sublineaments (Plate 1, inset).  The three 
Shoreline fault zone segments correspond spatially in both length and location to the three 
seismicity sublineaments, supporting the segmented nature of the fault zone.  These fault zone 
segments are considered as possible rupture segments in the seismic source characterization 
discussed in Section 5 of this report. 
 
There are two important differences between the discussion in the Progress Report (Figure 4-1b; 
PG&E, 2010a) and the present report.  First, the current North segment was previously referred 
to as the “Northern Seismicity Lineament” because at that time the evidence of faults in the 
bedrock using the 2008 seismic reflection data had not been seen.  Second, the current N40W 
fault was previously referred to as the Northern Segment and was included as an inactive 
segment of the Shoreline fault zone in the Progress Report.  Although a submerged wave-cut 
platform estimated to be at least 75,000 year old does not appear to be vertically offset by the 
N40W fault, the fault’s proximity to the Northern seismicity lineament and its similarity to the 
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South and Central segments of the Shoreline fault zone are the basis for considering it to be an 
alternative northern continuation of the Shoreline fault zone in the seismic source 
characterization (Section 5). 
 
The following sections provide a discussion of the Shoreline seismicity lineament (Section 4.2) 
and a description of the characteristics of the Shoreline fault zone (Section 4.3).  Table 4-1 
summarizes these characteristics and compares them to the characteristics described in the 
Progress Report (PG&E, 2010a).   
 
4.2 Shoreline Seismicity Lineament   
The Progress Report (PG&E, 2010a) concluded that the Shoreline seismicity lineament (Figure 
4-2a) is based on accurately located microearthquakes.  This conclusion was based primarily on 
the tests of the relative relocations by Hardebeck (2010) by independent reviewers Dr. Clifford 
Thurber using the tomoDD program (Zhang and Thurber, 2003) (which Hardebeck also used) 
and Dr. Felix Waldhauser using hypoDD (Waldhauser and Ellsworth, 2000).  The results of the 
tests by Drs. Thurber and Waldhauser are presented in Appendix C (C-1 and C-2).  Thurber 
performed two tests using Hardebeck’s phase data and waveforms.  The first test used tomoDD 
and Hardebeck’s 3-D velocity model (Hardebeck, 2010) to successfully replicate her relocations.  
The second test relocated the 49 earthquakes that comprise the Shoreline seismicity lineament 
using tomoDD and his preferred velocity model and input parameters.  Waldhauser used 
Hardebeck’s phase data and waveforms and tested the McLaren and Savage (2001) 1-D model 
and the Hardebeck 3-D model in hypoDD, and Hardebeck’s 3-D model in a hybrid version of his 
program.  The results from both reviewers also showed a lineament (Figure 4-2, parts a through 
c, and Appendix C), although Thurber’s locations are generally shifted about 0.5 km farther 
offshore than Hardebeck’s.  The pattern of Waldhauser’s locations is slightly more diffuse than 
the patterns that the Hardebeck and Thurber locations exhibit.  These comparisons show that 
most of the 49 earthquakes as processed by the three researchers exhibit essentially the same 
evidence for the interpreted seismicity lineament.   
 
Cross sections of the three sublineaments for Hardebeck, Thurber, and Waldhauser are shown on 
Figure 4-2, parts d through f.  Thurber’s locations are approximately 1 km shallower than the 
Hardebeck locations.  The Waldhauser hypocenter depths are quite similar to Hardebeck’s.  
These results were used to establish the ± 0.5 km epicentral and ± 1.3 km depth uncertainties of 
the earthquakes comprising the seismicity lineament (PG&E, 2010a).  (See Section 4.2.2 below 
for additional details.) 
 
The Hardebeck (2010) seismicity lineament parallels the coast and extends for a distance of 
approximately 23 km from an uncertain intersection with the Hosgri fault zone on the north to 
south of Point San Luis on the south (Plate 1 inset).  The sublineaments are separated by en 
echelon offsets of approximately 0.5–1 km.  The Southern sublineament is the least well defined 
and consists of eight earthquakes, although one of these earthquakes is the largest (ML 3.5) in the 
entire lineament.  The Southern sublineament trends slightly more westerly than the geologically 
defined South segment of the Shoreline fault zone (Figure 4-2a).  In cross-section view, the 
hypocenters form a vertical alignment to a depth of about 8 km (Figure 4-2d).  The Central 
sublineament is well defined, both in map and cross-section views and contains 16 earthquakes 
(Figure 4-2, parts a and d).  It forms a vertical alignment to a depth of 8–10 km and closely 
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aligns with the geologically and geomorphologically well-defined Central segment of the 
Shoreline fault zone.  The Northern sublineament contains up to 26 earthquakes and is defined 
by more diffuse and deeper seismicity (up to 13–15 km) compared to the Central sublineament 
and may reflect a complex intersection with the Hosgri fault zone, as discussed in Section 4.2.4.  
In map view, the Northern sublineament aligns with the North segment of the Shoreline fault 
zone, and trends more westerly than the adjacent N40W fault, an alternative but less preferred 
structural association for the Northern Shoreline seismicity sublineament, as discussed in 
Sections 4.2.4 and 4.3. 
 
In the following sections, additional analyses and details of the Shoreline seismicity lineament 
are provided, including earthquake statistics and earthquake location uncertainties, analyses of 
epicentral and hypocentral patterns, and an analysis of the association of the Northern seismicity 
sublineament with the Hosgri fault zone.  A description of pre-1988 historical earthquakes within 
the Shoreline fault zone study area is also provided.  
 
4.2.1 Seismicity Lineament Data Statistics 
A total of 49 earthquakes occurred between 1988 and 2008 within the seismicity lineament as 
defined by Hardebeck (2010).  The magnitude range is 0.8 to 3.5 and the depth range is 2–15 km.  
The magnitude 3.5 earthquake occurred on 10 August 2000 at the southern end of the Southern 
seismicity sublineament. This earthquake is reported as a local magnitude (ML) event, and the 
other earthquakes (M ≤ 2.9) are reported as duration magnitudes (Md). The ML 3.5 event is 
classified as a small event, whereas the smaller earthquakes are classified as microearthquakes 
(Lee and Stewart, 1981).   
 
Thurber’s preferred data set contains 43 earthquakes (Appendix C).  The 6 earthquakes not used 
by Thurber are either (1) earthquakes that relocated away from the lineament formed by most of 
the earthquakes or (2) earthquakes that were removed from the final data set because their 
computed locations were unstable.  An example is the ML 3.5 event, which was not included in 
Thurber’s final run because its location was above the ground surface.  In contrast, Hardebeck’s 
relocation for this event was stable and converged at a depth of 3.7 km depth using her 
parameters in tomoDD.  
 
The earthquakes that comprise the seismicity lineament have occurred fairly uniformly over time 
between 1987 and 2008 (Figure 4-3a) at an average rate of about 2.3 earthquakes per year.  
Figure 4-3b is a log-linear plot of the cumulative number of Shoreline lineament earthquakes 
versus magnitude.  From this plot, the magnitude level of completeness is approximately 1.3.  A 
b-value of 0.93 is estimated using the method of Weichert (1980).  This value is consistent with 
the b-value of 0.91 from Reasenberg and Jones (1994) for their Southern California recurrence 
model.   
 
4.2.2  Earthquake Location Uncertainties  
There are three key factors considered in estimating earthquake location uncertainties for the 
offshore earthquakes of the Shoreline seismicity lineament, as discussed in the following two 
subsections.  The three factors are the effect of limited azimuthal distribution of the on-land 
seismographic stations in the effort to triangulate the offshore earthquake locations, the level of 
accuracy of the velocity model, and the proximity of the closest stations to the epicenter.  In the 
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third subsection, the method used to estimate the average location errors for the 49 earthquakes 
that comprise the lineament is explained. 
 
Offshore Earthquake Locations  
The accuracy of earthquake locations is directly related to seismographic station numbers and 
spacing.  Figure 2-2 shows that the seismographic coverage in the central coast region has 
evolved and improved with time (McLaren and Savage, 2001).  The main network design factors 
that contribute to robust earthquake locations are seismographic station spacing, azimuthal 
coverage, and accurate S-wave and P-wave arrival times.  The closest station distance controls 
the depth accuracy, and azimuthal coverage controls the epicentral accuracy.  The integrated 
PG&E−USGS station spacing is about 10–15 km within about 30 km from the coast.  This 
station distribution translates to fairly good depth control for onshore earthquakes in the depth 
range of 5–10 km. Offshore earthquakes, such as those occurring along the Shoreline seismicity 
lineament 0–3 km offshore, have the inherent problem of lack of adequate station distribution, 
resulting in gaps of azimuthal coverage generally greater than 180 degrees and reduced depth 
control as the distance offshore increases.  The five PG&E 3-component analog stations that 
have been in operation since 1987 have compensated somewhat for the lack of station 
distribution by improving the accuracy of picking S-wave arrivals.  Since 2006, the PG&E 
station upgrades have improved data quality, but the basic geometry of monitoring the offshore 
has not changed.  
 
Accuracy of the Velocity Model 
An accurate velocity model is also important for accurate absolute locations of earthquakes.  
Traditionally, inverting arrival time data for catalog locations has been accomplished using a 1-D 
velocity model and applying it across a region with station corrections that compensate for path 
effects (e.g., Hypoinverse; Klein, 2002).  Three-dimensional velocity modeling is used to 
account for lateral variations in structure, and relative arrival times from waveform cross-
correlation and double-difference methods are used to image seismicity features more sharply, 
such as was done by Hardebeck (2010). 
 
For Hardebeck’s San Luis Obispo subregion, which includes the Shoreline and Hosgri fault 
zones, her velocity modeling results in a reduction in the root mean square (RMS) of the cross-
correlation relative arrival times from 0.39 seconds from the 3-D starting model to 0.005 seconds 
for the final 3-D model.  Hardebeck performed a validation of the model by relocating known 
blasts from a 1986 reflection/refraction program.  The blasts occurred both onshore and offshore.  
The offshore blasts were located about 10 km north and south of the Shoreline seismicity 
lineament, in Estero Bay and San Luis Bay (Hardebeck, 2010, Fig. 5).  The RMS shift from the 
true shot locations is 1.2 km horizontally and 1.3 km vertically, with the largest shift in the 
offshore shot locations.  The location errors in the offshore blasts are an indication that as long as 
the earthquakes and blasts are occurring outside the network, there will be an inherent error or 
uncertainty in their locations.  
 
Uncertainties from Comparing Earthquake Locations Using Different Location Methods  
Earthquake location uncertainty is estimated using Hardebeck’s, Thurber’s, and Waldhauser’s 
uncertainty estimates and the uncertainties based on the average horizontal and vertical shifts of 
the earthquake locations within the lineament that were obtained from the Hardebeck and 
Thurber relocations. Table 4-2a lists the absolute and relative uncertainty estimates for the three 
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results. Table 4-2b lists the average and median differences between the various location 
methods, 1-D, 3-D, and tomoDD.  
 
Hardebeck (2010) estimated the absolute earthquake location uncertainty by relocating shots 
with known locations.  For 13 shots located inside her 3-D velocity model, the RMS shift from 
the true location was 0.9 km horizontal and 1.3 km vertical. She concluded that the absolute 
uncertainty of the earthquake locations, which should be better located than the shots, was ≤ 0.9 
km horizontal and ≤ 1.3 km vertical.  She acknowledges that the offshore shot location errors are 
larger.   
 
Hardebeck also estimated uncertainties for her San Luis Obispo region based on the stability of 
the locations determined using various location methods.  The median absolute shift between her 
hypoDD and 3-D locations is 470 m horizontal and 450 m vertical.  The median absolute 
location shift between her hypoDD and tomoDD locations is 390 m horizontal and 510 m 
vertical.  
 
In a similar approach, the location results are compared between 1-D, 3-D, Waldhauser’s 
hypoDD, and Thurber’s preferred tomoDD locations specifically for the earthquakes that 
comprise the Shoreline seismicity lineament.  The averages and standard deviations are 
described in Table 4-2b.  The average and median shift values between the two tomoDD runs are 
similar.  For this report, the more conservative average horizontal shift of 0.51 km and average 
vertical shift of 1.33 km were chosen for use in evaluating the significance of location 
uncertainties. 
 
4.2.3  Relation of the Shoreline Seismicity Lineament to Earthquakes Prior to 1988 
Earthquake records prior to the deployment of the PG&E seismic network in 1988 were searched 
to evaluate whether additional earthquakes have occurred on the Shoreline seismicity trend.  The 
search can be broken down into two time intervals: earthquakes prior to 1970 and earthquakes 
between 1970 and 1987. 
 
Earthquakes Prior to 1970 
A search of the historical database prior to 1970 and prior to local seismic networks (NCEDC, 
2010; McLaren and Savage, 2001) showed two M 5 earthquakes that occurred in 1913 and 1916 
in the vicinity of the seismicity lineament in the past 100+ years.  Considering the location 
uncertainty of 10–20 km (PG&E, 1988; McLaren and Savage, 2001) for these events, it is 
possible that they could have been associated with the South segment of the Shoreline fault zone 
or one of the faults in the Southwestern Boundary fault zone.  The 10 km radius circles of 
uncertainty are shown on Figure 4-4 for the two events.  These earthquakes are discussed in the 
following paragraphs. 
 

• 20 October 1913: This earthquake was located by Toppozada (1987) in the offshore 
region near Pismo Beach and Arroyo Grande.  It was strongly felt in Pismo Beach and 
Arroyo Grande and as far south as Santa Barbara and Carpenteria.  McLaren and Savage 
(2001) noted that it could have occurred on a fault within the Southwestern Boundary 
fault zone.  The published location is about 5 km southeast of the easternmost seismicity 
in the Shoreline seismicity lineament. 
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• 1 December 1916: This earthquake occurred north of the 1913 event. Bolt and Miller 
(1975) located it directly offshore of Avila Beach in San Luis Obispo Bay, although the 
published coordinates place it north of Avila Beach. Some of the Union Oil refinery 
smokestacks toppled over.  Landslides were reported in the canyon behind Avila and in 
Dairy Canyon, 2 miles north of Avila, and the event was strongly felt in San Luis Obispo 
(McLaren and Savage, 2001).  A local newspaper article also reported, “… an upheaval 
of the waters in the Bay of San Luis Obispo, as the trembling continued out to sea” 
(McLaren and Savage, 2001).  Avila Beach is about 4 km northeast of the southern end of 
the Shoreline seismicity lineament. 

 
Earthquakes from 1970 to 1987  
The USGS catalog data from 1970 to 1987 shows 3–5 microearthquakes in the vicinity of the 
Shoreline fault zone (Figure 4-5a), allowing for possible large errors in their routine locations.  
Hardebeck relocated these earthquakes using hypoDD and the 3-D velocity model she developed 
using the post-1987 data (Hardebeck, 2010).  Her results showed that only one of these 

icroearthquakes is likely to have occurred within the Shoreline seismicity lineament (in the 
outhern sublineament) during this time period (Figure 4-5b). 

m
S
 
4.2.4  Data Interpretation 
This section discusses the relationship between the seismicity patterns and other features of the 
Shoreline seismicity lineament and the geologic structure of the Shoreline fault zone.  The 
interpretation of the relationship between the Hosgri fault zone and the Shoreline fault zone is 
also discussed. 
 
Comparison of Lineament Patterns 
A comparison of Hardebeck’s relocations to those of Thurber and Waldhauser (Figure 4-2) show 
that although the earthquake patterns between the results vary somewhat, they are consistent 
within the bounds of the ± 0.5 km epicentral location uncertainty and the ± 1.3 km vertical 
uncertainty estimated for the Hardebeck locations.  Figures 4-2a-c show quite similar seismicity 
lineaments in map view among the three different relocation efforts, particularly along the 
Central and Southern sublineaments.  The cross-section views (Figures 4-2d-f) show similar 
hypocentral patterns of scattered activity between about 2 and 10 km depth in the Southern and 
Central sublineaments, a fairly abrupt deepening of seismicity to 12–15 km at the south end of 
the Northern sublineament, and a diffuse zone of deep earthquakes along the Northern 
sublineament as it approaches the Hosgri fault zone.  A general result of this comparison is that, 
while there are slight differences in the detailed patterns of each of the three maps and sets of 
vertical sections, such as variations in depth groupings and slight differences in the locations of 
offsets of epicenters along the mapped alignments, there are no compelling reasons not to accept 
all the relocations as defining (within the selected uncertainty bounds) a vertical surface that is 
deeper to the northwest and gently sinuous in map view. 
 
As stated in the Progress Report (PG&E, 2010a), a pronounced seismicity lineament along the 
southern Irish Hills coast was not previously identified using 1-D catalog locations, as shown on 
Figure 4-6a.  What was visible was a scattering of earthquake epicenters between the coastline 
and the Hosgri fault zone and staying within about 4 km of the coastline toward Point San Luis 
to the southeast.  Previously, PG&E interpreted this diffuse pattern as due to scattered activity 
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along small faults that likely branched off the Hosgri fault zone (Plate 3, PG&E, 1988), and 
possible seismicity related to the Olson Hill deformation zone.  On Figure 4-6b, Hardebeck’s 
3-D locations also show scattered events within the same broad swath as Figure 4-6a; Figure 
4-6b also shows the narrow, linear feature now called the Shoreline seismicity lineament. 
 
In general, the results of both 1-D and 3-D absolute location methods often yield seismicity maps 
that do not resolve seismicity lineaments and other features that can be associated with active 
geologic structures, especially in an offshore region and outside spatially restricted seismic 
networks (see Thurber’s review, Appendix C).  The sophisticated earthquake relocation 
techniques such as those developed and applied by Thurber, Waldhauser, and Hardebeck are 
intended to provide more highly resolved relationships between microearthquake and larger 
earthquakes and the geologic structure of active tectonic and volcanic regimes.  For example, 
McLaren et al. (2008) used hypoDD to relocate the 22 December 2003 San Simeon earthquake 
nd aftershocks.  Their results were able to resolve the relationship of the main shock to the main 
ault plane and backthrust plane defined by the aftershocks. 

a
f
 
Compared to the 1-D locations, most of the 3-D offshore epicenters, including the earthquakes 
on the Hosgri fault zone, shift about 0.5 km to the east (Figure 4-6a–b).  This systematic change 
in a group of relocated earthquakes is a normal product of the application of advanced relocation 
technology, including better-calibrated 3-D seismic velocity models.  While such relocations 
usually provide better resolution of possible geometric or structural features of the seismicity, the 
locations may still have systematic biases largely due to remaining errors in the velocity model 
used in the relocations.  Therefore, it is important to use high-resolution geophysical and 
geological techniques to attempt to constrain the location and geometry of the geologic structure 
in the vicinity of the structures that have been resolved in the seismicity data.  In particular, the 
absolute locations of geologic structures such as the Shoreline fault zone are determined by other 
investigations discussed in this report, not by the seismicity.  The spatial features of the 
Shoreline seismicity lineament (including consideration of the hypocentral location 
uncertainties) that are inferred to reflect structural features at depth are evaluated with respect to 
the geometry and other characteristics of the independently determined surface and subsurface 
geologic structures.  In combination, these data are used to assess the potential for the 
geologically defined Shoreline fault zone to be the structure that is releasing the observed 
seismicity and possibly larger future earthquakes. 
 
Shoreline Seismicity Lineament Focal Mechanisms 
The focal mechanisms shown on Figure 4-7 are from Hardebeck (2010) using the program 
HASH (Hardebeck and Shearer, 2002) and from the USGS catalog using the algorithm FPFIT 
(Reasenberg and Oppenheimer, 1985) that uses P-wave first-motion data from earthquakes 
located with a 1-D velocity model.  HASH computes P-wave first-motion focal mechanisms 
using takeoff angles observed from ray tracing in the 3-D seismic velocity model.  FPFIT is a 
grid-search algorithm that finds the best double-couple solution.  The FPFIT mechanisms have 
been filtered to include only those earthquakes with unique, good-quality solutions that use 25 or 
more P-wave first motions and that have converged to the solution by finding the minimum 
misfit solution.   
 
HASH assigns mechanism quality (A, B, C, and D) based on the solution stability with respect to 
the uncertainty in the take-off angles and polarity observations. Quality D mechanisms are from 
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those earthquakes that did not meet the criteria of Quality A to C earthquakes, but were 
considered adequate upon examination of the polarity data (at least 6 P-wave first motions) and 
the computed focal mechanisms (Hardebeck, 2010).  Hardebeck (2010) also computed 
composite focal mechanisms for selected sets of earthquakes in the offshore and southern parts 
of the study area where there was limited azimuthal coverage.  She grouped together earthquakes 
that were clustered in space (Figure 4-7). 
 
Due to the stringent nature of the acceptance parameters, including robust azimuthal station 
distribution, Hardebeck’s highest quality focal mechanisms (Qualities A to C) are all onshore 
(Figure 4-7).  The offshore focal mechanisms thus include her Quality D and composite focal 
mechanisms and the FPFIT mechanisms from the USGS Northern California Earthquake Data 
Center catalog (http://www.ncedc.org/ncedc/catalog-search.html).  
 
The offshore focal mechanisms on Figure 4-7 show predominantly strike-slip motion, 
particularly along the Hosgri fault zone and the Central sublineament of the Shoreline seismicity 
lineament.  Scattered throughout are reverse and oblique-reverse focal mechanisms, and a few 
normal mechanisms.  Focal mechanisms near the Northern sublineament are predominantly 
strike-slip and oblique-reverse. Mechanisms along the Central sublineament, including the 
composites, show consistent right-lateral, strike slip along northwest-trending fault planes, 
consistent with the orientation of the Central sublineament.  Mechanisms along the Southern 
sublineament show normal and oblique-normal fault motion.  The northeast-trending nodal 
planes of the pure normal mechanism at the south end of the Southern seismicity lineament, 
which is a Quality D focal mechanism, are not consistent with either the mapped orientation of 
the northwest-trending southern sublineament, or with Hardebeck’s composite mechanism 
(Figure 4-7).  The HASH mechanism for the ML 3.5 event near the end of the Southern 
sublineament shows normal-oblique motion along a northwest-trending fault plane and is 
consistent with the mapped lineament orientation.  The nearly pure strike-slip FPFIT mechanism 
for the ML 3.5 event and Hardebeck’s strike-slip composite mechanism for the small group of 
earthquakes near the ML 3.5 event is evidence that the Southern sublineament is dominantly 
strike-slip, but with some normal-oblique fault motion.  
  
Association of the Northern Seismicity Sublineament with the Hosgri Fault Zone 
As described in the previous subsections of Section 4.2, the seismicity characteristics of the 
Southern and Central sublineaments have the following attributes: 
 

• Earthquake epicenters are located along a nearly straight-line segment within the 
horizontal location uncertainty of 0.5 km. 

• Earthquake hypocenters are distributed nearly vertically beneath the nearly straight line 
of the sublineament. 

• The deepest earthquakes associated with either sublineament are no deeper than 10 km 
(8 km for the Southern sublineament).  

• The predominant style of faulting as exhibited by focal mechanisms is right slip along a 
plane parallel to the strike of the lineament; however, there are outliers in each segment. 

 
The pattern of the Northern seismicity sublineament, however, varies over its length.  Beginning 
at its southeast end, the lineament exhibits the same characteristics as the Central and Southern 
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sublineaments, with the exception that the southeastern half of the Northern sublineament does 
not have any focal mechanism data.   
 
However, as the projected Northern sublineament approaches the Hosgri fault zone, the 
following changed characteristics are observed: 
 

• Earthquake epicenters diffuse outside of the collinear pattern defined by 0.5 km 
uncertainty (Plate 1 and Figure 4-8a), and it is not clear where the seismicity associated 
with the lineament ends and the seismicity associated with the Hosgri fault zone begins. 

• Focal mechanisms include greater diversity than predominantly strike-slip (Figure 4-8a). 
• Focal mechanisms at the western end have planes rotated closer to the strike of the 

Hosgri. 
• The trend of the Northern sublineament is more northerly than the other two 

sublineaments, and appears to be bending northward. 
 
This interaction is ultimately significant to interpreting the relationship between the Shoreline 
fault zone and the Hosgri fault zone, so it is extensively explored.  To begin, the seismicity and 
focal mechanisms are projected onto cross sections perpendicular to the Hosgri fault zone and 
the Shoreline seismicity lineament, A-A′ and B-B′ on Figures 4-8a and 4-8b.  The earthquakes 
that define the Northern seismicity sublineament are plotted in red in both cross sections for 
comparison.  Also shown on cross section A-A′ are (1) the projection of an interpreted nearby 
common-depth point (CDP) seismic-reflection profile (Comap profile GSI-85; PG&E, 1988) 
showing the two steeply east-dipping branches of the Hosgri fault zone (cross section K-K′), and 
(2) linear projections of four possible average dip angles of the Hosgri fault zone ranging from 
90 to 70 degrees to the northeast.  Overall, the seismicity projected normal to the Hosgri fault 
zone (cross-section A-A′) fit reasonably well along an 80- to 85-degree east-dipping fault zone, 
especially when the red earthquakes of the Shoreline seismicity lineament are included below 
depths of 11 km.  This pattern is consistent with the steeply east-dipping faults interpreted from 
the 1986-vintage CDP seismic reflection profile, and suggests that a viable alternative 
explanation for at least some of the earthquakes along the Northern seismicity sublineament is 
that they are part of the Hosgri fault zone, and not part of a separate Shoreline fault zone.   
 
More detailed interpretations of the Hosgri fault zone at depth based on the seismicity data are 
ambiguous.  For example, it is not clear whether the locations and focal mechanisms of the 
shallow earthquakes between about 3 and 8 km deep at the west side of cross section A-A′ are 
showing a vertically dipping west branch of the Hosgri fault zone or a steeply east-dipping west 
branch that connects with the central and east branches of the Hosgri fault zone below about 7 
km depth.  However, the strike-slip focal mechanisms of these shallow earthquakes are 
consistent with a vertically dipping west branch.  Also, whereas the seismicity is not consistent 
with a Hosgri fault zone dipping approximately 70 degrees northeast or less to depth, the data 
cannot distinguish between a steeply (approximately 80 degrees) northeast-dipping Hosgri fault 
zone to depth and a northeast-dipping fault zone in the upper few kilometers (as interpreted from 
the CDP seismic reflection profile) that steepens to subvertical at depth.   
 
In comparison to the diffuse seismicity projected normal to the Hosgri fault zone (cross section 
A-A′), the red earthquakes attributed to the Shoreline seismicity lineament plot in an aligned, 
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vertical pattern in cross section B-B′.  The earthquakes between about 11 and 13 km that provide 
a reasonable fit to an 80- or 85-degree northeast-dipping Hosgri fault show a distinct vertical 
pattern on the Shoreline cross section B-B′.  The earthquakes between about 4 and 9 km depth 
show an overall subvertical alignment, and in detail suggest a zigzag pattern that may indicate 
along-strike structural complexity.  Also, focal mechanisms in this depth range show reverse and 
reverse-oblique fault motion along varying fault planes.  As there are no earthquakes located 
shallower than about 4 km, the updip projection of the causative fault zone is unclear.  
Alternatives include (1) a buried fault that does not penetrate the upper few kilometers of crust; 
(2) an emergent, subvertical fault that coincides with the North segment of the Shoreline fault 
zone; and (3) an emergent fault that coincides with the more northerly striking N40W fault 
(Plate 1 and Section 4.3.1).  Thus, whereas much of the seismicity along the Northern 
sublineament may record activity on the Hosgri fault zone, the overall pattern supports the 
preferred interpretation that the seismicity is associated with a distinct subvertical fault, the 
North segment of the Shoreline fault.   
 
4.3 Geological and Geophysical Characterization of the Shoreline Fault Zone  
Additional investigations completed since the Progress Report (PG&E, 2010a) have led to an 
improved understanding of the fault, including information on fault location, geometry, 
segmentation, slip rate, and relationship to the Hosgri fault zone, Southwestern Boundary fault 
zone, and older Tertiary structures.   
 
The nomenclature used in this report for the Shoreline fault zone is presented in Table 4-1 and 
Figure 4-1.  The characteristics of the Shoreline fault zone were developed from the following: 
 

• Geologic and geomorphic interpretation of MBES bathymetric imagery (Appendix B). 
• Assessment of submerged marine terraces from MBES bathymetric imagery and high-

resolution seismic-reflection profiles (Appendix I). 
• Correlation of geologic units and structures onshore and offshore (Appendix B) using a 

low-tide LiDAR base map (Appendix G). 
• Reinterpretation of offshore diver and core samples from the LTSP and collection of 50 

additional samples (Appendix B). 
• Interpretation of high-resolution seismic-reflection profiles acquired in 2008 and 2009 

(Appendix H) and seismic-reflection profiles from the LTSP (PG&E, 1988). 
• Analysis of magnetic-field data from helicopter and ship-born measurements (Appendix 

D). 
• Evaluation of the earthquakes associated with the Shoreline seismicity lineament (Section 

4.2). 
 
This section describes the location, length, faulting style, dip, activity, slip rate and relationship 
of the Shoreline fault zone to other faults in the region.  The Shoreline fault zone is presented in 
its entirety on Plate 1 at 1:35,000 scale.  Several comparative maps illustrate the interpretations 
of geology and submerged marine terraces with the MBES bathymetric imagery along the N40W 
fault and the Central and South segments of the Shoreline fault zone at key locations at a more 
detailed 1:12,000 scale.  These comparative maps highlight the following areas: (1) west of Lion 
Rock, (2) directly west of DCPP, (3) directly south of DCPP, (4) southwest of Olson Hill, (5) 
west of Rattlesnake Creek, and (6) southwest of Point San Luis (Figures 4-9 to 4-15).  In this 
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section, the alternative interpretations and uncertainties in the fault characteristics are explicitly 
discussed to provide the rationale for establishing the range of fault parameters in the logic tree 
characterization presented in Section 5. 
 
The Shoreline fault zone appears to be a locally reactivated preexisting fault.  Although the 
preexisting fault is not reflected in the regional gravity data (Figure 4-16), this older fault is 
associated with a distinct, linear magnetic anomaly as seen in the high-resolution helicopter 
magnetic field data (Appendix D and Figure 4-17).  The magnetic field associated with the older 
fault zone is probably from serpentinite or greenstone lenses within Franciscan mélange along 
the portion of the fault between about Olson Hill and offshore Point San Luis (Figure 4-18).  
Juxtaposition of magnetic (e.g., greenstone) against nonmagnetic (e.g., sandstone) blocks of pre-
Tertiary rock along the older fault zone accounts for the strong contrast in the magnetic field 
strength.  The prior episode of faulting dates to late Miocene and perhaps Pliocene time that 
probably occurred either during a regionally recognized mid-Miocene to early Pliocene period of 
transtensional deformation or during a later middle to late Pliocene period of transpressional 
deformation (PG&E, 1988 and references therein).   
 
The current transpressional deformation regime began in about the middle Pliocene, coincident 
with reorganization of the Pacific-North America plate boundary (Lettis et al., 2004 and 
references therein).  This reactivated several faults bounding the Irish Hills and the rest of the 
San Luis Range.  Since one to two million years ago, the mode of deformation in the Irish Hills 
switched from folding to block uplift (Lettis et al., 2004; Hanson et al. 1994).  Some but not all 
of the structures active during the earlier episodes of faulting have been reactivated in the current 
tectonic regime. Quaternary erosion during periods of lower sea level or during transgressions to 
sea-level highstands has enhanced the geomorphic expression of preexisting faults formed during 
the prior episodes of faulting, producing a prominent series of bathymetric lineaments and 
associated scarps.  For example, the prominent escarpment off the coast of Point Buchon that 
coincides with the N40W fault (Appendix B; Plate 1) appears to be the result of differential 
erosion rather than late Pleistocene faulting (Section 4.4.2).    
 
The South and Central sublineaments of the Shoreline seismicity lineament align with sections of 
the preexisting Tertiary fault (within the 0.5 km resolution of the epicenters), indicating that the 
older fault has been locally reactivated in the current stress regime.  Seismicity along the 
Northern sublineament, however, trends northwest toward the Hosgri fault zone and lies west of 
the N40W fault (Plate 1).  Late Quaternary marine deposits and ephemeral drifting sand sheets 
on the seafloor mask any geomorphic expression of a fault and any direct surface observation of 
geologic structure that may be associated with the Northern seismicity sublineament.  The origin 
of the Northern seismicity sublineament and direct linkage to a bedrock fault, therefore, is less 
certain than for the Central and Southern sublineaments of the seismicity trend.  As described in 
Section 4.2.4, alternative structural origins of the Northern seismicity sublineament include (1) a 
steeply east-dipping Hosgri fault zone; (2) a subvertical fault (buried or emergent) coincident 
with the seismicity sublineament; and (3) the N40W fault, with a steeply west-dipping shallow 
crustal portion to link the surface trace of the fault with the seismicity trend.  As discussed in 
Section 4.2.4, the analysis of the seismicity is the basis for preferring the subvertical fault model.    
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Three methods are used to evaluate whether a direct structural link can be made between the 
Hosgri fault zone and a distinct causative fault associated with the Northern seismicity 
sublineament: 
 

1. Reexamination of the USGS high-resolution seismic-reflection profiles that cross the 
Northern seismicity sublineament. 

2. Reprocessing of three of these high-resolution seismic-reflection profiles to improve data 
resolution. 

3. Reexamination of 1980s-era high-energy Comap CDP seismic-reflection profiles 
interpreted during the LTSP (PG&E, 1990) that cross the Northern seismicity 
sublineament and the N40W fault trend.   

 
Reexamination of an earlier Comap CDP seismic-reflection profile (CM-21) collected across the 
northern end of the Northern seismicity sublineament reveals gently folded Tertiary strata east of 
the Hosgri fault zone with no evidence of faulting across the Northern seismicity sublineament to 
the limit of the resolution of the Comap data (Figure 4-19).  In contrast, this Comap seismic-
reflection profile shows disruptions in reflectors consistent with faulting or tight folding across 
the nearby N40W fault.   
 
Reprocessed high-resolution seismic-reflection profiles at the northern and southern ends of the 
Northern seismicity sublineament provide significant improvement in overall data clarity 
compared to the basic processing by the USGS.  Although the seismic-reflection data are still 
insufficient to resolve definitively the presence or absence of faulting, careful reexamination of 
the high-resolution profiles crossing the central portion of the Northern seismicity sublineament 
permits an interpretation of minor vertical separations across subvertical faults in Tertiary strata 
that are plotted on Plate 1 as two concealed, queried, en echelon faults.  The southwestern fault 
follows the axis of a well-expressed syncline in Tertiary strata and the fault to the northeast is 
subparallel to the syncline.  These faults generally align with the Northern seismicity 
sublineament.  Preliminary estimates of vertical separations are on the order of 5–10 m with the 
northeast side down.  This is opposite to the direction of Quaternary uplift of the Irish Hills.  
Direct correlation of Tertiary strata across the faults also suggests that the amount of cumulative 
lateral displacement is also limited to a few tens of meters or less.  These faults clearly lie west 
of the N40W fault, and are named the North segment of the Shoreline fault (Plate 1).  Given the 
minor displacement of Tertiary strata, the North segment of the Shoreline fault zone does not 
appear to be associated with a well-developed older Tertiary fault similar to the Central and 
South segments of the Shoreline fault zone.    
 
Based on the above evidence, three alternative interpretations of the North segment of the 
Shoreline fault zone are considered.  The preferred alternative is that the North segment of the 
Shoreline fault zone coincides generally with the Northern seismicity sublineament as shown on 
Plate 1.  The fault either has produced only minor displacement in the Tertiary strata in the near 
surface or does not extend to the seafloor (i.e., is not emergent).  This location for the fault is 
preferred because it most closely aligns with the Northern seismicity sublineament.  The second 
alternative locates the North segment along the N40W fault.  This alternative is less preferred 
because the N40W fault departs from the strike of the seismicity lineament, but the N40W fault 
is a recognized preexisting fault that is associated with microseismicity along its southeastern 
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trend (i.e., the Central and South segments).  The third alternative is that some or all of the 
Northern seismicity sublineament is associated with an east-dipping Hosgri fault zone, in which 
case the North segment of the Shoreline fault zone does not exist or is limited to a few kilometers 
in length beyond the better-defined Central segment.  These alternatives and their potential 
significance to hazard are discussed further in Section 5. 
  
4.3.1 Length and Segments  
The Shoreline fault zone, including all three segments, has an overall strike of about N60°W and 
is up to 23 km long (Plate 1).  The total length of individual segments and the continuity and 
integration of the fault as a whole are discussed in the following subsections.  
 
North Segment  
The North segment is up to 8 km long.  The uncertainty in the segment length encompasses the 
range of alternative locations described above ranging between zero length (with seismicity 
occurring on an east-dipping Hosgri fault zone at depth) and the maximum 8 km length 
extending southeast from the Hosgri fault zone to south of Lion Rock.  The alternative N40W 
fault trace also yields an 8 km segment length.  The North segment is concealed beneath marine 
sediments and the ephemeral drifting sand sheet on the seafloor, and has no geomorphic 
expression.  The alternative surface trace along the older N40W fault coincides with the mapped 
trace west of Lion Rock and the linear escarpment accented by erosion that created a composite 
series of submerged marine strandlines across the fault (Appendix I).  West of Lion Rock a late 
Pleistocene submerged wave-cut platform extends across the N40W fault with no apparent 
vertical separation within a limit of resolution of 1 m (Figure 4-9).   
 
The two alternative locations of the North segment have different expressions in the magnetic 
field data (Figure 4-17).  The preferred trace that follows the seismicity sublineament does not 
coincide with a strong magnetic anomaly, although the lack of an anomaly may simply reflect 
progressively deeper seawater and Quaternary sediments along this trace of the fault.  The 
alternative N40W trace is subparallel to but crosses a magnetic anomaly associated with 
intrusive diabase (Figure 4-17; Appendix B).  The south ends of both the North segment and the 
N40W fault are obscured by sand sheets, so the connection between the North and Central 
segments is unclear.  The anomalies in the magnetic-field data are not continuous and appear 
complex; this complexity in the magnetic-field data indicates probable structural complexity at 
this segment boundary.   
 
Central Segment  
The Central segment is approximately 8 km long and follows an older reactivated Tertiary fault 
that is well expressed in the geology and as a magnetic anomaly (Plate 1; Figure 4-17).  The 
Central segment is further divided into three en echelon subsegments, C-1, C-2, and C-3.  These 
subsegments are not considered to be rupture segments in the seismic source characterization of 
the Shoreline fault zone (Section 5).  Subsegment C-1 merges with a strike change with C-2, and 
C-2 has a right step to C-3 of 100–200 m.  Subsegment C-1 is west of Discharge Cove and 
appears to die out northward beneath the sand sheet directly south of Lion Rock.  The northern 
end of C-1, however, does not follow the magnetic anomaly high that characterizes the majority 
of the Central and South segments but transitions into a magnetic trough.  Subsegment C-1 
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forms a very prominent and well-defined bathymetric lineament and, where mapped at the 
seafloor, juxtaposes Tertiary diabase against Franciscan mélange (Figure 4-10).    
 
Subsegment C-2 also forms a very prominent, well-defined bathymetric lineament and 
juxtaposes Obispo diabase, Cretaceous sandstone and Franciscan mélange on the east against a 
thin mobile sand sheet covering Franciscan mélange on the west (Figure 4-11).  West of Olson 
Hill, a moderate to strong, 900 m long geomorphic lineament is evident on the MBES 
bathymetric image.  The lineament lies within a shallow, 2–4 m-deep, 25 m-wide trough in 
Franciscan mélange and is likely accentuated by differential erosion (Figure 4-12).  In this area 
of subsegment C-2, two small pockmarks in a mobile sand sheet are well expressed on the 2009 
bathymetry, but are absent on the 2010 bathymetry (Figure 4-12).  If these pockmarks are not 
data artifacts but are formed by gas or fluid expulsed along the fault zone, their disappearance in 
the 2010 bathymetry illustrates the mobile, ephemeral nature of the sand deposits that locally 
veneer the seafloor.   
 
The subsegment C-2 coincides with a linear magnetic anomaly high (Figures 4-17 and 4-18).  To 
the south, subsegment C-2 ends near where the Olson Hill deformation zone (the northern splay 
of the San Luis Bay fault zone) projects offshore.  A direct structural or geomorphic linkage 
between the Central segment of the Shoreline fault zone and the bedrock faults near Olson Hill 
has not been established (Figure 4-13).  The step-over between subsegments C-2 and C-3 is 
southeast of Olson Hill where the linear, magnetic anomaly high ends.   
 
Subsegment C-3 also is expressed as a well-defined bathymetric lineament (Plate 1; Figure 
4-14).  The lineament is primarily in Cretaceous sandstone and Franciscan mélange and is 
covered by a thin sand sheet.  The lineament coincides with a magnetic anomaly high (Figure 4-
18).  As shown on Figure 4-14, the southern end of subsegment C-3 may bend to the east and 
follow a lineament (also interpreted to be a paleostrandline) that projects directly toward the 
Rattlesnake fault (the southern strand of the San Luis Bay fault zone) at the coastline.  The 
apparent connection of the two faults suggests that there may be a kinematic link between these 
two structures, but analysis of the submerged wave-cut platform associated with the marine 
oxygen isotope stage (MIS) 5a sea-level highstand (approximately 80,000 years old) indicates 
that the Shoreline fault zone is probably a separate structure (Appendix I).  Alternatively, the 
south end of the Central segment may continue on strike beneath the mobile sand sheet to the 
southeast toward a linear magnetic high before ending within a kilometer or so.    
 
South Segment  
The South segment is approximately 7 km long and, like the Central segment, follows a 
reactivated older bedrock fault.  It is expressed as a poor to moderate bathymetric lineament 
inferred to be in a band of mélange covered by a thin mobile sand sheet.  Locally, the South 
segment truncates bedding in Cretaceous sandstone along a low, northeast-facing escarpment 
(Plate 1; Figure 4-15).  It is also associated with a strong linear magnetic anomaly high (Figure 
4-18).  In detail, the fault trace defined on the MBES bathymetry image follows the west flank of 
the magnetic high rather than the crest.  The northern end of the South segment lies within a 
broad zone of Franciscan mélange that is covered by a sand sheet, so its exact location is 
uncertain.  The junction between the Central and South segments is interpreted as either a right 
step-over of 100–500 m, or the two segments meet at the north end of the linear magnetic 
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anomaly southeast of Rattlesnake Creek.  The south end of the South segment projects beneath a 
sand sheet southwest of Point San Luis and southwest of the southern cluster of seismicity that 
marks the south end of the Southern seismicity sublineament (Plate 1; Figure 4-1).   
 
4.3.2 Faulting Style  
The Shoreline fault zone is inferred to be primarily a right-lateral fault based on focal 
mechanisms that indicate vertical strike-slip fault motion (Figure 4-7) and the linear geologic 
expression of the fault on the seafloor along the Central and South segments. However, some 
focal mechanisms along the North and Central segments show right-oblique or right-reverse 
motion, and one focal mechanism along the South segment shows right-normal motion.  These 
oblique mechanisms suggest that the fault may accommodate some vertical displacement as well 
as lateral displacement.  However, as discussed in Section 4.4, the vertical component of 
displacement along the Shoreline fault zone is less than approximately 2 m on submerged wave-
cut platforms estimated to be 75,000 years old or older (Figures 4-10, 4-11, 4-13, 4-15, 4-24, and 
4-25).  These data support a characterization of the Shoreline fault zone as a strike-slip fault with 
a limited vertical component. 
 
4.3.3 Geometry and Downdip Width 
The seismicity defines a nearly vertical fault zone (Figures 4-2 and 4-8).  Along the Central and 
Southern seismicity sublineaments, the hypocentral distribution of seismicity forms a nearly 
vertical alignment to a depth of about 8–10 km.  The vertical alignment of seismicity is 
consistent with the results of the 2-D magnetic profile modeling discussed in Appendix D.  The 
magnetic data along a southwest-northeast cross section passing south of Olson Hill indicate that 
the source body associated with the Shoreline fault zone is nearly vertical, with a width on the 
order of 200 m, and extends from the near-surface to a depth ranging from several hundred 
meters to several kilometers below the surface (Figure 4-20)  
 
Along the northern seismicity sublineament, the seismicity is more diffuse and forms a nearly 
vertical alignment to a depth of about 12–15 km.  Steep dips for magnetic source bodies along 
the Northern seismicity lineament are not as well constrained as the Central and Southern 
sublineaments due to the possible effects of deep water relative to the survey flight elevation 
(Appendix D). As discussed previously, it is not certain how much of the seismicity along the 
Northern seismicity sublineament, in particular the deeper seismicity, may be associated with a 
steeply east-dipping Hosgri fault zone.  
 
4.4 Activity of the Shoreline Fault Zone  
Several approaches are used for assessing the recency of activity and the slip rate of the 
Shoreline fault zone as discussed below.  Of primary importance are the identification and dating 
of offshore late Quaternary marine terraces, which consist of submerged paleostrandlines 
(ancient shorelines) and associated wave-cut platforms.  These are discussed in Section 4.4.1.  
The geometries and distribution of offshore marine terrace (e.g. Hanson et al., 1994), including 
direct measurements of late Quaternary vertical separation across the Shoreline fault zone and 
N40W fault.  The assessment of recency of activity and slip rate are discussed in Sections 4.4.2 
and 4.4.3, respectively. 
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4.4.1 Offshore Wave-Cut Platforms and Paleostrandlines  
A detailed analysis of ancient offshore marine terraces was performed in the study area 
(Appendix I, Figure 4-21).  The recently acquired high-resolution MBES bathymetric data and 
USGS high-resolution seismic-reflection profiles allowed the identification and mapping of the 
submerged marine wave-cut platforms and paleostrandlines.  The interpretation of these 
submerged geomorphic features helped constrain the location and rates of deformation along the 
Shoreline fault zone and the surrounding continental shelf.  The submerged marine terraces were 
mapped in the entire offshore bedrock platform extending from the coastline between Estero Bay 
and San Luis Obispo Bay west to the Hosgri fault zone.  Results of the study are presented in 
detail in Appendix I and briefly summarized below.   
 
The offshore marine terraces contain two spatially distinct terrace sequences on the inner 
continental shelf: one sequence is on the Islay shelf west of Point Buchon and the other sequence 
is on the Santa Rosa Reef shelf west of Point San Luis (Figure 4-21).  The terraces appear to 
correlate laterally within each shelf, but do not appear to correlate between the two shelves.  The 
submerged terraces on these shelves have not been independently dated, but analysis of possible 
periods of formation (Appendix I) shows that they are older than the last glacial maximum 
(LGM) that occurred about 22,000 years ago.  The preferred interpretation is that the marine 
terrace sequence on the Islay shelf is the offshore continuation of the onshore flight of emergent 
marine terraces near Point Buchon (and are being uplifted at a rate of 0.2 mm/yr; Hanson et al., 
1994), and the marine terrace sequence on the Santa Rosa Reef shelf is the offshore continuation 
of the onshore flight of emergent marine terraces at Point San Luis (and are being uplifted at a 
rate of 0.06 mm/yr; Hanson et al., 1994).  Using this model, the shallower offshore marine 
terraces generally correlate to MIS 5 stillstand sea levels of approximately 75,000 to 100,000 
years ago, and the deeper marine terraces are older than the LGM that occurred about 22,000 
years ago and generally correlate to MIS 3 stillstand sea levels approximately 30,000 to 50,000 
years ago.  Some of the wave-cut platforms on the Islay and Santa Rosa Reef shelves are 
probably reoccupied and modified from wave-cut platforms developed during stillstand sea 
levels that occurred prior to the last interglacial (MIS stage 5e; approximately 120,000 years 
ago).   

 
The submerged paleostrandlines and associated wave-cut platforms have been modified by the 
last marine transgression, but as discussed in detail in Appendix I, the extent of the modifications 
are relatively minor and localized.  Given the relatively rapid rise in sea level and because the 
zone of wave erosion (approximately 10–15 m deep) past any one place on the shelf within a 
period of 1,000–1,500 years, no wave-cut platforms wider that approximately 100 m could have 
formed, and vertical lowering of the platform is limited to about 1–1.5 m (Appendix I, Sections 
7.2.1.2 and 7.2.1.3).  Therefore, while wave erosion during the last marine transgression may 
have locally removed some geomorphic evidence of recent faulting, if present, it would not 
destroy larger vertical offsets (on the order of multiple meters) or remove significant geomorphic 
evidence of extensive late Quaternary faulting over the entire reach of the Shoreline fault zone. 
 
Based on the above observations, the submerged wave-cut platforms and paleostrandlines older 
than about 75,000 years (i.e., Stage 5 stillstands) constrain the rate of vertical separation across 
the Central and South segments of the Shoreline fault zone and N40W fault (discussed in 4.4.3 
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below).  The Islay and Santa Rosa Reef terrace sequences are separated by a change in uplift rate 
that occurs in a poorly defined zone that lies west of the Shoreline fault zone.   
 
4.4.2 Evidence of Activity  
The seismicity along the Central and Southern sublineaments aligns with the Central and South 
segments of the Shoreline fault zone within the 0.5 km horizontal uncertainty (Plate 1, Figure 4-
1).  Because of this direct association with seismicity, PG&E concludes that the Central and 
South segments of the Shoreline fault zone are active, and infers that the Northern seismicity 
sublineament is part of the active fault zone.  The alternative and less preferable interpretation 
that the seismicity of the Northern seismicity sublineament may be wholly or in part produced by 
the Hosgri fault zone is also acknowledged.   
 
No definitive evidence of late-Quaternary displacement has been observed anywhere along the 
Shoreline fault zone or the N40W fault.  Elevation profiles on the late Quaternary wave-cut 
platforms across the N40W fault and Central and South segments of the Shoreline fault zone do 
not show systematic vertical separation across the faults (Section 4.4.3 and Figures 4-9, 4-11, 
and 4-15).  The moderate to strong geomorphic lineament in bedrock west of Olson Hill is 
interpreted to be formed by differential erosion (Section 4.3.1 and Figure 4-12).  Similarly, the 
small scarp and associated geomorphic features imaged in the high-resolution seismic-reflection 
profiles off Intake Cove (Figure 4-10) are interpreted to be formed by differential erosion 
(Appendices B and I).   
 
4.4.3 Slip Rate  
The Shoreline fault zone lies entirely offshore and thus it is difficult to develop direct 
quantitative estimates of slip rate.  The MBES bathymetric data were extensively probed to 
identify piercing points (i.e., potentially datable geomorphic features such as paleostrandlines or 
submerged channels on both sides of the fault zone that could be used to constrain cumulative 
lateral slip and slip rate).  No geomorphic features that could be reliably used as lateral offset 
markers have been identified.  In the absence of more direct information, constraints on slip rate 
are provided by several qualitative and indirect quantitative estimates of slip rate.  These are 
summarized below. 
 
Comparison to the Hosgri–San Simeon Fault System 
The Hosgri–San Simeon fault system has a slip rate of 0.5 to 6 mm/yr, with a preferred rate of 1 
to 3 mm/yr (Hall et al., 1994; Hanson et al, 1994; Hanson et al., 2004).  Onshore, the San Simeon 
fault is well expressed geomorphically and clearly displaces late Pleistocene and Holocene 
deposits at numerous locations.  Offshore, the Hosgri fault zone locally produces scarps on the 
seafloor and, along the reach of the fault directly west of the Irish Hills, abruptly truncates the 
westward extent of the offshore bedrock platform. In addition, individual strands of the Hosgri 
fault zone produce linear escarpments in bedrock that appear to be pressure ridges on the 
seafloor.  All of these features on the Hosgri fault zone occur in water depths shallower than 120 
m, and thus, if present at the time of the last transgression, were subject to erosion.  The 
Shoreline fault zone is not associated with geomorphic or geologic features similar to those of 
the Hosgri fault zone offshore or the San Simeon fault zone onshore.  Geomorphic features 
produced by high slip rate faults are lacking, even in locations where the fault zone extends into 
deeper water where the relatively rapid rise in sea level during the last sea-level transgression 
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caused sea level to pass more rapidly than in shallow water, shortening the duration that potential 
fault features would have been exposed to wave erosion, and reducing the likelihood that they 
would have been significantly eroded (Appendix I).   
 
In addition, if the Shoreline fault zone had a slip rate comparable to the Hosgri–San Simeon fault 
system, it is likely that it would be part of a longer fault zone with an onshore portion along 
strike to the southeast (for example, it would likely be a part of a longer and more active 
Southwestern Boundary fault zone).  If this were the case, it would be expected that the 
Shoreline fault zone would have maintained a seafloor expression southwest of Point San Luis, 
and evidence of higher slip rate faults in the associated Southwestern Boundary zone would be 
expressed onshore in the vicinity of San Luis Obispo Bay or the Santa Maria Valley.  Despite 
extensive onshore mapping in this area during both the LTSP and during this study, no onshore 
faults with comparable geomorphic expression to the San Simeon fault have been identified.   
 
Based on these observations, the slip rate on the Shoreline fault zone is qualitatively estimated to 
be at least an order of magnitude less that the slip rate on the Hosgri–San Simeon fault zone.  
This qualitative comparison yields an estimate of horizontal slip rate of 0.05 to 0.6 mm/yr for the 
Shoreline fault zone.  

 
Estimates of Vertical Separation 
Two approaches are used to constrain the amount of vertical separation on the Shoreline fault 
zone.  Along the North segment (associated with the Northern seismicity sublineament), possible 
displaced Tertiary strata on high-resolution seismic-reflection profiles are interpreted to constrain 
the cumulative amount of vertical separation on the segment to be about 5–10 m, with a 
northeast-side down vertical separation.  The northeast-side down sense of vertical separation is 
opposite the expected northeast-side up vertical separation if the fault is partially accommodating 
uplift of the San Luis–Pismo block.  In addition to the apparent limited vertical stratigraphic 
separation, the similarity in the seismic stratigraphy across the fault zone observed at these two 
locations probably indicates limited lateral displacement as well.  These interpreted faults are 
similar to several small displacement faults imaged in the MBES bathymetric data that are 
associated with folds in the Monterey and Pismo Formations west of Point Buchon that probably 
formed in the Miocene and early Pliocene (Plate 1).  However, estimating an onset of 
deformation at between 1 and 2 million years ago (coinciding with the estimated onset of block 
uplift recorded by emergent marine terraces on the adjacent coast; Hanson et al., 1994) the 
vertical separation rate would be less than 0.01 mm/yr.   
 
The second approach to constrain vertical separation rates across the Shoreline fault zone is 
based on the evaluation of submerged wave-cut platforms that are mapped across the N40W fault 
and Central and South segments of the fault zone (Appendices B and I).  The amounts and 
estimated rates of vertical separation of wide wave-cut platforms across mapped faults are 
constrained at the following locations (from north to south): 

 
• The wave-cut platform associated with the –38 m paleostrandline crosses the N40W fault 

west of Lion Rock (Figure 4-9).  The probable timing of the most recent sea-level 
occupation (and associated significant geomorphic modification of the –38 m 
paleostrandline on the Islay shelf) was between 49,000 and 60,000 years ago (Appendix 
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I).  Analysis of elevation profiles across the wave-cut platform suggests that there is zero 
vertical separation across the mapped fault trace with a combined uncertainty of 
approximately ±2 m (Appendix I, Section 7.3.1).  This limits the maximum vertical 
separation rate across the N40W fault to less than 0.04 mm/yr. 

• The wave-cut platform associated with the –25 m paleostrandline crosses the C-1 
subsegment of the Central segment of the Shoreline fault zone west of DCPP (Figure 4-
10).  The estimated vertical separation of the buried wave-cut platform associated with 
the –25 m paleoshoreline in the step-over region between the C-1 and C-2 subsegments 
of the Shoreline fault zone is either 0 (from the preferred interpretation that the apparent 
scarp is due to differential erosion) or 1 ± 2.5 m with the center value having a northeast-
side up vertical separation (Appendix I, Section 7.3.2).  Using the vertical separation and 
the estimated minimum age of 75,000 years for the wave-cut platform yields a vertical 
separation rate of 0 or 0.01 ± 0.03 mm/yr.   

• The wave-cut platform associated with the –21 m shoreline crosses the C-2 subsegment 
of the Central segment of the Shoreline fault zone (Figure 4-11).  The –21 m 
paleostrandline and wave-cut platform are also estimated to be at least 75,000 years old.  
Analysis of elevation profiles across the wave-cut platform suggests there is zero vertical 
separation across the mapped fault trace with a combined uncertainty of approximately 
±1.5 m (Appendix I, Section 7.3.2),  the upper bound of 1.5 m of vertical deformation 
across the mapped fault trace limits the vertical slip rate to be less than 0.02 mm/yr.   

• The wave-cut platform associated with the –31 m paleostrantline crosses the South 
segment of the Shoreline fault zone near its south end (Figure 4-15).  The platform and 
associated paleostrandline (also estimated to be at least 75,000 years old) extend across 
the fault zone.  Analysis of elevation profiles across the wave-cut platform suggests there 
is zero vertical separation across the mapped fault trace with a combined uncertainty of 
approximately ± 1.5 m (Appendix I, Section 7.3.3), constraining the upper bound to be 
about 1.5 m.  This limits the vertical slip rate to less than 0.02 mm/yr.   

 
The results summarized above suggest that the vertical separation rate on the Shoreline fault 
zone is indistinguishable from zero.  In order to estimate a maximum horizontal slip rate from 
the wave-cut platform data, the maximum vertical separation rates are considered with a fault 
having an assumed 10:1 horizontal-to-vertical slip ratio.  This assumption yields maximum 
horizontal slip rates on the order of 0.2 to 0.4 mm/yr.   
 
Estimates of Cumulative Right-Lateral Strike-Slip 
Toward the northern end of the Central segment of the Shoreline fault zone, directly west of 
Discharge Cove, two west-northwest-trending, subparallel magnetic anomaly highs show an 
apparent right-lateral step of about 300 m (Figure 4-22).  Although not a unique interpretation, 
the apparent right-lateral step may occur across a N15ºE striking basement fault whose north end 
aligns with the north-south to N25ºW striking fault mapped in the headland at the northwest end 
of Discharge Cove.  This fault, which is referred to as the N15E fault, may cross the Central 
segment of the Shoreline fault zone.  Thus, the N15E fault provides a possible piercing line or 
strain gauge from which cumulative right-lateral displacement on the Shoreline fault zone can be 
estimated.   
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The N15E fault, where mapped onshore and in the rocks at low tide, juxtaposes resistant Obispo 
Formation tuff against Obispo Formation bedded sedimentary rock in a broad zone of shearing 
that is associated with hydrothermal alteration.  The N15E fault is truncated to the north by an 
east-west-striking fault that is clearly mapped in the intertidal zone and in the sea cliff (Plate 1; 
Figure 4-22).  This east-west fault does not displace the emergent MIS 5a (approximately 80,000 
years old) wave-cut platform exposed in the sea cliff, and illustrates the inactivity of the N15E 
fault.  The inferred right-lateral separation of the magnetic anomalies across the N15E fault is 
supported by the right-lateral separation of other approximately north-south-striking faults 
mapped elsewhere in the vicinity of DCPP (Appendix B). 
 
Alternative traces of the N15E fault through the MBES bathymetric data that satisfy the right-
lateral separation of the twin magnetic anomaly peaks are shown on Figure 4-22.  The alternative 
traces limit the possible offset of the N15E fault across the Central segment of the Shoreline fault 
zone to less than 100–200 m right-lateral, and possibly zero (Figure 4-22).  Estimating an onset 
of deformation at between 1 and 2 million years ago (coinciding with the estimated onset of 
block uplift recorded by emergent marine terraces on the adjacent coast; Hanson et al., 1994) 
yields an estimated maximum horizontal dextral slip rate of about 0.05 to 0.2 mm/yr for the 
Shoreline fault zone.   
  
Seismicity 
The rate of seismicity on the Shoreline seismicity lineament provides a limited constraint on the 
slip rate on the Shoreline fault zone.  Figure 4-3c shows the maximum likelihood fit of the 
Shoreline seismicity (empirical fit) in comparison to mean characteristic recurrence models for 
characteristic magnitudes of 5.8 (single segment rupture), 6.0 (two segment rupture) and 6.5 
(total fault rupture) using the qualitative slip rates of 0.01 and 0.3 mm/yr reported in the Progress 
Report (PG&E, 2010a).  The Shoreline seismicity rate is most consistent with the recurrence 
model having a mean characteristic magnitude 5.8 earthquake (single segment rupture) with a 
slip rate of 0.3 mm/yr rather than the lower slip rate of 0.01mm/yr.  Extrapolating the slope of 
the empirical data based on a b-value of 0.93 out to M 6.0 results in an estimated annual 
recurrence of about 0.0002 events/yr and a return period of about 5,000 yrs.   
 
San Luis Bay Fault Zone 
An alternative structural interpretation of the Shoreline fault zone is that it is kinematically 
linked to the San Luis Bay fault zone such that the slip on the North and Central segments of the 
Shoreline fault zone continues onshore and follows the Rattlesnake fault of the San Luis Bay 
fault zone and forms part of a strike-slip restraining bend (Plate 1; Figure 4-14).  In 
characterizations based on this linked structural model the slip rate on the San Luis Bay fault 
zone can be used to provide information on the slip rate of the Shoreline fault zone.  The San 
Luis Bay fault zone has a cumulative rate of vertical separation of 0.14 mm/yr as recorded in the 
emergent marine terraces at the coast, with about half of that vertical rate occurring on the 
Rattlesnake fault (PG&E, 1990; Hanson et al., 1994).  In addition, detailed mapping along the 
coastline shows steeply (approximately 70 degrees) north-dipping beds of Cretaceous sandstone 
and siltstone across the Rattlesnake fault (Figure 4-25). 
 
Tentative correlation of an approximately 35–40 m thick sequence of resistant sandstone beds on 
the modern wave-cut platform across the Rattlesnake fault yields an estimate of about 70 ± 20 m 
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of apparent right-lateral separation across the fault, indicating that the Rattlesnake fault does not 
have significant cumulative deformation across it.  Because the beds dip steeply to the north, the 
apparent right-lateral separation is consistent with pure north-side-up dip-slip motion on a 
vertical fault of about 190 m.  Oblique motion of the Rattlesnake fault would yield horizontal 
displacements of less than approximately 70 m.  An estimated onset of deformation of 1 to 2 
million years ago and a maximum horizontal displacement of 70 m yields a limiting lateral slip 
rate of about 0.14 to 0.07 mm/yr.  Considered very unlikely, the absolute maximum lateral slip 
rate on the fault would consider the limiting horizontal offset of 70 m and a minimum age of 
120,000 years, the age of the MIS 5e marine terrace that records the offset of the Rattlesnake 
fault.  This extreme maximum lateral slip rate would be about 0.6 mm/yr.  Given the roughly 
equal distribution of vertical separation between the Rattlesnake fault and Olson Hill 
deformation zone, the lateral slip rate can be assumed to also be equally distributed, giving a 
cumulative absolute maximum lateral slip rate for the entire San Luis Bay fault zone of 1.2 
mm/yr.  As described earlier, given the absence of geomorphic expression onshore along the San 
Luis Bay fault zone similar to the San Simeon fault, a slip rate of over 1 mm/yr is not credible.  
Thus this analysis is used to conclude that a maximum lateral slip rate of up to 1 mm/yr may 
branch from the San Luis Bay fault zone onto the Shoreline fault zone. 
 
Conclusion 
Given the above five lines of reasoning, slip rate on the Shoreline fault zone is interpreted to 
range from 0.05 mm/yr to possibly 1 mm/yr, with a preferred range of 0.2 to 0.3 mm/yr.  The slip 
rate could also be zero. 
 
4.5 Relationship to Other Structures  
The Shoreline fault zone lies between the active Hosgri fault zone on the west, the Los Osos fault 
zone on the north and east, and faults of the Southwestern Boundary fault zone on the south and 
southeast.  Three alternatives are considered for the kinematic relationship of the Shoreline fault 
zone to these nearby structures.   
 
One alternative is that the Shoreline fault zone is an independent strike-slip fault within the San 
Luis–Pismo structural block.  In this model, the Southwestern Boundary fault zone is a system of 
reverse faults and the Shoreline fault zone is a minor strike-slip fault accommodating differential 
slip in the hanging wall of the fault zone.  Uplift of the San Luis–Pismo block is accommodated 
by reverse or reverse-oblique slip on both the Los Osos and Southwestern Boundary fault zones 
and oblique slip on the Hosgri fault zone.  This alternative is most consistent with the structural 
model proposed in the LTSP (PG&E, 1988; Lettis et al., 1994, 2004).   
 
In the second and third alternatives, the Shoreline fault zone is part of the Southwestern 
Boundary fault zone that borders the southwestern margin of the uplifting San Luis–Pismo 
structural block.  In these alternatives, the Shoreline fault zone is kinematically linked to the San 
Luis Bay fault zone, and potentially other faults of the Southwestern Boundary fault zone (i.e., 
Wilmar Avenue, Los Berros, Oceano, Pecho, and Nipomo faults [PG&E, 1988]).  In the second 
alternative, the Shoreline fault zone is a strike-slip fault linked to the Southwestern Boundary 
fault zone via left-restraining step-overs in a strike-slip fault system.  Uplift of the San Luis–
Pismo block is accommodated primarily by reverse or oblique slip on the Los Osos fault zone, 
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oblique slip on the Hosgri fault zone, and possibly transpressional oblique slip on a Southwestern 
Boundary strike-slip fault zone.  
 
In the third alternative, the Shoreline fault zone is an integral part of a Southwestern Boundary 
fault zone system of reverse- and oblique-slip faults.  In this model, the Shoreline fault zone is 
kinematically linked to and may be, in part, the offshore continuation of the San Luis Bay fault 
zone.  Uplift of the San Luis–Pismo block is accommodated by the Los Osos fault zone and by 
oblique slip on the Shoreline fault zone as part of the overall Southwestern Boundary fault zone.  
 
All three alternatives were considered in the logic tree characterization of seismic source 
parameters for the Shoreline fault zone (Section 5).  Alternative one is considered in an 
“independent” Shoreline fault zone branch, and alternatives two and three are combined into a 
single “linked” Shoreline fault zone branch.   
 
4.5.1 Independent Shoreline Fault Zone Model 
Determining whether the San Luis Bay fault zone is truncated by the Shoreline fault zone or 
whether it crosses the Shoreline fault zone is important for assessing the relative merits of the 
alternative kinematic models presented above.  In the scenario where the strike-slip Shoreline 
fault zone is kinematically independent and separate from the reverse-slip San Luis Bay fault 
zone, the San Luis Bay fault zone may cross the Shoreline fault zone and extend to the Hosgri 
fault zone to accommodate uplift of the San Luis–Pismo block.  Although the exact location and 
western limit of the San Luis Bay fault zone in the offshore is uncertain, several lines of evidence 
support the concept that the onshore San Luis Bay fault zone crosses the inner continental shelf 
west of the Shoreline fault zone as a deformation zone, possibly as a fold.  If so, this structural 
relationship supports an independent Shoreline fault zone. 
 
The first line of evidence comes from the west-northwest trend of bedrock structures (Appendix 
B) and the subparallel trending magnetic anomaly (Appendix D) in the offshore.  Specifically, 
there is a broad geologic boundary west of Olson Hill in the offshore geologic map (Plate 1) that 
places Obispo Formation on the south-southwest against pre-Tertiary rocks on the north-
northeast.  This north-side up structural relief is similar to the sense of displacement across the 
San Luis Bay fault zone documented by the emergent marine terraces.  The west-northwest 
trending structural grain in the MBES bathymetric data across this zone do not show a 
throughgoing fault zone at the seafloor, but a south-southwest-facing monoclinal warp or flexure 
above a blind fault is permissible.  A folding style of deformation (as opposed to surface fault 
offset) would be similar to the broad deformation of the emergent MIS 5e terrace (approximately 
120,000 years old) across the Olson Hill deformation zone (PG&E, 1989c).  The San Luis Bay 
fault zone thus may be partially blind at the coastline and offshore with only some strands (such 
as the Rattlesnake fault) locally intersecting the surface.   
 
The second line of evidence that the San Luis Bay fault zone crosses the Shoreline fault zone 
comes from the analysis of the MIS 5a (approximately 80,000 years old) marine terrace and 
wave-cut platform across the San Luis Bay fault zone (Appendix I).  The MIS 5a terrace is 
observed as a deformed emergent terrace onshore across the Olson Hill deformation zone and in 
the hanging wall (north side) of the Rattlesnake fault (PG&E, 1989c; Hanson et al., 1994).  In the 
offshore, the MIS 5a wave-cut platform is locally reoccupied but recognizable on either side of 
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the Rattlesnake fault and on the footwall (south) side of the Olson Hill deformation zone 
(Appendix I, Section 7.1).  Analysis of the offshore marine terraces that reoccupy the MIS 5a 
wave-cut platform west of Rattlesnake Creek indicates that the vertical deformation of the 
MIS 5e terrace documented onshore across the Rattlesnake fault continues offshore along strike 
of the Rattlesnake fault (Figures 4-24 and 4-25; Appendix I).  The deformation crosses the 
southern end of the Central segment of the Shoreline fault zone without evidence of 
displacement on the Central segment.   
 
The third line of evidence for a San Luis Bay fault zone that crosses the Shoreline fault zone 
comes from the preferred correlation of the paleostrandlines between the Islay and Santa Rosa 
Reef shelves (Appendix I, Section 7.1).  This preferred correlation includes a deformation zone 
that trends offshore between Diablo Creek and Rattlesnake Creek along the westward 
continuation of the San Luis Bay fault zone, seaward of the MIS 5a wave-cut platform.  
Although the specific location of the uplift rate boundary between the Islay and Santa Rosa Reef 
shelves is not well defined, it is consistent with the general location of the south-southwest-
facing monoclinal warp or flexure suggested from the offshore geologic map (first item above). 
 
4.5.2 Linked Shoreline Fault Zone Model 
In the alternative models where the Shoreline and San Luis Bay fault zones are kinematically 
linked as part of the Southwestern Boundary fault zone, one model prediction is that the San Luis 
Bay fault zone proper may merge with the Shoreline fault zone and will not extend farther west 
to the Hosgri fault zone.  Partial support of this model is the observation that the Rattlesnake 
fault mapped at the coastline appears to continue offshore as a lineament that merges with the 
Shoreline fault zone (Plate 1; Figure 4-14).  In addition, the uplift rate boundary west of the 
Shoreline fault zone between the Islay and Santa Rosa Reef shelves is not unique, and thus it is 
permissible that alternative structures other than a westward continuation of the San Luis Bay 
fault zone accommodate the differential uplift rate.  In the linked fault alternatives listed above, 
alternative three includes the Shoreline fault zone as a relative uplift rate boundary as part of the 
margin of the San Luis–Pismo structural block.  As described above, our evaluation of 
submerged marine terraces has documented evidence suggesting a low to zero vertical 
displacement rate across the Shoreline fault zone (Figures 4-9 to 4-11 and 4-15; Appendix I).  
This evidence does not support the third alternative wherein the Shoreline fault zone 
accommodates differential uplift.     
 
4.6 Location of the Shoreline Fault Zone with Respect to DCPP  
The mapping based on high-resolution MBES bathymetric data clearly shows a sharp, well-
defined lineament that lies offshore and west of the DCPP.  This lineament is interpreted as the 
surface expression of the Shoreline fault zone.  Immediately offshore of DCPP, the Central 
segment of the Shoreline fault zone is located 300 m southwest of the intake structure and 600 m 
southwest of the power block (Figure 4-10).  Onshore geologic mapping documents the absence 
of late Quaternary deformation within the DCPP site that may be associated with the Shoreline 
fault zone (Section 7).   
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Table 4-1    Comparison of Characteristics of the Shoreline Fault Zone presented in the Progress 
Report (PG&E, 2010a) with this Report 

PARAMETER PROGRESS REPORT (PG&E, 2010a) THIS REPORT (2011)  

FAULT LENGTH  

Total Length:  13 to 14 km  
Two segments:  Central and Southern  
Northern Seismicity Trend considered a 
separate structure 

Total Length: up to 23 km 
Three segments: North, Central, and South   
Overall Strike:N60° to 70°W 

SEGMENTATION 

Three segments w/ lengths (Figure 4-1 this 
report) 
Northern Seismicity Trend, 8 to 9 km  
Central segment, 8 km 
Southern segment, 5 to 5½ km  

Three segments w/ lengths (Figure 4-1 this 
report):  

North segment, ~8 km  
Central segment, ~8 km  
South segment,  ~ 7 km 

FAULT DIP 90° based on seismicity 90° based on seismicity and magnetic potential 
field data  

DOWN DIP WIDTH  10 to 15 km from the surface 10 to 15 km from the surface 

FAULTING STYLE  
Right-lateral strike slip based on linear 
surface expression of bathymetric 
lineaments and focal mechanisms.   

Right-lateral strike slip based on linear surface 
expression of bathymetric lineaments and focal 
mechanisms.   

RELATIONSHIP TO 
OTHER STRUCTURES 

Hosgri fault zone  (HFZ) 
• Rupture is inhibited from branching 

from the HFZ  to the Shoreline fault  
 
 
 
 
San Luis Bay fault zone (SLBFZ) 
• Not addressed 

Hosgri fault zone (HFZ) 
• Rupture is inhibited from branching from the 

HFZ  to the Shoreline fault  
• North Segment dies out before or terminates 

at the HFZ.   
• HFZ dips 80 to 85 degrees east, hence some 

of the deeper seismicity in the North Segment 
may be on the  HFZ   

San Luis Bay fault zone  (SLBFZ) 
• Relationship to late Quaternary deformation 

on the SLBFZ uncertain 

SLIP RATE  

0.01 to 0.3 mm/yr  
Used Hosgri and San Luis Bay fault zones 
for comparison 

Preferred maximum slip rate: 0.2 to 0.3 mm/yr  
based on 
• Comparison with geomorphic/structural 

expression of the HFZ: 0.05 to 0.6 mm/yr.   
• Offshore paleo-wave-cut platforms (vertical): 

<0.02 mm/yr (at 10/1 lateral = < 0.2 mm/yr) 
• Limited offset of basement fault: 0.05 to 0.2 

mm/yr 
• Seismicity rate: 0.2 to 0.3 mm/yr 
• Association with SLBFZ: ~0.1 mm/yr  

DISTANCE FROM DCPP 
600 m southwest of power block 
300 m southwest of Intake Structure 

600 m southwest of power block 
300 m southwest of Intake Structure  

SECONDARY 
DEFORMATION AT 

DCPP SITE 

Negligible  
Calculation indicates negligible 
deformation (DCPP.GEO.10.01, R0) 

None. Documented absence of late Quaternary 
primary or secondary surface faulting or other 
forms of late Quaternary tectonic deformation 
within the DCPP site that may be associated with 
a maximum earthquake on the nearby Shoreline 
fault zone. 
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Table 4-2a. Absolute and Relative Location Uncertainty Estimates 

Analyst Absolute Relative 

 Horizontal 
(km) 

Vertical 
(km) 

Horizontal 
(km) 

Vertical 
(km) 

Hardebeck  
(2010) 

0.9 1.3 1.0 0.93 

Thurber 
(2009) 

0.5 0.5 0.17 0.28 

Waldhauser 
(2009)) 

NA NA 0.2 0.7 

 
 
Table 4-2b.  Average and Median Shifts in Epicenters and Depths between Location 
Methods for the Shoreline Earthquakes (H=Hardebeck; T=Thurber) 
 Horizontal Shifts (km) Vertical Shifts (km) 

 1D 
vs 
3D 

3D 
vs  

H-tomoDD 

1D  
vs  
H-

tomo
DD 

H-
tomoDD 

vs 
T-

tomoDD 

1D  
vs  
3D 

3D 
vs 

H-tomoDD 

1D vs 
H-

tomoDD 

H-
tomoDD 

vs 
T-

tomoDD 
Median 1.499 0.496 1.045 0.450 0.66 0.302 0.779 1.293 
Average 1.469 0.603 1.273 0.510 0.880 0.411 1.126 1.329 
StdDev 0.743 0.381 0.901 0.328 0.761 0.363 0.955 0.842 
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Figure

Comparison of nomenclature for (a) the
Shoreline fault zone in this report and 

 (b) the Progress Report (PG&E, 2010a)
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4-3Pacific Gas and Electric Company

SHORELINE FAULT ZONE STUDY

Shoreline seismicity lineament statistics, 
1987 to 2008; (a) histogram of earthquakes 

per year, (b) cummulative number of 
earthquakes, (c) annual frequency of 

occurrence plot of Shoreline seismicity 
(Observation) and Empirical Fit to selected 
characteristic magnitudes (MChar) and slip 

rate (SR) mm/yr 

(b)

Catalog completeness 
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4-4Pacific Gas and Electric Company

SHORELINE FAULT ZONE STUDY

Magnitude 5 and greater pre-1987 historical 
earthquakes

1916

Pismo Beach/Arroyo Grande area
northeast of the 1913 earthquake

1927
Lompoc Earthquake

Figure from McLaren and Savage, 2001
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Figure 4-5Pacific Gas and Electric Company

SHORELINE FAULT ZONE STUDY

Comparison of 1970 to 1987 earthquake locations
(a) 1-D USGS absolute locations and
(b) Hardebeck hypoDD relocations. 
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Comparison of (a) 1-D, (b) 3-D and (c) TomoDD 
earthquake locations.   

SHORELINE FAULT ZONE STUDY
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P- wave first motion focal mechanisms, 
1987 through August 2008

SHORELINE FAULT ZONE STUDY
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Shoreline fault zone 
segments, North, Central 
and South, are labeled.

 HASH & FPFIT focal 
   mechanisms for ML3.5 
   earthquake on 10 August 2000.  
   Arrow points to approximate
   FPFIT location.
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(a) Seismicity map and (b) cross sections A-A’ 
across the east and west traces of the Hosgri 

fault zone (HFZ), and B-B’ across the Shoreline 
Northern sub-lineament. Interpreted seismic 

depth section K-K’ is also shown.

Figure 4-8Pacific Gas and Electric Company

SHORELINE FAULT ZONE STUDY
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5.0 SEISMIC SOURCE CHARACTERIZATION 
This section presents the seismic source characterization used to model ground motions at the 
DCPP.  The logic tree for the Shoreline fault zone source is presented in Section 5.1 and is based 
on findings presented in Sections 3.0 and 4.0.  Figure 5-1 shows a map of the Shoreline fault 
zone source and adjacent San Luis Bay fault sources and portions of the nearby Hosgri and Los 
Osos fault sources.  In addition to the new Shoreline fault zone source, logic trees for the Hosgri, 
Los Osos, and San Luis Bay fault sources are used that are based on the current understanding of 
those faults and the regional tectonic setting (Section 3.0).  The logic trees for these other fault 
sources are presented in Section 5.2.  Coordinates for the ends and bends in the fault sources 
(e.g., the labeled dots on Figure 5-1) are presented in Table 5-1, which appears at the end of this 
section. 
 
The logic trees capture the range of values that characterize each fault source.  Each tree consists 
of various nodes that define the fault source, including rupture length, rupture width, slip sense, 
and slip rate.  Each node consists of one or more branches with values to capture the epistemic 
uncertainty of that node.  The weight given to each branch is based on the strength of the 
evidence to support the branch value.  The weights are between zero and one and sum to one for 
each node.   
 
5.1 Shoreline Fault Zone Source Logic Tree 
The logic tree to characterize the uncertainty in source parameters for the Shoreline fault zone 
source (Figures 5-2 to 5-6) is based on the data collected and evaluated to date.  The logic tree 
considers two alternative rupture scenarios for the Shoreline fault zone, one in which the fault 
zone ruptures as an independent source, and the other in which the Shoreline fault zone is 
kinematically linked to other faults in the Southwestern Boundary fault zone, and may rupture 
with the San Luis Bay fault.  Because the results of dynamic rupture modeling show that rupture 
on the Hosgri fault zone is inhibited from rupturing onto the Shoreline fault zone (Appendix J), 
this scenario is not considered in the logic tree.  
 
The logic tree for the Shoreline fault zone source consists of 30 nodes that define the rupture 
dimensions, segmentation, sense of slip, and slip rate of the seismic source (Figures 5-2 to 5-6).  
Nodes 1–4 define the surface trace of the Shoreline fault zone source, which is shown in map 
view on Figure 5-1.  Nodes 5–10 define the fault source dip and width, and node 11 defines the 
slip sense of the fault.  Node 12 defines the kinematic relationship of the Shoreline fault zone 
with the intersecting San Luis Bay fault zone by asking whether the two faults are “linked” 
(Figure 5-3).  The “no” branch represents a Shoreline fault zone that is separate and distinct from 
the San Luis Bay fault zone, wherein the two faults move independently. The “no” branch in 
node 12 is followed by nodes 13 to 16 to define the rupture dimensions and fault slip rate for the 
Shoreline fault zone source (Figure 5-4); the independent San Luis Bay fault source is 
characterized in a separate logic tree (Section 5.2.3).  The “yes” branch represents a structural 
model in which the Shoreline fault zone and East segment of the San Luis Bay fault zone are 
linked in the sense that they may rupture together in the same earthquake.  The linked model also 
allows for alternative rupture scenarios in which the two faults may either partially rupture 
together or rupture separately.  The linked Shoreline and San Luis Bay faults may partially 
rupture together in the same earthquake or separately.  The “yes” branch in node 12 is followed 
by nodes 17 to 30, which define the fault geometry and dimensions of the San Luis Bay fault 
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source, and the rupture dimensions and fault slip rate for the Shoreline and San Luis Bay fault 
sources (Figures 5-5 and 5-6).     
 
The weights determined for each branch at a node are shown as a number in brackets, such as 
[1.0] for one branch or [0.3] and [0.7] for two branches, etc.  The sum of the weights at each 
node is always 1.0. 
  
Node 1 
Node 1 defines the southern end of the Shoreline fault zone source (Figure 5-2). This point, 
labeled S1 on Figure 5-1, is located about 3.5 km south-southeast of Point San Luis and is based 
on the findings presented in Section 4.3.  A weight of 1.0 is assigned to this location, as the 
approximately 0.5 km uncertainty in its exact location has negligible effect on the overall source 
dimensions. 
  
Node 2 
Node 2 defines the boundary between the South and Central segments of the Shoreline fault zone 
(Figure 5-2).  This point, labeled S2 on Figure 5-1, is located about 1.2 km west of the 
Rattlesnake (San Luis Bay) fault intersection with the coastline (Section 4.3) near the northern 
termination of a distinct magnetic anomaly associated with the South segment of the fault zone 
(Figure 4-22).  A weight of 1.0 is assigned to this location, as the <0.25 km uncertainty in its 
exact location has negligible effect on the overall source dimensions.  The approximately 7 km 
distance between points S1 and S2 defines the length of the South segment of the Shoreline fault 
zone source. 
 
Node 3 
Node 3 defines the northern end of the Central segment of the Shoreline fault (Figure 5-2).  This 
point, labeled S3 on Figure 5-1, is located about 0.5 km south-southwest of Lion Rock, and about 
1.5 km due west of Discharge Cove.  Point S3 is based on the boundary between the Northern 
and Central seismicity sublineaments (Section 4.2), the approximate northern end of the distinct 
magnetic anomaly high associated with the Central segment of the Shoreline fault zone (Figure 
4-22), and the approximate geologic boundary where the N40W fault may intersect the Shoreline 
fault zone (Section 4.3).  The location of point S3 is selected such that the shortest distance from 
DCPP to the Shoreline fault zone source is the same as the shortest distance from the DCPP to 
the Shoreline fault zone as mapped on the MBES bathymetric data (Plate 1).  A weight of 1.0 is 
assigned to this location, as the <0.5 km uncertainty in its along-strike location has negligible 
effect on the overall source dimensions.  The approximately 8 km distance between points S2 
and S3 defines the length of the Central segment of the Shoreline fault zone source. 
 
Node 4 
Node 4 defines the northern end of the Shoreline fault zone and the length of the North segment 
of the Shoreline fault zone source (Figure 5-2).  There are four branches to this node that reflect 
the epistemic uncertainty in its location (Figure 5-1).  Specifically, there is uncertainty as to 
whether earthquakes within the Northern seismicity sublineament occur on a distinct North 
segment of the Shoreline fault zone or whether some or all of the seismicity in the Northern 
seismicity sublineament may be occurring on a steeply east-dipping Hosgri fault zone (see 
Section 4.2).  In the former case, additional uncertainty exists regarding the location of the North 
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segment of the Shoreline fault zone: whether the segment is spatially coincident with the 
Northern seismicity sublineament, either on a blind fault or along a small, en echelon fault 
observed in Tertiary strata, or whether the North segment is coincident with the preexisting 
N40W fault.  As discussed below, the highest weights are assigned to the branches in which the 
North segment of the Shoreline fault zone source coincides entirely or in part with the Northern 
seismicity sublineament.  In all cases, the lengths described below are surface lengths.  The 
subsurface depth extent of the Shoreline fault zone source is limited by the Hosgri fault zone in 
cases where the Hosgri fault source dips to the east. 
 
The first branch of node 4 coincides with point S6 on Figure 5-1, which represents the northern 
endpoint of the N40W fault.  This permissible alternative assumes that seismicity at the southern 
end of the Northern seismicity sublineament is associated with a moderately well-defined fault in 
Tertiary strata (see Section 4.3).  In this case, seismicity along the north part of the Northern 
seismicity sublineament is assumed to be related to the Hosgri fault zone.  This first branch of 
node 4 has a weight of 0.2.  The approximately 8 km distance between points S3 and S6 defines 
the maximum length of the North segment of the Shoreline fault zone source (Figures 5-1 and 
5-2).  The maximum length of the Shoreline fault zone source on this branch is 23 km (Figure 
5-2, Node 4'). 
 
The second branch of node 4 coincides with point S4, which is located near the intersection of 
the Northern Shoreline seismicity sublineament with the Hosgri fault source.  Supporting this 
interpretation are the best-fit trend of the Northern seismicity sublineament (see Section 4.2) and 
the near-surface fault within inferred Tertiary strata, tentatively imaged on the shallow seismic 
reflection lines, that approximately aligns with the Northern seismicity sublineament (Section 
4.3).  This second branch has a weight of 0.4.  The length of this segment (approximately 8 km) 
and the total length of the Shoreline fault zone source are the same as on branch one (Figures 5-1 
and 5-2).   
 
The third branch of node 4 coincides with point S5 on Figure 5-1, which is half way between 
points S4 and S3.  This branch considers the earthquakes north of point S5 to have occurred on 
faults within the steeply east-dipping Hosgri fault zone, instead of on a distinct Shoreline fault 
zone.  The seismicity section oriented perpendicular to the Hosgri fault zone (Figure 4-8, Section 
4.2) illustrates the possible association of deeper earthquakes with the Hosgri fault zone.  It is 
reasonable to assume that most of the seismicity near the steeply east-dipping Hosgri fault zone 
is associated with the more active Hosgri fault zone rather than a less active secondary fault.  
However, this alternative is given slightly less weight [0.3] than the second branch based on the 
alternative that there is a fault in Tertiary bedrock, which is mapped farther to the north. The 
4 km distance between points S3 and S5 defines the minimum length of the North segment of the 
Shoreline fault zone source (Figures 5-1 and 5-2).  The total length of the Shoreline fault zone 
source on this branch is 19 km (Figure 5-2, Node 4').   
 
The fourth branch of node 4 defines the northern end of the Shoreline fault zone source to be at 
point S3, coincident with the northern end of the Central segment of the Shoreline fault zone 
source.  This alternative, which interprets no distinct North segment of the Shoreline fault zone, 
attributes all of the seismicity on the Northern seismicity sublineament to be related to a steeply 
east-dipping Hosgri fault zone.  As described above and in Section 4.2, the seismicity seen in 
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cross section appears to better correlate to the trend of the Northern seismicity sublineament than 
to the Hosgri trend.  The fourth branch of node 4 has a weight of 0.1; the low weight assigned to 
this branch is based on consideration of both seismicity and geologic data that suggest a fault 
may extend further to the north. The total length of the Shoreline fault zone source on this branch 
is 15 km, or the combined length of the South and Central fault segments (Figure 5-2, Node 4'). 
 
Node 5 
Node 5 defines the dip of the Shoreline fault zone source (Figure 5-2).  This node has a single 
branch value of 90°, which has a weight of 1.0.  This value is supported by the vertical alignment 
of seismicity (within the 0.5 km epicentral location uncertainty) for the entire length of the 
Shoreline seismicity lineament (see Section 4.2). 
 
Node 6 
Node 6 includes two branches for alternative lines of evidence used to evaluate the maximum 
seismogenic depth of the Shoreline fault zone source (Figure 5-3).  The top of seismogenic crust 
is assumed to be at zero depth in all instances.  Because the fault is vertical, the maximum 
seismogenic depth is equivalent to the maximum source rupture width.  The first branch suggests 
that estimates of maximum seismogenic depth (i.e., seismogenic thickness) based on regional 
data (Section 4.2) being used to characterize other nearby faults (i.e., the Hosgri, Los Osos, and 
San Luis Bay seismic sources [Section 5.2]) should be used to constrain the seismogenic depth of 
the Shoreline fault zone source.  This branch has a weight of 0.7 based on the more robust data 
set used to inform the values in node 7.  The second branch assumes that the seismicity along the 
Shoreline fault zone (Section 4.2) provides a better representation of maximum depth of rupture, 
which may vary among the North, Central, and South segments of the Shoreline fault zone 
(Section 4.2).  This branch, which is based on a limited seismicity data set and the assumption 
that the short period of time over which the seismicity lineament has manifested itself (21 years) 
accurately represents the full extent of the seismogenic area for all three fault segments, is thus 
judged less reliable and given a lower weight (0.3).   
 
Node 7 
Node 7 follows the first branch of node 6 and defines the distribution for estimated regional 
seismogenic thickness (Figure 5-3).  As described in Section 3.2, the regional distribution of 
seismicity defines a preferred seismogenic thickness of the crust of about 12 km, with a range of 
probable values between 10 and 15 km.  Branch values are assigned to this node of 10, 12, and 
15 km, which are weighted 0.2, 0.6, and 0.2, respectively.     
 
Node 8 
Node 8 follows the second branch of node 6 and defines the maximum depth of the Northern 
Shoreline seismicity sublineament (Figure 5-3).  Based on the evaluation of seismicity described 
in Section 4.2, the node has branch values of 12 and 15 km, which are weighted 0.8 and 0.2, 
respectively.  The weights assigned to these two branches are consistent with the weights 
assigned to the regional seismogenic thickness values (i.e., the highest weight is assigned to the 
preferred 12 km maximum depth and a lower weight is given to the maximum hypocentral 
depths.  
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Node 9 
Node 9 follows the second branch of node 6 and defines the maximum depth of the Central 
seismicity sublineament (Figure 5-3).  Based on the evaluation of seismicity described in Section 
4.2, the node has branch values of 8 and 10 km, which are weighted 0.4 and 0.6, respectively.  
These weights reflect a slight preference for the 10 km maximum depth because it is more 
consistent with the regional seismogenic thickness.  
 
Node 10 
Node 10 follows the second branch of node 6 and defines the maximum depth of the Southern 
seismicity sublineament (Figure 5-3).  Based on the evaluation of seismicity described in Section 
4.2, the node has branch values of 8 and 10 km, which are weighted equally at 0.5.  The slightly 
shallower weighted mean depth for the Southern seismicity sublineament compared to the 
Central seismicity sublineament is consistent with the observation that hypocentral depths of 
earthquakes on the Southern seismicity sublineament are shallower than depths observed on the 
other two sublineaments (see Section 4.2). 
 
Node 11 
Node 11 defines the style of faulting (slip sense) of the Shoreline fault zone source (Figure 5-3).  
The fault dip and focal mechanisms in the current tectonic regime all suggest right-lateral strike-
slip motion (Section 4.2), and this slip sense is given a weight of 1.0. 
 
Node 12 
Node 12 considers whether the Shoreline fault zone source and San Luis Bay fault source are 
kinematically linked or whether they are separate, independent faults (Figure 5-3).  The “yes” 
branch represents a Shoreline fault zone and intersecting San Luis Bay fault zone to the east that 
are linked in the sense that the East segment of the San Luis Bay fault may rupture with the 
Shoreline fault (Central segment or North and Central segment) during a single earthquake.  This 
structural model considers the Shoreline fault zone to be part of a longer system of strike-slip and 
oblique-slip faults within the Southwestern Boundary fault zone.  The North and Central 
segments of the Shoreline fault, together with the intersecting San Luis Bay fault to the east, 
would form part of a left restraining bend in the fault system.  The size of the step-over to other 
faults in the system such as the Oceano, Los Berros, or Wilmar Avenue faults, which is on the 
order of a few kilometers, suggests that ruptures on the combined Shoreline fault and San Luis 
Bay fault to the east would not continue onto other structures.  This description of the 
Southwestern Boundary zone as a strike-slip fault system that accommodates regional 
transpression differs from the LTSP categorization of the Southwestern Boundary fault zone as a 
block boundary mostly accommodating reverse faulting and shortening (PG&E, 1988; Lettis et 
al., 1994).  The “yes” (linked) branch is given a weight of 0.3, and the continuation of this 
branch of the logic tree is described by nodes 17–30 (Figures 5-5 and 5-6).   
 
The “no” branch in node 12 represents a Shoreline fault zone that is separate and distinct from 
the San Luis Bay fault, wherein the two faults move independently and accommodate distinctly 
different directions of slip.  This characterization is consistent with a regional kinematic model 
more similar to the LTSP, in which the San Luis Bay fault is part of the reverse or oblique 
Southwestern Boundary fault zone that forms the block boundary between the uplifted San Luis–
Pismo block and the adjacent Santa Maria Valley block to the southwest (Section 3.1).  The 
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Shoreline fault zone in this kinematic description is fundamentally separate from the 
Southwestern Boundary fault zone, and instead accommodates a minor amount of right-lateral 
strike-slip displacement within the San Luis–Pismo block.  The “no” branch is given a weight of 
0.7, and the continuation of this branch of the logic tree is described by nodes 13 to 16 (Figure 
5-4).  The higher weight for the “no” branch is based on two primary lines of reasoning: (1) the 
direct evidence from the San Luis Bay fault documented to date indicates reverse movement on a 
north-dipping fault (PG&E, 1988), whereas the “linked” model predicts a significant strike-slip 
component and, at least locally, a subvertical dip; and (2) several lines of evidence support the 
change in uplift rate documented across the San Luis Bay fault zone onshore to continue offshore 
to the west-northwest and across the Shoreline fault zone, rather than along it (see Sections 4.3 
and 4.4; Appendix I).   
 
Node 13 
Node 13 defines the rupture mode for an independent Shoreline fault zone source (Figure 5-4).  
Specifically, two branches consider whether (1) the Shoreline fault zone source is segmented, 
with segmentation points that are strong barriers to rupture propagation, or (2) the fault source is 
unsegmented, with no physical barriers that are able to repeatedly arrest rupture.  The branches 
in this node reflect the epistemic uncertainty in the rupture behavior of the Shoreline fault zone.  
Section 4.3 discusses the basis for the segmentation points between the South, Central, and North 
segments of the Shoreline fault zone (i.e., points S2 and S3 on Figure 5-1).  The branch weights 
are 0.6 and 0.4 for the segmented and unsegmented rupture modes, respectively, reflecting the 
moderately strong basis for a segmented fault presented in Section 4.3.   
    
Node 14 
Node 14 defines the rupture lengths following the segmented rupture branch of node 13 (Figure 
5-4).  The four branches show the possible combinations of one-, two-, and three-segment 
ruptures involving the North (N), Central (C), and South (S) segments of the Shoreline fault zone 
source.  The combinations [and corresponding weights] are one-segment ruptures N, C, and S 
[0.15]; two-segment N+C rupture and one-segment S rupture [0.6]; one-segment N rupture and 
two-segment C+S rupture [0.1]; and three-segment N+C+S rupture [0.15].  The distribution of 
weights reflects the relatively strong evidence for a segmentation point between the Central and 
South segments (at the intersection of the Shoreline fault zone with the Rattlesnake fault of the 
San Luis Bay fault zone; Section 4.3), and the relatively weak evidence for a segmentation point 
between the Central and North segments (Section 4.3).  These rupture lengths are fixed to the 
defined fault source segments, implying that the segmentation points are unbreakable. 
 
The branch values and weights of node 14 are modified for that part of the logic tree where the 
North segment of the Shoreline fault zone does not exist (specifically, the branch of node 4 that 
defines the northern end of the Shoreline fault zone source at the northern end of the Central 
segment; Figure 5-2).  In this case, the upper two and lower two branches of node 14 combine so 
there are only two branches [with combined weights]: one-segment ruptures C and S [0.7] and 
two-segment ruptures C+S [0.3].   
 
Node 15 
Node 15 defines possible rupture lengths for the unsegmented rupture branch of node 13 (Figure 
5-4).  In this case, defined rupture lengths are assumed to “float” anywhere along the fault 
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length.  The distinct fault segments and segmentation points defined in Section 4.3 are thus 
geometric constructs, but do not affect seismogenic fault rupture.  Rupture lengths considered in 
the unsegmented rupture model are based on an assumed rupture aspect ratio, defined as the ratio 
of rupture length L to rupture width W, or L:W.  The three branch values [and weights] are 1:1 
[0.3], 1.5:1 [0.4], and 2:1 [0.3].  Empirical data from historical continental earthquakes (e.g., 
Wells and Coppersmith, 1994; Leonard, 2010) provide a basis for weighing the three branch 
values. 
 
Figure 5-7 is modified from Leonard (2010) and shows a log-log plot of rupture length versus 
width for a subset of instrumental strike-slip earthquakes (data compiled mainly from Wells and 
Coppersmith, 1994).  The shaded gray region of the plot reflects the approximate rupture length 
and width of the Shoreline fault zone, and the three solid, diagonal lines provide the fits to 
constant aspect ratios of 1:1, 1.5:1, and 2:1.  The data show considerable scatter and broadly 
support the three constant aspect ratios as valid rupture dimensions in the shaded region.  Aspect 
ratios of less than 1:1 are not considered as branch values, following the widely held view that 
small ruptures are generally circular and larger ruptures generally are associated with larger 
aspect ratios and more rectangular shapes (Leonard, 2010).  The preferred relationship of 
Leonard (2010) to fit the broader data set (shown by the thin solid and bordering dashed lines) is 
a power-law relationship between W and L, whereby W is proportional to L2/3 for the range 5 km 
< L < 50 km.   
 
For purposes of defining rupture dimensions on an unsegmented Shoreline fault zone source 
(which has a length not greater than 23 km), the three constant aspect ratios of 1:1, 1.5:1, and 2:1 
and the rupture widths defined by nodes 5 to 10 sufficiently capture the range of probable values.  
Because the rupture length cannot exceed the fault source length, an important constraint on this 
node is that given a defined rupture width, the calculated rupture length is truncated to be no 
greater than the fault source length (i.e., maximum of 23 km).  For example, fault length would 
be truncated to 23 km for rupture widths of 12 or 15 km and an aspect ratio of 2:1.   
 
Node 16 
Node 16 defines the slip rate of the Shoreline fault zone source (Figure 5-4).  The uncertainty in 
fault slip rate and lines of reasoning supporting the range in slip rate values are presented in 
Section 4.4.3.  Four lines of reasoning are used to provide constraints on the minimum, 
maximum, and preferred values for slip rate, including (1) comparison to the Hosgri-San Simeon 
fault zone, (2) seismicity rate, (3) observed vertical separation, and (4) observed lateral 
separation.  These analyses provide estimates of slip rate ranging from 0.05 to 1 mm/yr, with a 
preferred range between 0.1 and 0.6 mm/yr.  The five slip rate branches [and corresponding 
weights] are 1.0 [0.05]; 0.6 [0.15]; 0.3 [0.35]; 0.1 [0.35]; and 0.05 mm/yr [0.1].  Seventy percent 
of the weight is given to slip rates of 0.1 and 0.3 mm/yr, values most consistent with the 
available constraints (Section 4.4).   
 
Node 17 
Nodes 17–30 characterize the linked Shoreline and San Luis Bay seismic sources that follow the 
“yes” branch of the logic tree under node 12 (Figure 5-3).  Node 17 defines the location and total 
length of the San Luis Bay fault east of its intersection with the Shoreline fault (the “East 
segment”; Figure 5-5).  These points, labeled L2 to L6 on Figure 5-1, extend from the 
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intersection with the Shoreline fault on the west (point L2, which is equivalent to point S2), 
eastward to Mallagh Landing and the probable eastern end of the San Luis Bay fault (Section 
3.1).  A weight of 1.0 is assigned to this location, and the points define an approximately 8 km 
long East segment of the San Luis Bay fault source. Intermediate points labeled L3, L4, and L5, 
which are considered in defining ruptures scenarios, are described in the discussion of node 25.  
 
Node 18 
Node 18 defines the average dip of the East segment of the San Luis Bay fault source in the 
linked model (Figure 5-5).  Because the linked model includes the characterization that the 
Central segment of the Shoreline fault and the East segment of the San Luis Bay fault smoothly 
intersect and may rupture together, the dip of the East segment at the branch line must be very 
steeply dipping to subvertical, with the possibility of a slightly more inclined fault plane east of 
the fault intersection.  On this basis, the 70° north dip of the San Luis Bay fault source 
considered in the independent San Luis Bay fault source logic tree (Section 5.2) is not considered 
here, as it does not allow for the required intersection geometry with the Central segment of the 
Shoreline fault zone source.  This node has branch values [and weights] of 80° north [0.3] and 
85° north [0.7].  The steeper geometry is preferred, as this dip is structurally more compatible 
with this rupture mode.  
 
Node 19 
Node 19 considers two alternatives for the western end of the San Luis Bay fault source in the 
linked model (Figure 5-5).  In the linked model, the Shoreline fault zone is a barrier to rupture 
and a kinematic boundary such that the San Luis Bay fault east of the Shoreline fault zone (the 
East segment) has no physical connection with structures west of the Shoreline fault zone.  The 
first branch describes an 8 km long West segment of the San Luis Bay fault source west of the 
Shoreline fault zone between points L1 and L2.  This branch has a higher weight of 0.6, 
reflecting the preferred location of the uplift rate boundary identified from analysis of submerged 
marine terraces (Appendix I) that follows a strong magnetic and geologic trend (Section 4.5).  
The second branch to node 19 assumes that the West segment of the San Luis Bay fault does not 
exist under the linked model.  In this case, either the Central and North segments of the Shoreline 
fault zone form the uplift rate boundary, or the uplift rate boundary is a poorly defined diffuse 
zone somewhere between the Shoreline and Hosgri fault zones that does not constitute a seismic 
source.  This branch has a weight of 0.4. 
 
Node 20 
Node 20 defines the average dip of the West segment of the San Luis Bay fault source in the 
linked model following the upper branch of node 19 (Figure 5-5).  Alternative branch weights 
are 70°, 80°, and 85° north, with a symmetric [0.3], [0.4], [0.3] weighted distribution, 
respectively.  The dip values are determined to be at least 70° north because gentler dips would 
intersect the Shoreline fault zone at depths above the typical approximately 6–7 km deep 
nucleation depth for magnitude 5 or greater earthquakes (e.g., Sibson, 1984).  The bottom and 
edges of the West segment source are truncated by both the east-dipping Hosgri fault source and 
the vertical Shoreline fault zone source where they intersect within the seismogenic crust.  
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Node 21 
Node 21 defines the sense of slip for the West segment of the San Luis Bay fault source in the 
linked model following the upper branch of node 19 (Figure 5-5).  Alternative branches are 
oblique-reverse slip with a weight of 0.35 and reverse slip with a weight of 0.65.  The higher 
weight assigned to reverse slip, despite the overall linked and strike-slip-dominated kinematic 
model, is consistent with the concept that the West segment is a separate structure from the 
linked Shoreline-East segment of the San Luis Bay fault source and it primarily accommodates 
the change in uplift rate in the offshore (Appendix I). 
 
Node 22 
Node 22 defines the sense of slip for the East segment of the San Luis Bay fault in the linked 
model (Figure 5-5).  The slip sense must accommodate both the change in uplift rate across the 
East segment and the strike-slip motion being transferred to it from the Shoreline fault zone.  
Alternative branches are strike slip, oblique-reverse slip, and reverse slip with horizontal-to-
vertical ratios (h:v) of 2:1, 1:1, and 1:2, respectively.  The highest weight of 0.45 is given to the 
oblique-reverse slip sense, followed by the reverse slip sense [0.4].  The remaining low [0.15] 
weight for the strike-slip branch reflects the evaluation that the East segment of the San Luis Bay 
fault would likely accommodate more oblique-reverse motion given its orientation relative to the 
strike-slip Shoreline fault zone (Figure 5-1).    
    
Node 23 
Node 23 defines the maximum depth to the bottom of rupture for the West and East segments of 
the San Luis Bay fault (Figure 5-5).  The branch values and weights are identical to node 7 and 
are 10, 12, and 15 km with weights of 0.2, 0.6, and 0.2, respectively. The bottom and lateral 
margins of these sources are truncated by the south-dipping Los Osos fault zone, vertical 
Shoreline fault zone, and vertical to-east-dipping Hosgri fault zone where they intersect within 
the seismogenic crust (Figure 5-1).  
  
Node 24 
Node 24 defines the rupture mode for a linked Shoreline–East Segment San Luis Bay fault 
source (Figure 5-6).  Similar to node 13 for the independent Shoreline fault zone source, two 
branches for node 24 consider (1) whether Shoreline–San Luis Bay fault ruptures are defined by 
discrete segments, with segmentation points that are strong barriers to rupture propagation, or (2) 
whether fault ruptures occur on an unsegmented fault source, with no physical barriers to limit 
rupture.  Both rupture model branches consider the West segment of the San Luis Bay fault (in 
cases when it exists) to be a separate fault source that does not rupture with the Shoreline fault 
zone or the East segment of the San Luis Bay fault.  The branch weights are 0.6 and 0.4 for the 
segmented and unsegmented rupture modes, respectively, reflecting the moderately strong basis 
for a segmented fault presented in Sections 4.3 and 4.5.    
 
Node 25 
Node 25 defines the rupture lengths following the segmented rupture branch of node 24 (Figure 
5-6).  The six branches outline possible combinations of one-, two-, and three-segment ruptures 
involving the North (N), Central (C), and South (S) segments of the Shoreline fault zone and the 
East (E) segment of the San Luis Bay fault.  The combinations [and corresponding weights] are 
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one-segment ruptures N, C, S, and E [0.15]; two-segment N+C rupture and one-segment S and E 
ruptures [0.1]; one-segment N and E ruptures and two-segment C+S rupture [0.05]; one-segment 
N and S ruptures and two-segment C+E rupture [0.3]; three-segment N+C+S rupture and one-
segment E rupture [0.05]; and three-segment N+C+E rupture and one-segment S rupture [0.35].  
Segmented ruptures where the S and E segments rupture together are not considered.  
 
The distribution of weights reflects a strong preference for combined rupture of the Central 
segment of the Shoreline fault zone and the East segment of the San Luis Bay fault given the 
linked kinematic model branch of node 12.  An additional source of epistemic uncertainty not 
defined in a separate node is whether rupture on the Central (or Central + North) segment of the 
Shoreline fault zone would rupture the entire 8 km long East segment of the San Luis Bay fault, 
or whether rupture nucleating on the Shoreline fault zone would rupture only part way into the 
San Luis Bay fault restraining bend (Figure 5-1).  To address this, earthquakes involving the 
C+E or N+C+E rupture segments are considered to have an eastern rupture limit at either point 
L3, L5, or L6 with equal weight (see note 4 on Figure 5-6).  As in node 14, the rupture lengths in 
node 25 are considered to be fixed to the defined fault source segments, implying that the 
segmentation points are unbreakable. 
 
The branch values and weights of node 25 are modified for that part of the logic tree where the 
North segment of the Shoreline fault zone does not exist (specifically, the branch of node 4 that 
defines the northern end of the Shoreline fault zone to be at the northern end of the Central 
segment; Figure 5-2).  In this case, the branches of node 25 combine so there are only three 
branches [with combined weights]:  one-segment ruptures C, S, and E [0.25], and two-segment 
ruptures C+S, E [0.1] and C+E, S [0.65].   
 
Node 26 
Node 26 defines possible rupture lengths for the unsegmented rupture branch of node 24 (Figure 
5-6).  Similar to node 15, defined rupture lengths are assumed to “float” anywhere along the fault 
length, although node 26 has the additional restriction that the floating rupture cannot involve 
both the South segment of the Shoreline fault zone and the East segment of the San Luis Bay 
fault (Figure 5-1).  The distinct fault segments and segmentation points defined in Section 4.3 are 
thus geometric constructs but do not affect seismogenic fault rupture.  Rupture lengths 
considered in the unsegmented rupture model are based on an assumed rupture aspect ratio, 
defined as the ratio of rupture length L to rupture width W, or L:W.  As in node 15, the three 
branch values [and weights] are 1:1 [0.3], 1.5:1 [0.4], and 2:1 [0.3].  Because the rupture length 
cannot exceed the fault source length, an important constraint on this node is that given a defined 
rupture width, the calculated rupture length is truncated to be no greater than the fault source 
length (i.e, maximum of 23 or 24 km), as would be the case for rupture widths of 12 or 15 km 
and an aspect ratio of 2:1.   
 
Node 27 
Node 27 defines the slip rate of the Central and North segments of the Shoreline fault zone 
source (Figure 5-6).  The uncertainty in fault slip rate and lines of reasoning supporting the range 
in slip rate values are presented in Section 4.4.3.  Because the uplift rate across the San Luis Bay 
fault cannot be directly tied to the Shoreline fault zone even in the linked model, the slip rate 
branch values and weights in the linked model are identical to those developed for the 
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independent Shoreline fault zone source model in node 16 (Figure 5-4).  The five slip rate 
branches [and corresponding weights] are 1.0 mm/yr [0.05], 0.6 mm/yr [0.15], 0.3 mm/yr [0.35], 
0.1 mm/yr [0.35], and 0.05 mm/yr [0.1].  Because displacement on the Central and North 
segments is transferred to both the South segment of the Shoreline fault and the East segment of 
the San Luis Bay fault, the South segment of the Shoreline fault is assessed in node 29 based on 
a calculation described in the discussion of node 29.  
 
Node 28 
Node 28 defines the slip rate of the East segment of the San Luis Bay fault source for the linked 
model (Figure 5-6).  The two branch values list alternative uplift rates for the San Luis Bay fault 
zone based on the LTSP analysis of the approximately 80,000-year-old and approximately 
120,000-year-old marine terraces and longitudinal profiles of the marine terrace shoreline angles 
across the San Luis Bay fault (PG&E, 1990; Hanson et al., 1994).  The net fault slip rates are 
calculated based on the fault dip (node 18) and slip sense (node 22) (Figure 5-5).  The branch 
values for vertical uplift rate [and weights] are 0.14 mm/yr [0.8] and 0.08 mm/yr [0.2].  The 
greater (and more highly weighted) 0.14 mm/yr uplift rate is the difference between the uplift 
rate north of Olson Hill (0.2 mm/yr) and the uplift rate south of the Rattlesnake fault (0.06 
mm/yr).  The higher rate agrees with revised elevations and correlations of emergent marine 
terraces described in Appendix I, which suggest that this boundary is localized across the San 
Luis Bay fault zone north of Point San Luis.  The lesser 0.08 mm/yr uplift rate is the difference 
in uplift rate across the Rattlesnake fault only.  This lower-weighted value would be a valid 
estimate of the uplift rate for the San Luis Bay seismic source if the remaining differential uplift 
rate across the Olson Hill deformation zone were attributed to folding caused by another process 
(e.g., folding across an active axial surface tied to a deep bend in the Los Osos fault).   
 
Node 29 
Node 29 defines the slip rate of the South segment of the Shoreline fault zone source for the 
linked model (Figure 5-6).  The alternative slip rates for this node are calculated values based on 
the slip rate for the Central and North segments of the Shoreline fault zone (node 27) and the slip 
rate for the East segment of the San Luis Bay fault zone (node 28).  The South segment slip rate 
is calculated to be the node 27 slip rate minus the node 28 slip rate, with a minimum slip rate of 
0.05 mm/yr. 
 
Node 30 
Node 30 defines the slip rate of the West segment of the San Luis Bay fault source for the linked 
model (Figure 5-6).  The two branch values and weights are identical to those in node 28.  The 
difference in net slip rate for the West segment source is based on the different dip and sense of 
slip values and weights in nodes 20 and 21 (Figure 5-5).  The branch values for vertical uplift 
rate [and weights] are 0.14 mm/yr [0.8] and 0.08 mm/yr [0.2].  Because they are treated as 
separate structures, the slip rate of the West segment of the San Luis Bay fault source is 
independent of the slip rate of the East segment source in the linked model.   
 
5.2 Logic Trees for Other Fault Sources 
This section briefly summarizes the logic trees for other fault sources used to calculate ground 
motions at DCPP described in the LTSP Final Report and Addendum (PG&E, 1988, 1991a).  
These other fault sources are the Hosgri, Los Osos, and San Luis Bay fault zones (the last as an 
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independent fault source compatible with the independent Shoreline fault zone source branch).  
The locations of these sources relative to the Shoreline fault zone source and DCPP are shown on 
Figures 5-1 and 5-8.  Table 5-1 lists the coordinates for these fault sources.  Figures 5-9 to 5-11 
show the logic trees that characterize the source geometry, slip sense, and slip rate.    
 
Modifications to the LTSP Final Report characterizations are based on current understanding of 
the regional seismotectonic setting (Section 3) and current assessments of specific fault source 
parameters.  Modifications to the LTSP Final Report source characterization are being evaluated 
as part of the LTSP Update activities and are ongoing.   
 
5.2.1 Hosgri Fault Zone Logic Tree 
Figure 5-9 is the logic tree for the Hosgri fault zone source geometry, slip sense, and slip rate.  
Source parameters shown on Figure 5-9 are unchanged from the LTSP Final Report (PG&E, 
1988) with the following exceptions: 
 
Depth to Bottom of Rupture 
The LTSP defined the maximum depth to the bottom of a fault rupture as 12 ± 3 km for all fault 
sources unless they were truncated by an intersecting fault (PG&E, 1988).  A review of the 
regional earthquake catalog with well-located earthquakes since establishment of the PG&E–
USGS network suggests a preferred value of 12 km, with alternative upper and lower values of 
10 and 15 km (Section 3.2).  Therefore, the branch values [and weights] for the depth to bottom 
of rupture for the Hosgri seismic source (node 2), as well as the Los Osos and San Luis Bay 
sources, are revised from the LTSP to be 10 km [0.2], 12 km [0.6], and 15 km [0.2]. 
 
Sense of Slip 
The sense of slip for the Hosgri fault zone source is modeled as strike slip with a weight of 1.0 in 
this report (node 5).  In the LTSP Final Report (PG&E, 1988), partial weight was given to 
oblique slip [0.3] and reverse slip [0.05] for the Hosgri fault zone.  The oblique-slip and reverse-
slip branches have been dropped because of information published subsequent to the LTSP that 
confirms strike-slip movement for the Hosgri fault zone, including geologic data (Hanson et al., 
2004) and seismicity data (McLaren and Savage, 2001; Hardebeck, 2010) (Section 3). 
 
Dip 
Estimated values for the average dip of the Hosgri fault zone source (node 3) varied in the LTSP 
logic tree based on an assumed model for sense of slip.  In the Hosgri fault source logic tree for 
this report, three values of dip are considered: 90°, 85° east, and 80° east.  Evaluation of the 
Hardebeck (2010) earthquake catalog data (Section 4.2.4) plotted normal to the Hosgri fault zone 
(Figure 4-8) supports a vertical to steeply east-dipping zone, broadly constrained to lie within the 
range of these values. For this report, the branch values [and weights] are 90° [0.1], 85° east 
[0.4], and 80° east [0.5].   
 
5.2.2 Los Osos Fault Logic Tree 
Figure 5-10 is the logic tree for the Los Osos fault zone source geometry, slip sense, and slip 
rate.  Source parameters shown on Figure 5-10 are unchanged from the LTSP Final Report 
(PG&E, 1988), with the following exceptions: 
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Sense of Slip 
The LTSP Final Report (PG&E, 1988) heavily weighted reverse slip [0.9] over oblique slip [0.1] 
for the Los Osos fault zone.  In this report, a higher weight is given to oblique slip [0.7] over 
reverse slip [0.3].  The currently preferred weighting is based on a reassessment of the regional 
seismotectonic setting that favors distributed dextral transpression in the south-central coastal 
California region (Lettis et al., 2009).  In this tectonic model, strike-slip motion is transferred to 
the Hosgri fault zone and subparallel major strike-slip faults farther east (e.g., West Huasna and 
Rinconada faults) from the San Andreas fault across a broad left restraining bend or step-over 
(Section 3.1). 
 
Dip 
Estimated values for the average dip of the Los Osos fault zone vary between 30° and 75° 
southwest based on the assumed model for sense of slip in the LTSP Final Report (PG&E, 1988).  
The current logic tree defines the dip of the Los Osos fault zone source with branch values [and 
weights] of 75° [0.2], 60° [0.5] and 45° [0.3] southwest.  The shallowest (30°) fault dip used in 
the LTSP Final Report (PG&E, 1988) is not supported by more recent studies that suggest the 
Los Osos fault is a more steeply dipping oblique-slip fault (Section 3.1).   
 
Maximum Depth of Rupture 
The LTSP Final Report (PG&E, 1988) considered the maximum depth of rupture for the Los 
Osos fault to be limited by the intersection depth of the Los Osos fault zone with the Hosgri fault 
zone.  The intersection depth was dependent on the dip of both the Hosgri and Los Osos fault 
zones, and it was assumed that the Los Osos fault zone is truncated by the longer Hosgri fault 
zone.  This geometric constraint warranted minor adjustments to the preferred values and 
weights for maximum depth of rupture assigned to the Hosgri fault zone.  For simplicity in this 
report, however, the same maximum depth of faulting values and weights are adopted as were 
used for the Hosgri fault zone (Figure 5-9). 
 
5.2.3 San Luis Bay Fault Logic Tree 
From the onshore-offshore geologic mapping (Appendix B) and analysis of the Shoreline fault 
zone (Section 4), two rupture scenarios are considered for the San Luis Bay fault source.  One 
rupture scenario treats the San Luis Bay fault zone as an independent source of earthquakes.  The 
other rupture scenario considers the San Luis Bay fault zone to be kinematically linked to 
ruptures on the Shoreline fault zone, as discussed in Section 4.5.  These alternatives are 
considered for the Shoreline fault logic tree on Figure 5-3, node 12.  Figure 5-11 is the logic tree 
for the independent San Luis Bay fault source geometry, slip sense, and slip rate.  When the 
Shoreline fault zone and East segment of the San Luis Bay fault zone are linked as part of a left-
restraining bend in a longer system of right-lateral strike-slip and oblique-slip faults, Figure 5-11 
is not needed; the appropriate characterization of the San Luis Bay fault source is provided on 
Figures 5-5 and 5-6.  Source parameters shown on Figure 5-11 are unchanged from the LTSP 
Final Report (PG&E, 1988) with the following exceptions: 
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Total Fault Length 
The San Luis Bay fault source had a maximum length of 19 km in the LTSP Final Report 
(PG&E, 1988).  The maximum length was based on its western end terminating at the Hosgri 
fault source and the eastern end terminating near the Wilmar Avenue fault.  This was not a 
preferred value in the LTSP logic tree, based on the lack of evidence supporting the westward 
extent at that time.  In the independent San Luis Bay fault source model, the San Luis Bay fault 
source extends from point L1 at the Hosgri fault zone eastward to an assumed intersection with 
the San Miguelito fault zone near Mallagh Landing at point L6, for a total fault length of 16 km 
(node 1, Figure 5-11).  In this scenario, the fault source crosses the Shoreline fault zone.  The 
western part of the fault follows a distinct magnetic trend and possible south-side-down warp in 
the top of basement from the Shoreline fault zone to the Hosgri fault zone (Section 4.5 and 
Appendix B).  This trend is consistent with the preferred interpretation of submerged marine 
terrace data, which suggests a permissible uplift rate boundary from the intersection of the 
Rattlesnake fault at the coast and continuing west toward the Hosgri fault zone (Sections 4.4 and 
4.5 and Appendix I).  The absence of a discrete lineament or mapped fault in the MBES 
bathymetry data suggests this structure is probably blind (Section 4.5) (Plate 1).   
 
Maximum Depth of Rupture 
Similar to the Los Osos fault zone source, the LTSP Final Report (PG&E, 1988) considered the 
maximum depth of rupture for the San Luis Bay fault source to be limited to the intersection 
depth of the San Luis Bay fault source with adjacent faults.  The north-dipping San Luis Bay 
fault zone is considered a secondary fault to the southwest-dipping Los Osos fault zone source 
and the vertical to east-dipping Hosgri fault zone source, and thus is modeled as being truncated 
by these two fault sources.  Given the distribution of dips for the Los Osos and Hosgri fault 
sources in the LTSP Final Report, there was a 0.4 probability that the San Luis Bay fault source 
was truncated at depths less than 7 km, and therefore not considered seismogenic.  In this report, 
the steeper geometries for the Hosgri and Los Osos fault sources (Figures 5-9 and 5-10) result in 
greater potential depths for the San Luis Bay fault source.  For simplicity, the same maximum 
depth of faulting values [and weights] are adopted as were used for the Hosgri and Los Osos 
fault sources (node 2, Figure 5-11).  
 
Dip 
The LTSP considered alternative dips for the San Luis Bay fault source of 70° north and 40° 
north with weights of 0.8 and 0.2, respectively (PG&E, 1988).  Based on the current 
characterization of the San Luis Bay fault and its likely interaction with the Los Osos fault at 
depth beneath the Irish Hills, the slightly steeper branch values [and weights] of 50° north [0.2], 
70° north [0.4], and 80° north [0.4] (node 3, Figure 5-11) are used.   
  
Rupture Length 
The LTSP considered alternative rupture lengths of 6, 8, and 12 km for the San Luis Bay fault 
source (PG&E, 1988).  In this preliminary reassessment, two branch values are adopted: 8 km 
and 16 km for rupture length, weighted equally, consistent with rupture of separate West and 
East segments and rupture of the entire fault, respectively (node 4, Figure 5-11).  
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Sense of Slip 
The LTSP Final Report (PG&E, 1988) gave a weight of 1.0 to a reverse sense of slip for the San 
Luis Bay fault source.  In this report, equal weight is given to oblique and reverse mechanisms 
(node 5, Figure 5-11).  The currently preferred weighting is based on a reassessment of the 
regional seismotectonic setting that favors distributed dextral transpression in the south-central 
coastal California region (Section 3). 
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Table 5-1.  Coordinates for the Shoreline, San Luis Bay, Hosgri, 
and Los Osos Fault Sources 
Fault Segment Point (Long, Lat) (NAD 83) 

Shoreline South S1 (–120.742, 35.132) 
S2 (–120.799, 35.177) 

Shoreline Central S2 (–120.799, 35.177) 
S3 (–120.874, 35.213) 

Shoreline North (N40W 
fault alternative) 

S3 (–120.874, 35.213) 
S7 (–120.908, 35.242) 
S6 (–120.926, 35.264) 

Shoreline North (S4 end 
point alternative) 

S3 (–120.874, 35.213) 
S5 (–120.906, 35.235) 
S4 (–120.937, 35.256) 

Shoreline North (S5 end 
point alternative 

S3 (–120.874, 35.213) 
S5 (–120.906, 35.235) 

Shoreline North (S3 end 
point alternative) S3 (–120.874, 35.213) 

San Luis Bay East 

L2 (–120.799, 35.177) 
L3 (–120.769, 35.181) 
L4 (–120.751, 35.179) 
L5 (–120.739, 35.180) 
L6 (–120.714, 35.173) 

San Luis Bay West L1 (–120.889, 35.195) 
L2 (–120.799, 35.177) 

Hosgri 

H1 (–120.640, 34.670) 
H2 (–120.816, 35.044) 
H3 (–121.018, 35.386) 
H4 (–121.058, 35.440) 
H5 (–121.096, 35.496) 
H6 (–121.138, 35.553) 
H7 (–121.184, 35.618) 
H8 (–121.234, 35.618) 
H9 (–121.265, 35.694) 
H10 (–121.329, 35.739) 
H11 (–121.373, 35.772) 
H12 (–121.428, 35.822) 
H13 (–121.483, 35.865) 
H14 (–121.515, 35.913) 
H15 (–121.599, 35.977) 
H16 (–121.691, 36.041) 
H17 (–121.802, 36.122) 
H18 (–121.827, 36.122) 

Los Osos 

O1 (–120.459, 35.127) 
O2 (–120.523, 35.167) 
O3 (–120.672, 35.222) 
O4 (–120.709, 35.272) 
O5 (–120.791, 35.305) 
O6 (–120.900, 35.299) 
O7 (–120.995, 35.362) 
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Notes from figure captions in Leonard (2010), Figures 1 and 2:
The length versus width data for strike-slip interplate earthquakes.  As these faults 
become width-limited there is a narrow (5-50 km) range of the data that allows a 
large number of equally valid relations to fit the data.  In the 50-km range a slope 
of 2:3 is assumed from the findings of the dip-slip data.  The three gray dashed 
lines are from 0.5 km to 4 km with a slope of 1, from 4 km to 45 km length with a 
slope of 2:3, and a constant width of 17 km at lengths above 45 km.   The gray 
dotted lines are the ±1σ uncertainties.  The catalogs are W&C for Wells and 
Coppersmith (1994), S&S for Shaw and Scholz (2001) in Manighetti et al. (2007), 
and Somerville is Somerville et al. (1999).  
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6.0 SEISMIC HAZARD ANALYSIS 
6.1 Introduction 
Following the methodology of the DCPP Long Term Seismic Program, the seismic hazard is 
evaluated using both deterministic seismic hazard analysis (DSHA) and probabilistic seismic 
hazard analysis (PSHA) approaches. 
 
It is important to keep in mind that the source characterizations in Section 5 and the analysis of 
logic trees to produce seismic hazard results in Section 6 involve using the elements of the 
source characterizations and logic trees in a mathematical model.  The elements of the model are 
simplified representations of more complex faults or fault zones identified in the DCPP vicinity 
based on geological, geophysical, and seismological measurements and observations.  In Section 
5 and continuing in this section, the terminology that is used distinguishes the modeled elements 
as "fault sources" and the real-Earth features as "fault zones".  For example, the Shoreline fault 
source is the model representation for the Shoreline fault zone, and the San Luis Bay East 
segment source is the model for the San Luis Bay East fault segment.  The mathematical models 
are simplifications of the real world. 
 
The source characterization described in Section 5 provides descriptions of the alternative 
geometries, senses of slip, and slip rates of the main fault sources in the DCPP region.  
Additional source characterization parameters are required for the DHSA and PSHA: the mean 
characteristic magnitude and the magnitude probability density function.  These additional 
parameters are described in Sections 6.3 and 6.4.   
 
The logic trees in Section 5 include several correlations between the four main fault sources: 
Shoreline, San Luis Bay, Los Osos, and Hosgri.  As a result of these correlations, the full logic 
tree becomes very large and a simplification is needed for application to the DSHA and PSHA.  
The simplifications made to the logic trees are described in Section 6.2 
 
The DCPP site conditions are described in Section 6.5 and ground motion models are described 
in Section 6.6.  The results of the DSHA and PSHA are described in Sections 6.7 and 6.8, 
respectively.  
 
6.2 Simplified Logic Trees 
As described in the Section 5, the logic trees for the Shoreline and San Luis Bay fault sources are 
correlated through the “linked” branch (branch 12 on Figure 5-3).  There are additional 
correlations between the other fault sources.  The logic trees for the San Luis Bay and Los Osos 
fault sources are correlated because the San Luis Bay fault source is truncated at depth by the 
intersection with the Los Osos fault source (note 3 on Figure 5-5). The depth at which the Los 
Osos and San Luis Bay fault sources intersect depends on the depths and dips of the two fault 
sources.  The logic trees for the Shoreline and San Luis Bay fault sources are also correlated to 
the logic tree for the Hosgri fault source because the San Luis Bay West segment source and 
Shoreline North segment source are truncated at depth by the intersection with the Hosgri fault 
source (note 3 on Figure 5-11 and note 2 on Figure 5-3).  These truncations depend on depth to 
the bottom of the fault source and the dips of the three fault sources. Using the logic trees as 
described in Section 5 leads to over 60,000,000 alternative for the rupture geometries and slip 
rates of the Shoreline fault source. To reduce the logic tree for the Shoreline fault source to a 
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manageable size, simplifications to the logic trees for the Los Osos, San Luis Bay, and Shoreline 
fault sources are made.  The simplifications are described below. 
 
6.2.1 Shoreline Fault Source 
In the Shoreline fault source logic tree, the northern end of the North segment is truncated by the 
Hosgri fault source (Note 2 on Figure 5-3).  This truncation is ignored and the Shoreline fault 
North segment source is allowed to cross the Hosgri fault source.  The amount of overlap is 
small and will have a negligible effect on the fault source area and hazard. 
 
For the linked case, the rupture from the Shoreline Central segment source onto the San Luis Bay 
East segment source has three alternative end points for the east end (Note 4, Figure 5-6). A 
single model in which the full length of the East segment source is used replaces these three 
alternatives.  
 
For the linked case, the slip rate of the South segment source is reduced by the slip rate of the 
San Luis Bay East segment source (Note 8, Figure 5-6). This adds additional correlation between 
the San Luis Bay and Shoreline logic trees.  As a simplification, a mean slip rate of 0.18 mm/yr 
for the San Luis Bay East segment source is removed from the South segment (linked branch 
only) with the constraint that the slip rate on the South segment is not less than 0.05 mm/yr. 
   
6.2.2. San Luis Bay Fault Source 
In the linked model for the Shoreline and San Luis Bay fault source logic tree (Figure 5-5), the 
western end of the San Luis Bay West segment source is truncated by the Hosgri fault source 
(Note 2 on Figure 5-5).  This truncation is ignored, and the San Luis Bay West segment source is 
modeled as crossing the Hosgri fault source.  The amount of overlap is small and will have a 
negligible effect on the fault source area and hazard. 
 
In the linked model, the San Luis Bay East segment source has two alternative dips (80 and 85 
degrees), is truncated by the Los Osos fault source, and has three alternative senses of slip.  For 
linked ruptures that include the San Luis Bay East and the Shoreline Central segment sources, 
three simplifications are made to the logic tree.  First, the dip of the San Luis Bay East segment 
source is modeled as 90 degrees (consistent with dip of the Shoreline fault source).  The 
difference in the down dip fault source width for a dip of 80 degrees as compared to a dip of 90 
degrees is less than 1.5 percent.  Second, the truncation of the San Luis Bay East segment source 
by the Los Osos fault source is ignored. The logic tree models the Shoreline Central segment 
source as crossing the Los Osos fault source, so this simplification leads to a consistent model 
for the linked ruptures.  Third, the sense of slip for the linked fault sources is modeled as strike-
slip.  The linked rupture has a mixture of strike slip on the Shoreline Central segment and 
reverse, reverse-oblique, or strike slip on the San Luis Bay East segment source.  The ground 
motion models require a single sense of slip for an individual earthquake.  Given that the 
Shoreline Central segment source is closest to the DCPP and has a weight of 1.0 for strike-slip 
faulting, the strike-slip sense of slip is applied to all linked ruptures, because the ground motions 
are most influenced by the closest portion of the rupture to the site. 
 
In the linked model, there are also separate ruptures of the San Luis Bay East segment source by 
itself. For these single-segment-source ruptures, the logic tree is simplified to use a single dip of 
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83 degrees in place of the two values of 80 and 85 degrees.  The truncation of the San Luis Bay 
East segment source by the Los Osos fault source is included, but the correlation with the dip of 
the Los Osos fault is not modeled.  As this segment source has a small contribution to the hazard, 
ignoring the correlation will not have a significant effect on the fractiles (epistemic uncertainty) 
of the hazard. 
 
6.2.3 Los Osos Fault Source 
The Los Osos logic tree includes alternative for the east end of the fault (branch 1 on Figure 5-
10). In the simplified model, the longer fault length (57 km) is used with a weight of 1.0.  This 
simplification leads to a slightly larger fault source, but because the rupture lengths are fixed in 
branch (Figure 5-10) at 19 km and 36 km, this simplification has no effect on the deterministic 
analysis and only a small increase in the hazard for the probabilistic analysis. 
 
6.2.4 Simplified Logic Tree for the Shoreline Fault Source 
With the simplifications noted above, the total number of alternative models for the rupture 
geometries and slip rates of the Shoreline fault source is reduced to about 500,000.  The 
simplified parts of the logic trees for the Shoreline fault source are shown on Figures 6-1 and 6-
2.   
The coordinates of the top edges of the fault segment sources are listed in Table 6-1a.  The 
geometry of the San Luis Bay West segment source is more complicated due to the truncation by 
the Shoreline fault source.  For simplicity, the west end of the intersection with the Shoreline 
fault was fixed at Shoreline fault coordinate S2 (Figure 5-1). The coordinates used for alternative 
models of the San Luis Bay West segment source are listed in Table 6-1b.  
 
The depth of intersections of the San Luis Bay Fault source with the Los Osos Fault source are 
listed in Table 6-2a for the not-linked branch and in Table 6-2b for the linked branch.   
 
 
6.3 Mean Characteristic Magnitude Models 
For fault sources, the mean characteristic magnitude is estimated using the Wells and 
Coppersmith (1994) (WC) and Hanks and Bakun (2008) (HB) models.  These models are listed 
in Table 6-3. 
 
For the Hosgri and Shoreline fault sources, which are strike-slip, the HB model and HC strike-
slip (SS) model are used with weights of 0.7 (HB) and 0.3 (WC).  The HB model is preferred 
because it does a better job of capturing the magnitude-area scaling for large strike-slip 
earthquakes in California (Hanks and Bakun, 2008).  For the Los Osos and San Luis Bay fault 
sources, which are reverse (RV) and reverse-oblique (RV/OBL), the Wells and Coppersmith “All 
Fault Type” (ALL) model is used with a weight of 1.0.  
 
The epistemic uncertainty in the mean magnitude is estimated from the standard error of the 
estimated coefficients given by Wells and Coppersmith (1994) and shown in Table 6-3. For 
strike-slip earthquakes, the standard error of 0.07 is used.  For the reverse and reverse-oblique 
earthquakes, the average of the standard errors of the ALL model and the RV model is used 
(0.09). These standard errors are estimates of the epistemic uncertainty of the constant term for a 
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single model.  Because two strike-slip models are used, the standard error of 0.07 for strike-slip 
earthquakes is reduced by 1/SQRT(2), leading to a standard error of the mean of 0.05. 
 
For the logic tree, a three-point distribution is used with values of –1.6 σ, 0 σ, and 1.6 σ with 
weights of 0.2, 0.6, and 0.2, respectively, where σ is the standard error of the mean.  For strike-
slip earthquakes, this corresponds to ±0.08 magnitude units.  For reverse and reverse-oblique 
earthquakes, this corresponds to ±0.15 magnitude units. 
 
6.4 Magnitude Probability Density Function 
The two main classes of magnitude probability density functions (pdfs) used in probabilistic 
seismic hazard analyses (PSHAs) are truncated exponential models and characteristic earthquake 
models. There are several different forms of the characteristic earthquake model, but the main 
feature is that the characteristic model has a higher pdf near the characteristic magnitude than the 
exponential model.  The truncated exponential model has long been known to work well for 
large regions, but for individual faults, the characteristic model is preferred in most PSHA 
applications.   
 
The primary reason usually given for using the characteristic model is that the truncated 
exponential model greatly overpredicts (by about a factor of 5) the rate of small earthquakes that 
occur along a fault if the maximum magnitude is determined following standard practice (e.g. 
based on the area of the fault) and the activity rate of a fault is typically estimated by balancing 
the accumulation and release of seismic moment (e.g. Geomatrix, 1993).  This conclusion 
depends on the horizontal width of the zone around the fault that is used to determine which 
earthquakes occur on the fault.  If wide zones (e.g. ±20 km) around the fault are included, then 
the fault zones become regions and the exponential distribution is applicable. 
 
The overprediction of small magnitude earthquakes by the exponential model can be avoided by 
increasing the maximum magnitude about 1.5 units above the mean magnitude computed from 
magnitude-area scaling relations.  To test the exponential model with the large maximum 
magnitude model, the observed distribution surface slip at a point from multiple earthquakes can 
be used.  Hecker et al. (2010) compiled a set of paleoseismic observations of slip at sites with 
more than one earthquake and found that the coefficient of variation (CV) is about 0.4.  
 
Using the Wells and Coppersmith (1994) model for average displacement with a uniform 
distribution of magnitudes (M 6–8) and including the effects of variability of slip along strike, 
the CV for the exponential model with large maximum magnitudes is about 1.0 which is much 
larger than the observed CV of 0.4, indicating that the exponential distribution can be rejected 
for use for individual faults.  Some form of characteristic model should be used for individual 
faults. 
 
In this report, the composite model (mixture of characteristic earthquakes with an exponential 
tail at smaller magnitudes) is used for the magnitude pdf for all fault sources.  The most 
commonly used composite model is the Youngs and Coppersmith (1985) model.  The form of 
the Youngs and Coppersmith model is shown on Figure 6-3.  The model corresponds to 
approximately 94 percent of the seismic moment being released in characteristic and 6 percent of 
the moment being released in the exponential tail.  Using this model, the CV for slip at a point is 
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about 0.6, which is still larger than the observed CV of 0.4, but is much closer than the 
exponential model.  Therefore, the composite model is adopted for individual faults. 
 
To address the epistemic uncertainty of the composite model, the fraction of the moment that is 
released in characteristic earthquakes was varied in a sensitivity study using 90, 94, and 97 
percent (Figure 6-3) with weights of 0.2, 0.6, and 0.2, respectively.  Changing this parameter 
mainly affects the rate of earthquakes in the exponential tail of the distribution. The results of the 
sensitivity study showed that including this epistemic uncertainty changed the mean hazard by 
about 1 percent and changed the 10th and 90th fractiles by about 3 percent.  The effect is small 
because the hazard at DCPP is dominated by the characteristic earthquakes.  Due to the small 
effect, the epistemic uncertainty in the magnitude pdf is ignored and the Youngs and 
Coppersmith (1985) model is used with a weight of 1.0. 
 
6.5 Site Condition 
The ground motion models described in Section 6.6 use the shear-wave velocity in the top 30 m 
as the site parameter.  This parameter, called VS30, was computed for the DCPP power block 
using a shear-wave profile measured at the power block location in 1978 (PG&E, 1988). The 
estimated VS30 for the rock under the power block foundation is 1,200 m/s (GEO.DCPP.10.01).   
 
The methods for measuring shear-wave velocity have improved significantly since 1978.  New 
measurements of the shear-wave velocity profile were made at the DCPP ISFSI site as part of the 
ISFSI site characterization (PG&E, 2004).  Because the ISFSI is located on the same geologic 
unit as the power block, the recent shear-wave velocity measurements for the DCPP ISFSI are 
used to compute the VS30 at the ISFSI location for comparing with the results based on the older 
shear-wave velocity measurements.   
 
The VS30 values are listed in Table 6-4.  For the measurements at the ISFSI site, the VS30 was 
measured without the top 10 m to be consistent with the embedment depth of the power block 
foundation.  The VS30 values for the ISFSI are very similar to the VS30 based on the 1978 data. 
The estimate of VS30=1200 m/s for the power block foundation remains applicable. 
 
6.6 Ground Motion Prediction Equations 
The Next Generation Attenuation (NGA) models represent the current state-of-practice for 
estimating ground motions from crustal earthquakes in active tectonic regions. The five NGA 
ground motion prediction equations (GMPEs) for the average horizontal component are used: 
Abrahamson and Silva, 2008 (AS08); Boore and Atkinson, 2008 (BA08); Campbell and 
Bozorgnia, 2008 (CB08); Chiou and Youngs, 2008(CY08); and Idriss, 2008 (I08). 
 
Four of the NGA GMPEs use VS30 for the site classification parameter.  The fifth model, that of 
Idriss (2008), does not use VS30 directly, but rather it is uses two VS30 ranges: 450–900 m/s and > 
900 m/s.  Three of the NGA models include an additional site parameter based on the depth to 
rock.  The AS08 and CY08 models use depth to VS=1.0 km/sec (Z1.0), and the CB08 model uses 
the depth to VS=2.5 km/sec (Z2.5). 
 
The five GMPE models were given equal weights for the analysis. Recent studies (EPRI, 2006; 
PG&E 2010c) have shown that there is no statistical basis for truncating the lognormal 
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distribution at less than three standard deviations, but that there must be some upper limit to the 
ground motion based on physical limits. Therefore, a truncation of the lognormal distribution at 4 
standard deviations is applied to all of the GMPEs.  
 
6.6.1 Epistemic Uncertainty 
In the past, it has been standard practice to address epistemic uncertainty in ground motion 
estimation by using a weighted set of applicable models under the assumption that the alternative 
models were developed somewhat independently, and thus capture the uncertainty in the 
estimation of ground motions; however, the NGA set of ground motion models were developed 
as part of a collaborative effort with many interactions and exchange of ideas among the 
developers.  Therefore, the need for additional epistemic uncertainty should be considered when 
applying the set of NGA models. Although the models are based on the same initial data set, the 
NGA models differ in the subset of data used and in their functional forms.  As a result, there is 
considerable variability in the ground motion estimates for conditions that are not well 
represented in the empirical data, such as on the hanging wall of dipping faults, as described in 
the following subsections. 
 
Variability Among PEER-NGA Models 
Youngs (2009) evaluated the differences in the median ground motions given by the NGA 
models for a range of source/site geometries in terms of the standard deviation of the medians for 
the four NGA models that use VS30 as a site parameter.  Youngs (2009) found that, for strike-slip 
earthquakes, the standard deviation is larger for M 5.5 than for M 6.5 and M 7.5, reflecting both 
the small number of small magnitude events in the NGA data set and the different modeling of 
the depth-to-top-of-rupture scaling in the NGA models.  Youngs (2009) also found that there 
tend to be larger standard deviations for reverse faults in the hanging wall region (Rx<20 km) for 
large-magnitude earthquakes, which reflects the much smaller amount of data in the NGA data 
set for this condition and the differences between the NGA models in the treatment of ground 
motions on the hanging wall.   
 
Epistemic Uncertainty in a Single NGA Model  
One approach for assessing the level of the additional epistemic uncertainty is to evaluate how 
well the empirical data constrain the NGA models.  The U.S. Geological Survey (Petersen et al., 
2008), following initial suggestions by the NGA developers, adopted the simple approach of 
using the square root of the sample size in specific magnitude and distance bins to define the 
relative epistemic uncertainty in an individual NGA ground motion model as a function of 
magnitude and distance; however, this approach ignores the fact that the constraints on model 
predictions are not based solely on the data in any one magnitude and distance interval. 
 
Youngs (2009) used an alternative approach to estimating the epistemic uncertainty of the 
median for any one NGA model based on the statistics of the model fit combined with the data 
distribution to compute standard errors of the median estimates as a function of magnitude and 
distance. The asymptotic standard errors in the median ground motion were computed using this 
approach for the Chiou and Youngs (2008) NGA model.  For strike-slip earthquakes, the 
epistemic uncertainty is between 0.1 and 0.18 natural log units.  For reverse and normal 
earthquakes, the epistemic uncertainty at large distance is similar to the epistemic uncertainty for 
strike-slip earthquakes (0.1 to 0.18), but increases to up to 0.3 at short distances on the hanging 
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wall.  As is shown below (Figure 6-4a), this increase in the uncertainty at short distances for 
dipping faults is covered by the range in the five NGA models.  
 
For this report, a simple model of the additional epistemic uncertainty of the median is 
developed.  The Youngs (2009) model provides the estimates of the epistemic uncertainty of a 
single model due to data base limitations.  The five NGA models provide some or all of this 
range depending on the magnitude, distance, and style of faulting.  For the fault sources 
important to hazard at DCPP, the median ground motions from each of the five NGA models are 
computed. The epistemic uncertainty captured by the distribution of the five NGA models is 
measured by the standard deviation of the median ground.  This is epistemic uncertainty is then  
compared to the Youngs (2009) uncertainty.  If the standard deviation of the NGA models is less 
than the epistemic uncertainty from Youngs (2009), then additional epistemic uncertainty is 
added.  The need for additional epistemic uncertainty was evaluated separately for the four 
nearby faults sources.  
 
For each fault source, the range of the median ground motions from the five NGA models is 
evaluated for representative scenario earthquakes. The magnitude of the representative scenario 
is taken as the median (50th fractile) of the mean characteristic earthquake (see Section 6.7.1) 
and distance is the taken as the closest distance to the site.  The representative scenario 
earthquakes are M=6.8 for the Hosgri, M=6.5 for the Los Osos, M=6.1 for the San Luis Bay, and 
M=6.2 for the Shoreline. The standard deviations of the median ground motions for each of the 
representative scenarios earthquakes are shown on Figure 6-4a.  These standard deviations of the 
medians are compared to the Youngs (2009) minimum epistemic uncertainty in this figure.  For 
sites located on the hanging wall for reverse earthquakes, there is a large range of the median 
ground motions in the NGA models, whereas, for sites located close to large strike-slip 
earthquakes, the range of the median ground motions is much smaller. 
 
The additional epistemic uncertainty required to reach the Youngs (2009) standard deviations is 
shown on Figure 6-4b. The key frequency range for DCPP is in the intermediate frequency range 
(3–8.5 Hz).  In this range, the additional epistemic uncertainty required for the four scenarios 
separates into two groups: the Shoreline, San Luis Bay, and Los Osos fault sources require a 
small additional epistemic uncertainty; the Hosgri fault source requires a large additional 
epistemic uncertainty.  For simplicity, smoothed models of the additional epistemic uncertainty 
were developed for these two groups as shown on Figure 6-4b.   
 
Epistemic Uncertainty Model  
The epistemic uncertainty in the median NGA models is modeled using a three-point discrete 
approximation to a normal distribution.  This approach places a weight of 0.6 on the median 
model and weights of 0.2 on the 5th and 95th percentiles (±1.6 standard deviations). This 
approach is implemented by developing three alternative models for each NGA relationship: one 
model equal to the original relationship, and two models with ±1.6σE added to the constant term, 
each with weight 0.2. A smoothed model of the period dependence of the epistemic factor, FE, 
for the Hosgri fault is given in Eq. (6-1): 
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   (6-1) 

 
The smoothed model for the period dependence of the epistemic factor for the San Luis Bay, 
Shoreline, and Los Osos faults is given in Eq. (6-2): 

 

    (6-2)

 

 
The logic tree for the median ground motion is shown on Figure 6-5.  

 
6.6.2 Hard-Rock Site Effects  
As described in Section 6.5, the DCPP power block foundation has a VS30=1200 m/s which 
corresponds to a hard-rock site.  Although the NGA models can be used for this type of hard-
rock site, a VS30 of 1200 m/s is outside of the range of VS30 that is well constrained by the 
empirical data used to derive the NGA models. To address this hard-rock condition, an 
alternative approach is considered using the NGA models to estimate the ground motion for 
VS30=760 m/s for which they are well constrained. Amplification factors based on generic site 
response analyses for hard-rock sites are used to scale the VS30=760 ground motions to the DCPP 
hard-rock conditions. 
 
As part of the PEER NGA project, Silva (2008) developed a suite of amplification factors for a 
range of generic site conditions based on kappa in the range of 0.038–0.04 seconds for rock sites.  
Kappa is an empirically derived site parameter that is usually interpreted as a measure of the 
amount of damping in the rock beneath a site (the Fourier spectrum is scaled by exp(-πkf), where 
f is frequency). Silva (2008) provides amplification factors relative to a VS30=1100 m/s for 64 
cases with different velocity profiles including rock profiles.  For this application, two cases are 
relevant: Case 61 provides amplification factors for VS30=760 m/s for a depth to rock ranging 
from 9 to 55 m (30 to 180 ft) and Case 64 provides amplification factors for hard rock with 
VS30=3150 m/s.  A comparison of the amplification for these two cases shows that the site 
amplification is close to linear.  Therefore, the amplification from VS30=760 m/s to VS30=1100 
m/s can be used to extrapolate to VS30=1200 m/s. The raw and smoothed values of the log 
amplification, a1(T), are shown on Figure 6-6 and the smoothed values are listed in Table 6-5. 
 
A key issue related to the use these generic amplification factors for hard-rock sites is the impact 
of the site-specific kappa value.  For generic soft-rock sites in California used in the NGA data 
sets, the kappa value is about 0.04 seconds (Silva, 2008).  For hard-rock sites, the kappa values 
can be much smaller (kappa values of 0.01–0.02 seconds) leading to an increase in the high 
frequency content of the ground motions for hard-rock sites.   
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For DCPP, the site-specific kappa was estimated based on DCPP free-field recordings from the 
2003 Deer Canyon earthquake (Appendix L).  The recordings from the Deer Canyon earthquake 
are well suited for evaluating kappa because they are rich in high frequency content due to the 
short distance to the fault and the small magnitude of the earthquake (high corner frequency). 
The analysis of the DCPP free-field ground motions from the Deer Canyon earthquake showed 
that the kappa at DCPP is 0.042 seconds, consistent with typical soft-rock sites in California 
(Figure 6-7).  The relatively high kappa value for the hard-rock DCPP site is interpreted to be 
due to fractures in the bedrock in the Franciscan.  Given this kappa value, the VS30 dependence of 
the site amplification developed by Silva (2008) for a kappa of 0.04 sec can be applied to DCPP 
without requiring an additional modification for kappa.  Using this approach, the site-specific 
effects of VS30 and kappa at the DCPP site are incorporated in the ground motion model rather 
than extrapolating the NGA models to high VS30 values. 
 
Applying these amplification factors, the ground motion for VS30=1200 m/s is computed using 
the following equation: 
 

  (6-3) 
 
where Sa760(T) is the median spectrum from the NGA model and a1(T) is the amplification term 
listed in the third column of Table 6-5. An example of the effect of using the site-specific method 
in place of the VS30 scaling in the NGA models is shown on Figure 6-8 for an M=7.1, strike-slip 
earthquake at a distance of 4.9 km.  The ground motions based on using VS30=1200 m/s directly 
into the NGA models are shown by the dashed lines on Figure 6-8, and the ground motions 
computed using the  eq. (6-3) are shown by the solid lines.  Using the site-specific approach 
(solid lines) leads to a narrower range of the ground motion than extrapolating the VS30 scaling 
(dashed lines), indicating the site-specific method is more robust than using extrapolating the 
VS30 scaling in the NGA models.    
 
6.6.3 Average Spectral Acceleration from 3–8.5 Hz 
The DCPP fragilities used in the probabilistic risk analyses are based on the average spectral 
acceleration from 3 to 8.5 Hz. The NGA models, as published, only provide for spectral 
acceleration at single frequencies.  To estimate the 3-8.5 Hz spectral acceleration using the NGA 
models, the 5 Hz spectral values are computed and then adjustment terms are applied to scale the 
5 Hz spectral values to estimate the 3–8.5 Hz spectral accelerations. 
 
The factors to adjust the 5 Hz spectral acceleration to the 3–8.5 Hz spectral acceleration are 
derived from the NGA data base (Chiou et al., 2008). Using the NGA data for M≥6, rupture 
distance≤20 km, and VS30≥450 m/s, the average difference between the ln(Sa(5 Hz)) and the 
ln(Sa(3–8.5hz)) is 0.04 with the 3–8.5 Hz values being slightly lower. In addition to the change 
in the median value, the use of the spectral acceleration averaged over a frequency band also 
results in a reduction of the standard deviation.  Using the same subset of the NGA data, the 
variance for the 3–8.5 Hz value is 0.058 lower than the variance for the 5 Hz value. 
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6.6.4 Single-Station Sigma and Site-Specific Site Effects 
Empirical GMPEs describe both the median and the standard deviation of the ground motion.  In 
most empirical ground motion models, the standard deviation is computed from data sets that 
include recordings at a broad range of sites and from earthquakes located in different regions.  
By using the observed standard deviation from global models in a seismic hazard analysis, there 
is an assumption that the variability seen in typical strong motion data sets containing recordings 
at multiple sites from earthquakes in multiple regions will be the same as the variability seen in 
the ground motion at a single site from multiple future earthquakes at a single location.  This is 
referred to as the ergodic assumption (Anderson and Brune, 1999).   

 
If recordings at a single site from multiple earthquakes are available, then the variability of the 
ground motion will be smaller than the variability from typical empirical GMPEs based on 
global data because the global GMPEs include the effects of variability due to different site 
conditions that are systematic and repeatable for a single site.  
 
Several recent studies have estimated the reduction in the standard deviation for single sites: 
Chen and Tsai (2002), Atkinson (2006), Anderson (2010), and Lin et al. (2010).  These studies 
have found that the aleatory variability of ln(PGA) can be reduced by about 10–15 percent for 
single sites. This reduced standard deviation is called “single-station sigma.” 
 
Using the NGA data extended to small magnitudes (Chiou et al, 2010), a preliminary model for 
the single-station sigma, σSS, was derived for the NGA models (BCHydro, 2010): 
 

σSS(T,M) = ( 0.87 + 0.0037 ln(T) ) σ(T,M) (6-4) 
 
where σ(T,M) is the standard deviation given by the NGA models.  For PGA, the value at 
T=0.01 sec is used.  Following the notation of Al-Atik et al. (2010), the total standard deviation, 
σ, can be separated into the single-station sigma and the site-to-site sigma: 
 
   (6-5) 
 
The  term, called the site-to-site uncertainty, is the variance of the epistemic uncertainty 
due to systematic differences in the site amplification between sites with the same VS30.   
 
The single-station sigma approach was first proposed by Atkinson (2006).  Its implementation is 
rapidly developing and is gaining broad acceptance.  Two ongoing major projects to update 
ground motion models in the United States have adopted the single-station sigma approach. The 
update of the NGA models applicable to the western United States (NGA-west2), being 
conducted through the Pacific Earthquake Engineering Research Center (PEER, 2010a), will 
provide single-station sigma values as well as the traditional ergodic sigma values.  Similarly, the 
NGA-east project, sponsored by the NRC and also being conducted through the PEER center 
(PEER, 2010b), has also adopted the single-station sigma approach. 
 
For the use of the single-station sigma approach, estimates of the median site-specific factor and 
its epistemic uncertainty are needed (e.g., how does the site-specific site amplification differ 
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from the global average model for the given VS30?).  Observations from earthquakes at the site  
can be used to constrain the site-specific effects.  At DCPP, there are observations of past 
earthquakes that allow estimates of the site-specific site amplification to be made.  These allow 
the development of GMPEs that are calibrated to the site-specific effects at DCPP. 
 
To use ground motion data recorded at the site in a single-station sigma approach, the within-
event residuals need to be computed (Al-Atik et al., 2010) to avoid source-specific effects being 
mixed in with the site-specific effects. To allow the event term to be reliably estimated requires 
earthquakes with recordings at multiple sites (5 or more).  For DCPP, there are recordings from 
two recent earthquakes that meet this requirement: the 2003 San Simeon and 2004 Parkfield 
earthquakes.  
 
The ground motion data and metadata from these two earthquakes are part of the NGA-west2 
database (PEER, 2010a).  The distribution of the data from these two earthquakes in terms of 
rupture distance and VS30 is shown on Figure 6-9.  Most of the data are for VS30 < 450 m/s so 
there is not enough data to use with Idriss model which is only for sites with VS30 > 450 m/s.  For 
the other four NGA models, the total residuals were computed for each earthquake. These total 
residuals are used to estimate the event terms as described below. 
 
For the San Simeon earthquake, the residuals for 5 Hz and 1 Hz for each NGA model are shown 
on Figures 6-10a and 6-10b.  The rupture distance for the DCPP site is 35 km.  The residuals 
show a slope with distance for large distances. The average residual from sites at distances of 0–
100 km is used as the event term representative of mean residual at 35 km.  This average residual 
is shown by the horizontal lines on Figures 6-10a and 6-10b.   
 
For the Parkfield earthquake, the residuals for 5 Hz and 1 Hz for each NGA model are shown on 
Figures 6-11a and 6-11b.  The rupture distance for the DCPP site is 85 km.  Again, the residuals 
show a slope with distance for large distances.  The average residual from sites at distances of 
40–170 km is used as the event term representative of mean residual at 85 km.  This average 
residual is shown by the horizontal lines on Figures 6-11a and 6-11b.   
 
This process was repeated for the suite of spectral frequencies.  The resulting event terms are 
given in Table 6-6 for the four NGA models. 
 
Next, the event term adjusted median ground motions for the DCPP site are computed using each 
of the four NGA models for VS30=760 m/s, and the ground motions are then scaled to the VS30 
for the free-field site condition.  The free-field site at DCPP has a VS30=1100 m/s as compared to 
the VS30=1200 m/s for the embedded power block. Using the same method as described in 
Section 6.6.2, the Silva (2008) amplification factors are applied to account for the scaling from 
VS30=760 to VS30=1100 m/s.  These factors are listed in Table 6-5. 
 
The median spectra for the free-field site, including the event terms, are shown for the four NGA 
models on Figures 6-12 and 6-13 for the San Simeon and Parkfield earthquakes, respectively.  
The small range of the NGA models is a result of applying the model-specific event terms.  The 
average of the event-term adjusted median ground motions is shown by the black lines in Figures 
6-12 and 6-13.   
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Figure 6-14 shows the residuals of the observed free-field ground motion at DCPP computed 
relative to the event-term corrected NGA median spectrum. The two earthquakes show a 
consistent trend in the residuals with negative residuals in the 5-10 Hz range and positive 
residuals in the 0.5-3 Hz range.  A smoothed model of the mean residual is also shown in Figure 
6-14.  The mean residual represents the systematic differences in the site amplification effects at 
the DCPP site as compared to the average for sites with the same VS30 and kappa. (Kappa is 
included as a known parameter for DCPP because the site amplification model from VS30=760 
m/s to VS30=1100 m/s included the effects of a known kappa.)  The values of the smoothed mean 
residuals, called a2, are listed in Table 6-7.  
 
The a2(T) site terms represent the site-specific amplification observed at the DCPP site. The site 
terms show that the DCPP site has increased amplification of low frequency ground motions and 
reduced amplification of high frequency ground motions as compared to average sites with the 
same VS30 and kappa.  
 
The consistency of the results for the San Simeon and Parkfield earthquakes indicates that this 
site-specific site amplification is a robust feature, but it is based on only two earthquakes. The 

uncertainty of the estimate of the mean has a variance of  where N is the number of 

observations. Given two earthquakes recorded at the site, N=2, and the epistemic uncertainty in 

the a2 values has a variance of .   

 
For ease of application, this additional epistemic uncertainty is combined with the single-station 
aleatory variability to provide an equivalent total standard deviation for use in computing the 
ground motion hazard at the DCPP site.  This is a common simplification used in PSHA which 
yields the correct mean hazard, but the median fractile is biased high and the range of the 
fractiles is reduced.   
 
From eq. (6-6), the standard deviation of the site-to-site uncertainty is given by: 

 

 (6-6) 
 
Three of the five NGA models include a magnitude-dependent standard deviation.  To capture 
standard deviation for the magnitudes relevant for the DCPP site, the standard deviation of the 
site-to-site uncertainty is averaged over M6, M6.5, and M7. The σS2S term is then averaged over 
the five NGA models.  The site-to-site variance, , is listed in Table 6-7. 
 
The equivalent total standard deviation is given by 
 

 

 (6-7) 
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The term  in eq. (6-7) is the adjustment to the variance given by the NGA 

models.  These variance adjustment terms, for N=2, are listed in the last column of Table 6-7. 
 
The estimation of the median and standard deviation of the ground motion using the single-
station approach is summarized as follows. For 5 percent damped spectral acceleration at a single 
frequency, the median is given by 
 
  (6-8) 
 
where  is the median spectral acceleration from the NGA models for a VS30 of 760 
m/s, a1 is the average amplification (in natural log units) from VS30=760 m/s to VS30=1200 m/s, 
and a2 is the site-specific amplification (in natural log units) from an average site with VS30=1200 
m/s and kappa=0.04 seconds to the DCPP site.  The standard deviation is given by eq. 6-7.   
 
For 5 percent damped spectral acceleration averaged over 3-8.5 Hz, the median is adjusted by the 
scaling from 5Hz to 3-8.5 Hz and given by 

 
 (6-9) 

 
The standard deviation is also adjusted by the difference between the variance for 5 Hz and the 
variance for 3–8.5 Hz and is given by 
 

 (6-10) 
 
 
6.6.5 Directivity 
There are two parts of the directivity effect: scaling of the average horizontal component and 
systematic differences between the fault normal and fault parallel components (Somerville et al., 
1999). Recently, a  directivity model for the scaling on the average horizontal component was 
developed by Spudich and Chiou (2008) based on the residuals from NGA GMPEs.  As part of 
the NGA project, this directivity model was reviewed by the NGA developers to evaluate its 
applicability to their NGA GMPEs.  The Spudich and Chiou (2008) directivity model has a 
stronger seismological basis than of Somerville et al. (1999) because it includes a radiation 
pattern term.  An issue with this model is that it is not centered on zero for average directivity 
conditions, implying a change in the median ground motion for average directivity conditions.  
The NGA developers were unsure of the cause for this shift and how the Spudich and Chiou 
(2008) directivity models should be applied to the NGA GMPEs.   
 
Watson-Lamprey (2007) evaluated the within-event residuals from the NGA GMPEs following 
the same approach as used by Somerville et al. (1999).  Watson-Lamprey found that the 
directivity effect was about one-half as strong as in the Somerville et al. (1999) model.  This was 
not consistent with the strong directivity effects given in the Spudich and Chiou (2008) model. 
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As a result, the NGA developers did not make recommendations with regard to the applicability 
of the new directivity models to the NGA GMPEs.  Rather, a follow-on project to further 
evaluate the directivity effect was recommended.  This follow-on project began in 2010 and 
should be completed in 2012.  As part of this follow-on project, Abrahamson and Watson-
Lamprey developed an update of the Abrahamson (2000) model based on numerical simulations 
of ground motions conducted as part of the NGA project.  This updated model is described in 
Appendix K.  The key feature of this updated model is the use of nonnormalized lengths of 
rupture toward the site in place of the normalized length parameter, X. The saturation of the 
directivity is on the nonnormalized lengths.  A main change using this revised parameterization 
is that relative to the NGA model, the directivity effects are strongest for backward directivity 
(rupture away from the site).  That is, the main effect of the new directivity model is that this is a 
significant reduction of the long period ground motion for sites locate close to the epicenter 
(backward directivity) but only a small increase for sites in the forward directivity direction. 
 
In ground-motion models, the primary effect of directivity is to increase the variability of the 
long period ground motion at short distances. The 84th percentile ground motion includes much 
of the effect of directivity through the standard deviation of the ground motion because the 
current larger ground-motion data sets better sample the range of directivity conditions in the 
data. That is, forward directivity leads to an above average ground motion at long periods, and 
the use of the 84th percentile is addressing this above-average ground motion case. 
 
Given that the directivity models are under review and revision and will only affect the low 
frequencies that are not critical for nuclear power plants, directivity effects are not included in 
this analysis.  They will be considered in the next full update of the PSHA as part of the LTSP 
Update. 
 
6.6.6 Effect of New Ground Motion Models 
The NGA ground motion models lead to significant changes in the ground motion scaling as 
compared to GMPEs developed prior to the year 2000.  In general, for sites located close to large 
strike-slip earthquakes, there is a reduction of the median ground motion, but an increase in the 
standard deviation.  For example, Figure 6-15 shows the 84th percentile spectra for the Hosgri 
fault source from the 1991 LTSP/SSER34 (PG&E, 1988; NRC, 1991) and the 1977 HE design 
spectrum.  The 1991 LTSP/SSER34 spectrum and the 1977 HE design spectrum are similar, but 
there is a large difference between these two spectra and the Hosgri fault source spectrum 
computed using the NGA models: using the NGA models, the 84th percentile spectrum is 
reduced, indicating that previous ground motion models, based on sparse near-fault ground 
motions, had overestimated the ground motion at short distances. 
 
For reverse faults, the effects are different.  Figure 6-16 shows the 84th percentile spectra for the 
Los Osos fault source based on the 1988 LTSP (PG&E, 1988) ground motion model.  The 
spectrum based on the NGA models is shown with and without hanging wall effects.  Excluding 
hanging wall effects, there is a reduction for the NGA models as compared to the 1988 LTSP 
model, similar the reduction for strike-slip earthquakes, but a key feature of the NGA models is 
an increase in the high frequency ground motion for sites located at short distances on the 
hanging wall side of the rupture.  When the hanging wall effects are included, the spectrum is 
increased to a level that is similar to the spectrum based on the 1988 LTSP ground motion 
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model.  The DCPP is on the hanging wall side of both the Los Osos and San Luis Bay fault 
sources so the hanging wall effect applies to both fault sources. 
 
These changes in the ground motion affect the relative contribution of strike-slip and reverse 
faults to the seismic hazard at DCPP.  Given the reduction in the near-fault ground motions from 
strike-slip earthquakes and only small changes in the near-fault ground motions for sites on the 
hanging wall of reverse earthquakes, the two nearby reverse fault sources (Los Osos and San 
Luis Bay) will have a larger contribution to the hazard at DCPP relative to the strike-slip Hosgri 
fault source as compared to the 1988 LTSP (PG&E, 1988). 
 
6.7 Deterministic Ground Motions 
The 84th percentile deterministic ground motions for the average horizontal component are 
computed for each of the four nearby fault sources: Hosgri, Los Osos, San Luis Bay, and 
Shoreline.   
 
6.7.1 Earthquake Magnitudes 
The selection of earthquake magnitude to use in deterministic evaluations involves judgment.  In 
this report, the range in the mean characteristic earthquake magnitude resulting from the source 
characterization logic tree is considered.  The magnitude corresponding to the 90th fractile of the 
mean characteristic magnitude is selected as a reasonably conservative value for use in the 
deterministic analysis. 
 
The cumulative distributions of the epistemic uncertainty for the mean characteristic magnitudes 
for the four fault sources are shown in Figure 6-17. For the Hosgri fault source, the median 
magnitude is 6.8 and the 90th fractile is magnitude 7.1.  This is consistent with the M7.2 
magnitude selected for the determinsitic analysis of the Hosgri earthquake in the 1988 LTSP 
(PG&E, 1988).  For the Los Osos fault the median magnitude is M 6.5 and the 90th fractile 
corresponds to M 6.8.  
 
For the San Luis Bay and Shoreline fault sources, the evaluation is more complicated because the 
source characterization logic tree includes a branch in which these two faults are linked. For the 
Shoreline fault, the distribution shown in Figure 6-17 only includes the rupture scenarios that 
include rupture of the Central segment (e.g. rupture past the DCPP site) from either the 
independent or linked models.  That is, rupture of just the South or just the North segments of the 
Shoreline fault is not included in the distribution of mean characteristic magnitudes for the 
development of the deterministic scenario earthquake for the Shoreline fault source. For the 
Shoreline fault source (including rupture of the Central segment source), the median magnitude 
is M 6.2 and the 90th fractile corresponds to M 6.4 to M 6.5,  which is rounded up to M 6.5. 
 
For the San Luis Bay fault source, the distribution shown in figure 6-17 is for the non-linked case 
(East and West segments together).  The median magnitude is 6.1 and the 90th fractile 
corresponds to magnitude of 6.3.   
 
The selected deterministic magnitudes for the four fault sources are listed in Table 6-8. The 
range of dip angles from the logic trees is also listed in this table for each fault source. 
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6.7.2 Deterministic Ground Motions 
The 84th percentile ground motions are computed using the single-station sigma approach with 
the median given by eq. 6-8 and the standard deviation given by eq. 6-7.  For the median from 
the NGA relations, Sa760(M,R<T) ,the weighted geometric mean of the spectra from the five 
NGA models is used.  For the standard deviation from the NGA relations, σ(T,M), the weighted 
average (arithmetic mean) from the NGA models is used.  
 
The sensitivity of the ground motion to the dip is shown in Figures 6-18a-c for the Hosgri, Los 
Osos, and San Luis Bay fault sources, respectively.  For all three cases, the lowest dip leads to 
the largest ground motions at the DCPP site.  The uncertainty in the dip of the Los Osos fault 
source has the largest effect. 
 
For this study, the lowest dip for each fault source is conservatively selected to produce the 
largest deterministic ground motions at the DCPP site.  The geometric mean of the 84th 
percentile spectra for each of the four fault sources are shown on Figure 6-19.  The spectral have 
a peak at 2.5 Hz that reflects the site-specific amplification shown in Figure 6-14.  These 84th 
percentile spectra are compared to the 1991 LTSP/SSER34 spectrum in Figure 6-19.  The 84th 
percentile spectra based on updated ground motion models and updated source characterizations 
fall below the 1991 LTSP/SSER34 spectrum.   
 
For comparison, Figure 6-19 also shows the deterministic ground motions computed using the 
traditional ergodic approach.  Accounting for the site-specific amplification observed at DCPP 
shifts the spectrum to the lower spectral frequencies as compared to the ergodic approach. 
 
6.8 Probabilistic Seismic Hazard Analysis 
The probabilistic seismic hazard analysis follows the standard approach first developed by 
Cornell (1968).  This approach has been expanded to more fully treat both the randomness (i.e., 
aleatory variability) and the scientific uncertainty (i.e., epistemic uncertainty).  
 
6.8.1 Additional Sources  
For completeness, additional regional faults are included in the PSHA.  The parameters used for 
these additional faults are listed in Table 6-9.  As these faults have a small impact on the hazard, 
the fault source models are not described in detail.  
 
6.8.2 Hazard Results 
The hazard is computed using the program HAZ43 (GEO.DCPP.10.04). The minimum 
magnitude considered in the hazard calculation is M5.0.  This is a commonly used value based 
on the assumption that earthquakes less than M5.0 will not damage engineered structures. 
 
Figures 6-20a–c show the hazard curves for PGA, 5 Hz, and 1.0 Hz spectral acceleration. The 
individual contributions to the total hazard from the fault sources are shown on the figures. These 
plots show that the main contribution to the total hazard is from the Hosgri fault for all hazard 
levels.  The Los Osos, San Luis Bay, and Shoreline faults are similar in terms of their 
contribution to the hazard.  The Uniform Hazard Spectra for hazard levels of 1E-3, 1E-4, and 1E-
5 are shown on Figure 6-21. 
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The deaggregations for the 1E-4 hazard level are shown on Figure 6-22a-c for the PGA, 5 Hz, 
and 1 Hz spectral acceleration.  The deaggregations indicate that the earthquakes with 
magnitudes between 6.5 and 7.0 at short distances (i.e., 3–5 km) control the hazard at all three 
spectral periods.  
 
The fragility used in the PRA for DCPP is based on the spectral acceleration averaged over the 
frequency band of 3–8.5 Hz.  The hazard curve for this ground motion parameter is shown on 
Figure 6-23.  To show the impact of the Shoreline fault source, the hazard is shown with and 
without the Shoreline fault source.  The addition of the Shoreline fault source increases the 
hazard by 20–35 percent for hazard levels of 1E-4 to 1E-5.  The epistemic uncertainty in the 
hazard is shown on Figure 6-24.  The epistemic uncertainty in the hazard leads to about a factor 
of 4 difference between the 10th and 90th fractile.  Compared to most sites, this is a tight range, 
indicating that the hazard at DCPP is relatively well constrained due to the dominance of the 
Hosgri fault.   
 
Figure 6-25 compares the mean 3-8.5 Hz hazard for the 1988 LTSP (PG&E, 1988) with the 
mean hazard from this study. The updated hazard curve is lower than the 1988 LTSP hazard 
curve for spectral acceleration less than about 3g but is higher than the 1988 LTSP hazard curve 
for spectral accelerations greater than 3g. This figure also compares the mean hazard as 
computed using the traditional approach with the ergodic standard deviation and ignoring the 
site-specific amplification with the updated hazard.  The traditional approach leads to higher 
hazard because it does not account for the lower standard deviation and the negative site-specific 
amplification term. 
 
The epistemic uncertainty of the 3-8.5 Hz hazard from the 1988 LTSP study is compared the 
epistemic uncertainty from the current study in Figure 6-26. The updated mean hazard curve falls 
within the 10–90th fractiles from the 1988 LTSP except at very large ground motions (> 3g).  
 
6.9 Seismic Hazard Conclusions  
For the deterministic analysis, the new estimates of the 84th percentile ground motion fall below 
the 1991 LTSP/SSER34 (NRC 1991) deterministic spectrum, indicating that the deterministic 
seismic margins for the new estimates of the ground motion are at least as large as found during 
the LTSP (PG&E, 1988, 1991). 
 
For the probabilistic analysis, the hazard for 3–8.5 Hz spectral acceleration is lower than the 
1988 LTSP hazard for spectral acceleration less than 3.0 g and is greater than the 1988 LTSP for 
spectral accelerations greater than 3.0 g.  This change in the hazard curve is primarily due to the 
change in the ground-motion models.  The NGA models result in lower median ground motions 
for sites close to large earthquakes, but with an increased standard deviation.  The flattening of 
the new hazard compared to the 1988 LTSP hazard curves is due to the larger standard deviation. 
 
Because the updated hazard curve is not enveloped by the 1988 LTSP hazard curve, the seismic 
core damage frequency (CDF) has been reevaluated. The seismic CDF estimated as part of the 
1988 LTSP (PG&E, 1988) was 3.8E-5.  Using the revised source characterization and ground 
motion models and with the 1988 LTSP fragility curves, the seismic CDF decreases to about 
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2.1E-5.  The reduction is mainly due to the use the NGA ground motion models with the single-
station sigma approach incorporating the site-specific amplification. 
 



 
Shoreline Fault Zone, Section 6 – Seismic Hazard Analysis Page 6-19 

Table 6-1a.  Coordinates of Fault Sources 

 

 
 

Flt	   Pt_name	   Long	   Lat	  
LosOsos	   O1	   -‐120.4590	   35.1270	  
LosOsos	   O2	   -‐120.5230	   35.1670	  
LosOsos	   O3	   -‐120.6720	   35.2220	  
LosOsos	   O4	   -‐120.7090	   35.2720	  
LosOsos	   O5	   -‐120.7910	   35.3050	  
LosOsos	   O6	   -‐120.9000	   35.2990	  
LosOsos	   O7	   -‐120.9950	   35.3620	  
Hosgri	   H1	   -‐120.6403	   34.6702	  
Hosgri	   H2	   -‐120.8162	   35.0443	  
Hosgri	   H3	   -‐121.0177	   35.3860	  
Hosgri	   H4	   -‐121.0584	   35.4403	  
Hosgri	   H5	   -‐121.0958	   35.4961	  
Hosgri	   H6	   -‐121.1381	   35.5528	  

Shoreline	   S1	   -‐120.7420	   35.1318	  
Shoreline	   S2	   -‐120.7990	   35.1769	  
Shoreline	   S3	   -‐120.8740	   35.2130	  
Shoreline	   S5	   -‐120.9060	   35.2350	  
Shoreline	   S4	   -‐120.9370	   35.2563	  
N40W	   S6	   -‐120.9263	   35.2642	  
N40W	   S7	   -‐120.9079	   35.2418	  

SLB_East	   L6	   -‐120.7142	   35.1732	  
SLB_East	   L5	   -‐120.7390	   35.1800	  
SLB_East	   L4	   -‐120.7510	   35.1790	  
SLB_East	   L3	   -‐120.7690	   35.1810	  
SLB_West	   L2	   -‐120.7988	   35.1769	  
SLB_West	   L1	   -‐120.8885	   35.1953	  
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Table 6-1b.  Coordinates of San Luis Bay West Segment Source Models for the Linked Branch 

Dip Crustal 
Thickness 
(km) 

Top of Fault Bottom of fault 

S2: -120.799, 35.177, Z=0.0 km S2: -120.799, 35.177, Z=1.0 km 70  10 
L1: -120.889, 35.195, Z=0.0 km S3: -120.874, 35.213, Z=7.1 km 

    
S2: -120.799, 35.177, Z=0.0 km S2: -120.799, 35.177, Z=1.0 km, 
-120.905, 35.191, Z=0.0 km -120.890, 35.204, Z=10.0 km 

80 10 

L1: -120.889, 35.195, Z= 0.0 km S3: -120.874, 35.213, Z=10.0 km 
    

S2: -120.799, 35.177, Z=0.0 km S2: -120.799, 35.177, Z=1.0 km 
-120.932, 35.184, Z=0.0 km -120.913, 35.190, Z=10.0 km 

85 10 

L1: -120.889, 35.195, Z= 0.0 km S3: -120.874, 35.213, Z=10.0 km 
    

S2: -120.799, 35.177, Z=0.0 km S2: -120.799, 35.177, Z=1.0 km 70 12 
L1: -120.889, 35.195, Z= 0.0 km S3: -120.874, 35.213, Z=7.1 km 

    
S2:-120.799, 35.177, Z=0.0 km S2: -120.799, 35.177, Z=1.0 km 
-120.897, 35.193, Z=0.0 km  -120.882, 35.208, Z=12.0 km 

 

80 12 

L1: -120.889, 35.195, Z= 0.0 km S3: -120.874, 35.213, Z=12.0 km 
    

S2: -120.799, 35.177, Z=0.0 km S2: -120.799, 35.177, Z=1.0 km 
-120.932, 35.184, Z=0.0 km -120.913, 35.190, Z=12.0 km 

85 12 

L1: -120.889, 35.195, Z= 0.0 km S3: -120.874, 35.213, Z=12.0 km 
    

S2: -120.799, 35.177, Z=0.0 km S2: -120.799, 35.177, Z=1.0 km 70 15 
L1: -120.889, 35.195, Z= 0.0 km 
 

S3: -120.874, 35.213, Z=7.1 km 

    
S2: -120.799, 35.177, Z=0.0 km   S2: -120.799, 35.177, Z=1.0 km 80 15 
L1: -120.889, 35.195, Z= 0.0 km S3: -120.874, 35.213, Z=14.7 km 

    
S2:-120.799, 35.177, Z=0.0 km   S2: -120.799, 35.177, Z=1.0 km 
-120.923, 35.186, Z=0.0 km  -120.905, 35.195, Z=15.0 km 

85 15 

L1: -120.889, 35.195, Z= 0.0 km S3: -120.874, 35.213, Z=15.0 km 
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Table 6-2a.  Depth Limits of the San Luis Bay Fault Source 

Depth to the 
Bottom of the 
Fault Source 

(km) 

San Luis Bay Fault 
Source 

Dip 

Los Osos 
Fault Source 

Dip 

Depth of 
Intersection 

of San Luis Bay 
and Los Osos 
Fault Sources 

(km) 
10 50 45 5.1 
10 70 45 6.8 
10 80 45 7.9 
10 50 60 6.6 
10 70 60 9.9 
10 80 60 10 
10 50 75 8.4 
10 70 75 10 
10 80 75 10 
    

12 50 45 5.1 
12 70 45 6.8 
12 80 45 7.9 
12 50 60 6.6 
12 70 60 9.9 
12 80 60 12 
12 50 75 8.4 
12 70 75 12 
12 80 75 12 
    

15 50 45 5.1 
15 70 45 6.8 
15 80 45 7.9 
15 50 60 6.6 
15 70 60 9.9 
15 80 60 12.3 
15 50 75 8.4 
15 70 75 14.7 
15 80 75 15 
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Table 6-2b.  Depth Limits of the San Luis Bay East Segment Source 

Depth to the 
Bottom of the 
Fault Source 

(km) 

San Luis Bay Fault 
Source 

Dip 

Los Osos 
Fault Source 

Dip 

Depth of 
Intersection 

of SLB and Los 
Osos Fault 

Sources 
(km) 

10 83 45 8.2 
10 83 60 10 
10 83 75 10 
    

12 83 45 8.2 
12 83 60 12 
12 83 75 12 
    

15 83 45 8.2 
15 83 60 13.3 
15 83 75 15 
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Table 6-3.  Magnitude-Area Scaling Relations 

 
Sense of 

Slip Model 
Standard error of 

constant coeff 
Hanks and 

Bakun (2008) 
SS M = 3.98 + 1.0 log(A) for A<537 km2 

M = 3.07 + 4/3 log(A) for A>537 km2 
Not given 

SS M = 3.98 + 1.02 log(A) 0.07 
RV M = 4.33 + 0.90 log(A) 0.12 

Wells and 
Coppersmith 

(1994) 
ALL M = 4.07 + 0.98 log(A) 0.06 
ALL log(Area) = 0.91M – 3.49 (σ=0.24) 

 
 Wells and 

Coppersmith 
(1994) 

 log (Width) = 0.32 M – 1.01 σ=0.15)  
 

 

 

Table 6-4.  Computed VS30 Values (for 10 m Embedment) 
for the Power Block and the ISFSI Borehole Sites 

 VS30 (m/s) for 10 m 
Embedment (Applicable 

to the Power Block) 
Power Block 1210 

ISFSI 98BA-1&4 1225 
ISFSI 98BA-3 1214 
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Table 6-5.  Smoothed Coefficients for the Amplification from  
VS30=760 m/s to VS30=1200 m/s 

Period (sec) 
Freq (Hz) a1 for  

VS30=1200 m/s 
 a1 for  

VS30=1100 m/s 
0.01 100.00 -0.35 -0.28 
0.02 50.00 -0.35 -0.29 
0.03 33.33 -0.35 -0.28 
0.05 20.00 -0.26 -0.21 

0.075 13.33 -0.26 -0.19 
0.10 10.00 -0.27 -0.26 
0.15 6.67 -0.29 -0.33 
0.20 5.00 -0.31 -0.21 
0.25 4.00 -0.34 -0.28 
0.30 3.33 -0.37 -0.36 
0.40 2.50 -0.4 -0.37 
0.50 2.00 -0.42 -0.44 
0.75 1.33 -0.42 -0.34 
1.0 1.00 -0.36 -0.22 
1.5 0.67 -0.27 -0.17 
2.0 0.50 -0.21 -0.28 
3.0 0.33 -0.130 -0.12 
4.0 0.25 -0.080 -0.07 
5.0 0.20 -0.045 -0.04 

10.0 0.10 0 0 
 3-8.5 Hz -0.33  
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Table 6-6. Event terms for the 2004 Parkfield and 2003 San Simeon Earthquakes. 
	   	   	   Parkfield	  Eqk,	  R40-‐170	  Km,	  Event	  Terms	  

T	  (sec)	   Freq	  (Hz)	   Nb	  Rec.	   AS08	   BA08	   CB08	   CY08	  
0.01	   100	   18	   -‐0.2971	   -‐0.7524	   -‐0.7688	   -‐0.1765	  
0.02	   50	   18	   -‐0.2898	   -‐0.7530	   -‐0.7675	   -‐0.1702	  
0.03	   33.33	   18	   -‐0.2941	   -‐0.7690	   -‐0.7907	   -‐0.1849	  
0.05	   20	   18	   -‐0.2776	   -‐0.7911	   -‐0.8289	   -‐0.2049	  
0.075	   13.33	   18	   -‐0.2766	   -‐0.8499	   -‐0.8573	   -‐0.2390	  
0.1	   10	   18	   -‐0.2232	   -‐0.7846	   -‐0.7911	   -‐0.1942	  
0.15	   6.67	   18	   -‐0.2741	   -‐0.7841	   -‐0.7964	   -‐0.2434	  
0.2	   5	   18	   -‐0.3236	   -‐0.8568	   -‐0.7760	   -‐0.2476	  
0.3	   3.33	   18	   -‐0.3315	   -‐0.8572	   -‐0.7160	   -‐0.2539	  
0.4	   2.5	   18	   -‐0.2717	   -‐0.7147	   -‐0.5960	   -‐0.2082	  
0.5	   2	   18	   -‐0.1896	   -‐0.6215	   -‐0.5083	   -‐0.1361	  
0.75	   1.33	   18	   -‐0.0639	   -‐0.4461	   -‐0.3200	   -‐0.0195	  
1	   1	   18	   -‐0.0139	   -‐0.3819	   -‐0.2253	   0.0092	  
1.5	   0.67	   18	   0.1138	   -‐0.3449	   -‐0.1050	   0.0694	  
2	   0.5	   18	   0.1144	   -‐0.3242	   -‐0.0415	   0.0856	  

 
	   	   	   San	  Simeon,	  R0-‐100	  Km,	  Event	  Terms	  

T	  (sec)	   Freq	  (Hz)	   Nb	  Rec.	   AS08	   BA08	   CB08	   CY08	  
0.01	   100	   8	   -‐0.3698	   -‐0.4583	   -‐0.8430	   -‐0.1708	  
0.02	   50	   8	   -‐0.3657	   -‐0.4589	   -‐0.8459	   -‐0.1680	  
0.03	   33.33	   8	   -‐0.3672	   -‐0.4622	   -‐0.8662	   -‐0.1796	  
0.05	   20	   8	   -‐0.3762	   -‐0.5076	   -‐0.9557	   -‐0.2495	  
0.075	   13.33	   8	   -‐0.4395	   -‐0.6169	   -‐1.0644	   -‐0.3716	  
0.1	   10	   8	   -‐0.5304	   -‐0.6978	   -‐1.1368	   -‐0.4773	  
0.15	   6.67	   8	   -‐0.6755	   -‐0.7932	   -‐1.1882	   -‐0.5938	  
0.2	   5	   8	   -‐0.6961	   -‐0.8702	   -‐1.1355	   -‐0.5252	  
0.3	   3.33	   8	   -‐0.6590	   -‐0.8379	   -‐1.0289	   -‐0.4165	  
0.4	   2.5	   8	   -‐0.4285	   -‐0.5533	   -‐0.7384	   -‐0.1767	  
0.5	   2	   8	   -‐0.3993	   -‐0.5396	   -‐0.6892	   -‐0.1470	  
0.75	   1.33	   8	   -‐0.1099	   -‐0.2415	   -‐0.3086	   0.1410	  
1	   1	   8	   0.0627	   -‐0.0472	   -‐0.0589	   0.2835	  
1.5	   0.67	   8	   0.1122	   0.0918	   0.0450	   0.2448	  
2	   0.5	   8	   0.1367	   0.1403	   0.1198	   0.3423	  
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Table 6-7.  Site-specific site amplification terms and total variance reduction for the single-
station sigma approach. 

Frequency (Hz) Smoothed a2 σS2S 

(ln units) 
Var Added to 
NGA Models 

(ln units) 
100 -0.06 0.080 -0.040 
50 -0.06 0.079 -0.040 
34 -0.06 0.081 -0.041 
20 -0.24 0.084 -0.042 

13.33 -0.24 0.087 -0.044 
10 -0.24 0.089 -0.045 

6.67 -0.20 0.090 -0.045 
5 -0.18 0.092 -0.046 
4 -0.07 0.092 -0.046 

3.33 0.05 0.093 -0.047 
2.5 0.34 0.094 -0.047 
2 0.43 0.096 -0.048 

1.33 0.55 0.099 -0.050 
1 0.40 0.103 -0.051 

0.67 0.40 0.106 -0.053 
0.5 0.40 0.109 -0.065 

3-8.5 -0.11 0.093 -0.047 
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Table 6-8.  Selected Deterministic Earthquake Scenarios 

Fault 
Source Magnitude Dip 

Smallest 
RRup  
(km) 

Smallest 
RJB 
(km) Rx 

Sense of 
Slip 

Hanging 
Wall or 

Foot Wall 
80 4.9 2.3 4.9 
85 4.9 3.6 4.9 

Hosgri 
7.1 

90 4.9 4.9 4.9 
SS HW 

N/A for 90 

45 7.6 0.0 9.9 
60 8.9 2.6 9.9 

Los Osos 
6.8 

75 9.7 6.5 9.9 
RV/OBL HW 

50 1.9 0.0 2.5 
70 2.4 0.0 2.5 

San Luis 
Bay (not 
linked) 

6.3 
80 2.5 0.0 2.5 

RV HW 

Shoreline 
 6.5 90 0.6 0.6 0.6 SS N/A 
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Table 6-9.  Source Parameters for Other Regional Fault Sources 

Fault 
Source Dip 

 Depth to 
Bottom of 
the Fault 
Source 
(km) 

Slip-
Rate 

(mm/yr) 

Mean 
Characteristic 

Magnitude 
Sense of 

Slip 

Oceanic 
35 (0.3) 
45 (0.4) 
55 (0.3) 

10 (1.0) 
0.1 (0.25) 
0.3 (0.50) 
0.6 (0.25) 

6.4 (0.3) 
6.8 (0.4) 
7.0 (0.3) 

RV/OBL 
(1.0) 

West 
Huasna 90 (1.0) 10 (1.0) 

0.5 (0.25) 
1.0 (0.50) 
2.0 (0.25) 

6.6 (0.3) 
6.9 (0.4) 
7.2 (0.3) 

SS (1.0) 

Wilmar 
Ave 45 (1.0) 10 (1.0) 

0.1 (0.25) 
0.2 (0.50) 
0.3 (0.25) 

6.4 (0.3) 
6.7 (0.4) 
7.0 (0.3) 

RV (1.0) 

Oceano 45 (1.0) 10 (1.0) 
0.1 (0.25) 
0.2 (0.50) 
0.3 (0.25) 

6.6 (0.3) 
6.9 (0.4) 
7.2 (0.3) 

RV (1.0) 

San 
Andreas 
1857 

90 (1.0) 12 (1.0) 
31 (0.25) 
34 (0.50) 
37 (0.25) 

7.7 (0.3) 
7.8 (0.4) 
7.9 (0.3) 

SS (1.0) 

San 
Andreas 
Parkfield 

90 (1.0) 12(1.0) 
3* (0.25) 
4* (0.50) 
5* (0.25) 

5.9 (0.3) 
6.0 (0.4) 
6.1 (0.3) 

SS (1.0) 

* Equivalent slip-rate for mean recurrence intervals of 25, 30, and 40 years 
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Figure 6-1.  Simplified logic tree for the Shoreline fault source 
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Figure 6-2.  Logic tree for ruptures for Shoreline and San Luis Bay fault sources 
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Figure 6-3.  Magnitude probability density functions for different percentages of the seismic 
moment being released in characteristic earthquakes.  The Youngs and Coppersmith (1985) 
model corresponds to the case with 94% of the moment in characteristic earthquakes (red curve). 
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Figure 6-4a.  Standard deviation of the median ground motion from the NGA models for 
representative earthquakes for the four nearby fault sources. 

 
 
Figure 6-4b.  Standard deviation of the addition epistemic uncertainty for the NGA models. The 
smoothed models for the two groups of fault sources are shown. 
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Figure 6-5.  Logic tree for ground motion models for crustal earthquakes 
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Figure 6-6.  Smoothed model of the coefficient for the amplification from VS30=760 m/s to 
VS30=1200 m/s 
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Figure 6-7.  Comparison of the average horizontal response spectrum at 5% damping for the 
free-field recording with the expected California rock site spectrum from a moment magnitude 
3.4 earthquake at a distance of 7.8 km with a stress-drop of 120 bars and kappa of 0.042 sec 
based on the stochastic point source model (red curve).  The green curve shows the spectrum if 
the moment magnitude is 3.5 with a stress-drop of 85 bars.  (From Appendix L-1). 
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Figure 6-8.  Example of effect of the site-specific hard-rock approach (solid lines) versus 
extrapolating the VS30 scaling (dashed lines) for the five NGA models.  This example is for a 
M7.1 SS earthquake at a distance of 4.9 km. 
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Figure 6-9.  Distribution of distances and site conditions for the 2003 San Simeon and 2004 
Parkfield earthquakes. 
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Figure 6-10a.  Residuals from the 2003 San Simeon earthquake for 5 Hz spectral acceleration.  
The rupture distance to DCPP is 35 km.  The average residual for stations at distance of 0 to 100 
km is shown by the black line.  
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Figure 6-10b.  Residuals from the 2003 San Simeon earthquake for 1 Hz spectral acceleration. 
The rupture distance to DCPP is 35 km.  The average residual for stations at distance of 0 to 100 
km is shown by the black line. 
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Figure 6-11a.  Residuals from the 2004 Parkfield earthquake for 5 Hz spectral acceleration. The 
rupture distance to DCPP is 85 km.  The average residual for stations at distance of 40 to 170 km 
is shown by the black line. 
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Figure 6-11b.  Residuals from the 2004 Parkfield earthquake for 1 Hz spectral acceleration. The 
rupture distance to DCPP is 85 km.  The average residual for stations at distance of 40 to 170 km 
is shown by the black line. 
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Figure 6-12.  Comparison of the event-term adjusted medians from the NGA models with the 
observed ground motions from the 2003 San Simeon earthquake. 
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Figure 6-13.  Comparison of the event-term adjusted medians from the NGA models with the 
observed ground motions from the 2004 Parkfield earthquake.
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Figure 6-14.  Site-specific site amplification terms for DCPP.  This shows that the rock site 
response at DCPP leads to amplified low frequencies (< 0.3 Hz) and reduced high frequencies 
(5-30 Hz) as compared to average rock sites with VS30=1200 and kappa = 0.04 sec. 
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Figure 6-15.  Effect of the NGA ground motion models and the site-specific single-station 
approach for estimating hard-rock motions for nearby strike-slip as compared to the HE design 
spectrum and the LTSP/SSER spectrum. This example is for a magnitude 7.1 strike-slip 
earthquake at a distance of 5 km. 
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Figure 6-16.  Effect of the NGA ground motion models for the Los Osos fault source for the 
traditional ergodic approach.  The hanging wall effect included in the NGA models leads to 
larger high-frequency ground motions for sites on the hanging wall.   
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Figure 6-17.  Magnitude fractiles from the logic trees for four fault sources 
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Figure 6-18a.  Sensitivity of the deterministic ground motions to the dip of the Hosgri fault 

source. 
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Figure 6-18b. Sensitivity of the deterministic ground motions to the dip of the Los Osos fault 

source. 
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Figure 6-18c. Sensitivity of the deterministic ground motions to the dip of the San Luis Bay fault 

source. 

 

 

 

 



 
Shoreline Fault Zone, Section 6 – Seismic Hazard Analysis Page 6-51 

 
Figure 6-19.  84th percentile ground motion from the four nearby fault sources using the site-

specific single-station sigma approach (solid lines) and the traditional ergodic approach (dashed 

lines).  The 2.5 Hz peak in the site-specific spectrum reflects the DCPP site amplification. 
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Figure 6-20a.  Hazard by fault sources for PGA; the Other source includes regional sources 

listed on Table 6-9. 
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Figure 6-20b.  Hazard by source for 5 Hz spectral acceleration. 
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Figure 6-20c.  Hazard by source for 1 Hz spectral acceleration. 



 
Shoreline Fault Zone, Section 6 – Seismic Hazard Analysis Page 6-55 

 
 

 

Figure 6-21.  Uniform hazard spectra for four hazard levels. The peak at 2.5 Hz reflects the site-

specific amplification at DCPP. 
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Figure 6-22a.  Deaggregation for PGA for a hazard level of 1E-4. 
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Figure 6-22b.  Deaggregation for 5 Hz for a hazard level of 1E-4. 
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Figure 6-22c.  Deaggregation for 1 Hz for a hazard level of 1E-4. 
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Figure 6-23.  Hazard for spectral acceleration average over 3–8.5 Hz showing the contribution 

from the Shoreline fault source to the total hazard. 
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Figure 6-24.  Fractiles of the hazard for 3-8.5 Hz. 
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Figure 6-25. Comparison of the mean hazard for 3-8.5 Hz with the mean hazard from the 1988 

LTSP (PG&E, 1988) and with the mean hazard using the traditional ergodic assumption.
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Figure 6-26.  Comparison of the 3-8.5 Hz hazard fractiles from the 1988 LTSP (PG&E, 1988) 

(black) with the updated results (blue).  

 

 



7.0 POTENTIAL FOR SECONDARY FAULT DEFORMATION  
The Central segment of the Shoreline fault zone is 600 m from the power block and 300 m from 
the cooling water intake.  Given this proximity of the fault zone to the DCPP site, a deterministic 
approach is needed to evaluate the potential for secondary fault deformation.  The Progress 
Report (PG&E, 2010a) used a probabilistic approach based on the geology known at the time.  
The results of that calculation demonstrated the low probability of any secondary rupture of the 
auxiliary salt water (ASW) pipes based on the existing geologic mapping at the plant site.  
Additional mapping of the site geology done for the Shoreline fault zone investigations in 2009 
and 2010 shows that the critical components of the ASW pipes lie outside the zone of potential 
deformation (a zone of weaker rock referred to in the Progress Report as Tofc), and therefore the 
probabilistic analysis is not needed.   
 
Detailed studies were performed to characterize the location and width of faulting along the 
offshore Shoreline fault zone and to assess the potential for secondary fault rupture or related 
surface deformation that might project onshore east of the fault zone through the DCPP site.  
These studies included detailed analysis of bathymetric data, seismic-reflection and LiDAR data, 
gravity and magnetic potential-field data, and onshore and near-shore geologic mapping; as well 
as review of the site investigations carried out for the DCPP FSAR (PG&E, 2010b, Section 
2.5.1.2.5).  The results of these investigations accurately document not only the location of the 
Shoreline fault zone 300 m west of the Intake structure, but also the absence of either primary or 
secondary faulting through the DCPP site area. 
 
Four independent lines of evidence support these conclusions:   
 

1. Location of the Shoreline fault zone.  Interpretation of recently acquired bathymetric 
data clearly show a geomorphically and structurally well-defined fault trace 300 m west 
of the intake structure (Plate 1 and Figures 4-10 and 7-1).  At this location, the fault trace 
is linear and does not exhibit significant geometric complexity (i.e., there are no fault 
bends or steps) within the 250 m wide fault zone that could lead to a broad zone of 
secondary deformation.  In addition, the bathymetric data show the absence of lineaments 
or zones of bedrock shearing that could splay from the primary fault trace and project 
toward the site.  

2. Detailed mapping of onshore marine terraces.  The DCPP site is located on a sequence 
of emergent marine terraces ranging in age from 120,000 to 214,000 years old (PG&E, 
1988; Hanson et al., 1994).  Detailed mapping of the wave-cut platforms and shoreline 
angles associated with these marine terraces for the original LTSP (PG&E, 1988) 
documents the absence of faulting, folding, or tilting that could have displaced these 
terraces across the DCPP site area, confirming the lack of late Quaternary secondary fault 
deformation at the site.   

3. Detailed geologic mapping.  The geologic conditions of the DCPP site are well exposed 
along the sea cliff directly southwest of the site (Figure7-1).  During the current 
investigations for the Shoreline fault zone, detailed mapping of the geologic stratigraphy 
and structure was performed along the sea cliff and on the modern wave-cut platform 
during low tide from near Lion Rock on the north, to south of the Intake Cove on the 
south.  Potential bedrock faults were identified and characterized.  None of the bedrock 
faults show evidence of late Quaternary tectonic activity (e.g., fissures filled with soil, 
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open fractures, fragile shear fabric); they appear to have formed during the Tertiary 
related to development of the Pismo syncline.  Thus these faults can be associated with a 
well-known period of preexisting Miocene and Pliocene tectonic deformation.   

4. Detailed site investigations for the FSAR (PG&E, 2010b).  Investigations for the FSAR 
included detailed mapping of the site and extensive trenching to evaluate the potential for 
surface fault rupture through the site.  The initial investigations for the power plant, the 
investigations for the ISFSI, and the current mapping document the absence of 
Quaternary primary or secondary fault deformation through the site area.  The power 
block excavation was logged prior to construction; and nearly 5,000 linear feet of 
trenches to depths of 10–40 feet were excavated, evaluated, and logged for the power 
plant for the FSAR.  The trenches and other exposures showed that faults within bedrock 
appear to be generally laterally discontinuous older structures, and that these faults do not 
offset either the 120,000 and 214,000 marine wave-cut platforms (i.e., the bedrock-soil 
interface) or the overlying marine terrace deposits.  The marine terrace deposits, in turn, 
are overlain by both fluvial and colluvial deposits that also are not deformed.  
Observations from the trench investigation, therefore, provide direct evidence 
documenting the absence of primary and secondary fault deformation for the areas 
trenched and mapped in detail, including the coastal cliffs bordering the DCPP site. 

 
The investigations described above extend over the entire 750 m wide control zone east of the 
Shoreline fault zone, including the entire DCPP site.  These investigations document Tertiary-
age geologic structures and the absence of late Quaternary surface faulting (primary or 
secondary) or other forms of late Quaternary tectonic deformation (e.g., tilting, folding, 
subsidence) through the DCPP site that may be associated with a conservative characteristic 
earthquake of magnitude 6.4 (Section 6.4.1) on the nearby Shoreline fault zone.  
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