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Integration Branch, DIM 
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David J. Brooks, Acting Chief 
Engineering and Geosciences Branch, ODW 
Office of Nuclear Material Safety and Safeguards 
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Integration Branch, Dfl 
Office of Nuclear Material Safety and Safeguards 

Philip S. Justus ' t 'LI PV e.3r 
Geosciences and H rcilogy ReviibSection" 
Engineering and Geosciences Branch,DI)M 
Office of Nuclear Material Safety and Safeguards 

TRIP REPORT FOR PROBABILISTIC SEISMIC HAZARD ANALYSIS 
SEISMIC SOURCE CHARACTERIZATION WORKSHOP #2, SALT LAKE CITY, 
UTAH,. OCTOBER 16-18, 1996

DOE held a second workshop on seismic source characterization (SSC) for the 
proposed high-level waste repository at Yucca Mountain (YM), Nevada, on 

October 16-18, 1996. SSC is part of the probabilistic seismic hazard analysis 

(PSHA) study bel n conducted by DOE. The objective of this PSHA study Is to 

provide the annual probability with which various levels of vibratory ground 

motion and fault displacement may be exceeded at the YX site. Thase results 

will be used as a basis for developing seismic design inputs and in assessing 

the pre- and post-closure performance of the YM site and facilities.  

The main goals of this second SSC workshop were to review the data that are 

available for the YM region, and to identify available methodologies for 

characterizing seismic sources for the YN site. Philip Justus and Christiana 

Lui attended this workshop as observers from NRC. John Stamatakos (CNWA) 

also attended and was invited to present relevant and new data from studies 

conducted by the CNMRA.  

The workshop started with an introductory session. Tim Sullivan (DOE) gave a 

brief update of the related YM programs since the first workshop which was 

held in April 1995. Carl Stepp (Woodward-Clyde) followed. He presented the 

schedule and related milestones for PSHA, and introduced members of the PSHA 

peer review panel. He also stated that a participatory peer review process 

where the reviewers attend each workshop and provide their informal Inputs to 

Carl Stepp after each workshop has been adopted for this study. , I f
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Kevin Coppersmith (Geomatrix) wrapped up this Introductory session by 
providing a process overview, guidelines for the workshop, a list of SSC 
subject-matter experts and facilitation team members, and the goals for the 

upcoming SSC workshops. The agenda, list of attendees and reprints of 

presentations by Tim Sullivan, Carl Stepp and Kevin Coppersmith are included 

as Attachment 1, Attachment 2, Attachment 3, Attachment 4 and Attachment 5, 

respectively. The remainder of this workshop was devoted to the presentation 

and discussion of relevant data and methodologies. Attachment 6 contains 

reprints of these technical presentations as enumerated in the workshop agenda 

and other relevant technical articles that were aviilable to the NRC staff 
during the workshop.  

DOE has chosen to implement a formal expert elicitation process for the 

performance of PSP4. For SSC, six subject-matter experts were selected from 

each of three disciplines: seismology/geophysics,! tectonics/regional geology 

and Quaternary geology/paleoseismology. Tim Sullivan provided a copy of 

biographical sketch of each of the subject-matter experts to the NRC. Note 

that due to the long lag time between the first and second SSC workshops, 

Anthony J. Crone Is no longer on the panel. He has been replaced by 

Peter L.K. Knuepfer. All biographical sketches are included as Attachment 7.  

During this SSC workshop, six three-member expert teams were formed by random 

drawing. Each team contains one subject-matter expert from each of the three 

disciplines. The membership of these expert teams is listed in Attachment 8.  

Members of individual teams are expected to collaborate such that only one 

assessment will be elicited from each team during the elicitation session.  

Prior to the conclusion of this workshop, a copy of the Management Procedures 
Manual on 'Scientific Expert Elicitation* (YMP-USGS-QMP-3.16, RO) was 
distributed. All subject-matter experts were asked to sign a statement 
certifying that they have received and read the procedure during the workshop.  

A copy of this procedure Is included as Attachment 9.  

During the feedback sessions at the end of each day, the NRC and CNWRA 
provided technical inputs to the group as appropriate. Philip Justus 
clarified aspects of QA as required to support a license application, and 

emphasized distinctions between Type I faults in NUREG-14S1 and faults as a 

Type I seismic source in ORecommendations for Probabilistic Seismic Hazard 
Analysis: Guidance on UncerLzinty and Use of Experts" (also known as the 

"OSSHAC" report). John Stamatakos announced the impending availability of 

CNWRA's list of Type I faults.  

DOE and NRC also met to discuss issues related to the implementation of an 

expert judgment elicitation process outside the main workshop. Issues 

discussed were: (1) status of DOE's decision criteria and procedure for 

updating the elicited judgments; (2) the need to document changes made to the 

elicited judgments based on the feedback; (3) status of the SSHAC report; 
(4) the various expert roles as delineated in the SSHAC report (i.e., 
proponent, evaluator and technical facilitator/integrator); (5) robustness of 

the final results with regard to the use of individual experts versus expert 

teams; and (6) documenting and disclosing potential conflict of interest 

(COI). Christiana Lui and Tim Sullivan exchanged view points regarding the 

first five issues. For the last Issue, DOE is seeking input on acceptable
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approaches to disclosing and documenting potential COIs because, by design, 

NRC's "Branch Technical Position on the Use of Expert Elicitation in the High

Level Vaste Program* does not recommend any specific means for accomplishing 
this goal.  

The third SSC workshop will be held at Amargosa Valley, Nevada, on 

November 18-21, 1996. The main goal of this third workshop will be to discuss 

alternative models, hypotheses, and interpretations that are important to the 

characterization of seismic sources for vibratory ground motion hazard and 

fault displacement hazard. Several field trips to the Y14 region will be 

included as part of this third workshop. The elicitations are currently 

scheduled to take place during February and March 1997, followed by a feedback 

workshop in April 1997. The final PSHA report is due to DOE from its 
contractor at the end of August 1997.  

Attachments: As stated 

Contact: C. Lul, OWN/PAHL 
415-6200 
P. Justus, DWM/ENGB 
415-6745
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AGENDA 
SEISMIC SOURCE CHARACTERIZATION (SSC) 

HAZARD METHODOLOGIES WORKSHOP 

October 16-18, 1996 
Doubletree Hotel, Salt Lake City, Utah 

GOAL OF THE WORKSHOP: 

The workshop has two principal goals: to review the data that are available for the Yucca 

Mountain region, and to identify available methodologies for characterizing seismic sources for 

the Yucca Mountain seismic hazard analysis. The first goal is a follow-on to the first SSC 

workshop held in April of last year, because additional data have become available and/or 

synthesized in summary reports since that time.  

APPROACH: 

The approach used in this workshop to accomplish the above goals is to divide seismic source 

characterization into two parts: SSC related to vibratory ground motion hazard analysis and 

related to fault displacement hazard analysis. SSC is then divided into three components: 

seismic source location and geometry, maximum earthquake magnitude, and earthquake 

recurrence assessment. Each of these topics is first introduced by overview presentations that 

focus on the methods and approaches that are available to characterize them. These talks are 

then followed by a series of talks that describe the available data bases and data interpretations 

that relate to these topics. Although the presentations will undoubtedly entail some 

interpretations, the next workshop (Workshop #3 Alternative Models and Interpretations) will 

provide a forum for debating alternative interpretations of the available data. In the meantime, 

it is important that each member of the expert panel have an opportunity to understand the 

available methodologies and the available data bases for conducting the SSC.  

WEDNESDAY, OCTOBER 16 

8:30- 10:00 INTRODUCTION 

8:30 - 8:45 Welcome (T. Sullivan) 

8:45 - 9:15 Yucca Mountain PSHA Project (C. Stepp) 

9:15 - 10:00 Overview of Process and Guidelines for Workshops (K. Coppersmith) 

10:00-10:15 BREAK 

10a 

Attachment I 
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WEDNESDAY, OCTOBER 16 (CONT.)

10:15 - 4:15 

10:15 - 11:15 

11:15 - 12:00 

12:00 - 1:00 

1:00 - 1:45 

1:45 - 2:30 

2:30 - 2:45 

2:45 - 3:30 

3:30 - 4:15 

4:15 - 4:30 

4:30 - 5:00

SEISMIC SOURCE CHARACTERIZATION FOR ASSESSING VIBRATORY 

GROUND MOTIONS -LOCATION AND GEOMETRY 

General Approach and Key Issues (W. Arabasz) 

Methods for Assessing Location and Geometry of Seismic Sources (R. Bruhn) 

LUNCH 

Quaternary Fault Studies in the Site Area (C. Menges) 

Quaternary Fault Studies in the Yucca Mountain Region (L. Anderson/E.  
Anderson) 

BREAK 

New Deep Seismic Reflection Line Data (T. Brocher) 

Geometry Information from Seismicity Data (K. Smith) 

Information on November Field Trip (K. Coppersmith) 

STATEMENTS FROM OBSERVERS

THURSDAY, OCTOBER 17

8:30 - 11:45 MAXIMUM EARTHQUAKE MAGNITUDE EVALUATION 

8:30 - 9:15 Methods for Assessing Maximum Magnitudes (K. Coppersmith) 

9:15 - 10:00 Data Related to Segmentation and Displacement per Event on Site Area Faults 
(S. Pezzopane) 

10:00- 10:15 BREAK 

10:15 - 11:00 Relation between Rupture Length, Slip Rate, and Magnitude (J. Anderson) 

11:00 - 4:30 EARTHQUAKE RECURRENCE EVALUATION 

11:00 - 11:45 Methods for Assessing Earthquake Recurrence (J. McCalpin) 

11:45- 12:45 LUNCH 

12:45 - 1:30 Yucca Mountain Slip Rate and Recurrence Interval Data (I. Whitney) 

1:30 - 2:15 Evidence for Temporal Clustering on the Solitario Canyon Fault (A. Ramelli) 

2:15 - 3:00 CNWRA Fault Studies in the Yucca Mountain Region (J. Stamatakos) 

3:00 - 3:15 BREAK 

3:15 - 3:45 Global Positioning System Data (CNWRA data - J. Stamatakos; USGS data 
S. Pezzopane) 

3:45 - 4:30 Earthquake Catalog Analysis (I. Wong) 

4:30 - 5:00 STATEMENTS FROM OBSERVERS

h:\mntract\yuccamtnrssc-ag2.doc
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FRIDAY, OCTOBER 18

8:30 - 2:30 

8:30 - 9:30 

9:30 - 10:15 

10:15 - 10:30 

10:30- 11:00 

11:00 - 11:45 

11:45 - 12:15 

12:15 - 1:15 

1:15 - 1:45 

1:45 - 2:30 

2:30 - 2:45 

2:45 - 3:00

SEISMIC SOURCE CHARACTERIZATION FOR FAULT DISPLACEMENT 

ANALYSIS 

Methods for Assessing Fault Displacement Hazard (R. Youngs) 

Mapping of Yucca Mountain Block (W. Day) 

BREAK 

Fractures and Faults Mapped in the ESF (R. Lung) 

Yucca Mountain Geophysical Data (M. Feighner) 

Ghost Dance Fault Paleoseismic Data (J. Whitney) 

LUNCH 

Average and Maximum Fault Displacements (B. Slemmons) 

Basin and Range Secondary Faulting Data (S. Pezzopane) 

Where we go from here (K. Coppersmith) 

COMMENTS FROM OBSERVERS

h:contract\yuccamtnW c-ag2.doc
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YUCCA MOUNTAIN SEISMIC SOURCE CHARACTERIZATION 

WORKSHOP #2 - HAZARD METHODOLOGIES 

Registration List for 

OCTOBER 16,1996

Typed Name &inature Affiliation 

1. Ake, Jon kI$P U.S. Bureau of Reclamation (USBR) 

2. Allen, Clarence Nuclear Waste Technical Review Board 

_ _ _/ (NWTRB) 

3. Anderson, Ernie U.S. Geological Survey (USGS) 

4. Anderson, John University of Nevada at Reno (UNR) 

5. Anderson, Larm, _____________ 

6. Arabasz, Walter University of Utah (UU~) 

7. Bell, John UNR 

8. Brocher, Tom USGS 

9. Bruhn, Ron UU 

10. Brune, James AAUNR 

11. Coppersmith, Kevin Ge_ ___ ___ ___ ___ 

12. Cornell, Allin / Consultant 

13. Day, Warren US GS 

14. dePolo, Craig U.R 

15. Doser, Diane _ University of Texas, El Paso 

16. Feighner, Mark Lawrence Berkeley National Laboratory 

17. Fridrich, Chris USGS 

18. Hanks, Tom USGS 

19. Justus, Phil U.S. Nuclear Regulatory Commission 

20. Kimball, Jeff_ _ _ _ _ U.S. Department of Energy (DOE) 

21. King, Jerry V M&O/SAIC 

22. Knuepfer, Peter State UniversityofNewYorkat 

23. Lui, Christiana CC NRC 

24. Lung, Rob USBR 

25. McCalpin, Jim GEO-HAZ Consulting, Inc.  

26. McGuire, Robin t 4 • Risk Engineering 

27. Menges, Chris _ _ _ _ __HA USGS 

28. OLeary, Dennis _-____._____ _____ USGS 

29. Olig, Susan Woodward-Clyde Federal Services

Attachment 2
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YUCCA MOUNTAIN SEISMIC SOURCE CHARACTERIZATION 

WORKSHOP #2 - HAZARD METHODOLOGIES 

Registration List for 

OCTOBER 16,1996

30. Perman. Roseanne Geomatrix 

31. Pezzopane, Silvio USGS 

'32. Pomeroy, Paul Advisory Committee on Nuclear Waste 

33. Quittmeyer, Richard WF 

34. Ramelli, Alan UNR 

35. Reiter, Leon NWTRB 

36. Robert Smith UU 

37. Rogers. Al EQE International 

38. Savy, Jean Lawrence Livermore National 

Laboratory 

39. Schwartz, David USGS 

40. Slemmons, Burt ___ _ WCFS 

41. Smith. Ken UNR 

42. Soeder, Daniel ________,_,,_USGS 

43. Stanatakos, John _ _ CNWRA 

44. Stepp, Carl _ ____WCFS 

45. Sullivan, Tim _____._________ DOE 

46. Swan, Bert ________.__--..._Geomatrix 

47. Tillson, David 1,"vada Agency for Nuclear Projects 

48. Toro, Gabe Risk Engineering 
49. Whitney, John _ _USS 

50. Wong, Ivan I 0 A , /V WCFS 

51. Youngs, Robert f I/Vy V1 4 , Geomatrix 

52. Yount, Jim UNR 

54. "R lte 

60.  
61.
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YUCCA 
MOUNTAIN 

PROJECT

Introduction 

Presented by: 
Tim Sullivan 
U.S. Department of Energy

U.S. Department of Energy 
Office of Civilian Radioactive 

Waste Management

Attachment 3

October, 1996
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DOE Objectives 

", Complete a probabilistic seismic hazard assessment 

"* Incorporate multiple scientific interpretations of data 
and associated uncertainties in defining input 
parameters to the seismic hazard calculation 

"- Based on the results of the hazard calculation define 
design bases for ground motion and fault 
displacement for the Viability Assessment design in 
1998.

TMVN2.123.MPPT/1 0-47



Update from 4/95 

"• Repository program downsizing -- budget cut ~50% 
in FY 96 resulting in PSHA deferral 

"• Reorientation in program milestones; site suitability 
process abandoned 

"• Viability assessment in 1998 
"* Interim storage not authorized; not likely in 1997 
"* ESF tunnel now ~6.5 km (map and some pictures 

after this)

TMSLVN3.123.PPT4/10-9-97



Viability Assessment 

"• Now mandated in FY 97/98 congressional 
appropriation 

"• Interim step to site recommendation in 2001 (NWPA) 
"• Site recommendation involves stakeholders ýtgc, '/v) 

"• Viability assessment is a DOE assessment 
consisting of 

Comprehensive description of design and operations 
concept 
Assessment of performance of the concept in the geologic 
setting 

- Cost estimate 
- Licensing plan 

• Does not constitute a final evaluation of the site, but 
an interim evaluation to focus on remaining 
uncompleted work and unresolved issues 

TMSLVN4.123.PPT4/10-9-97
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DOE NRC Issue Resolution 

DOE Topical Report Methodology to Assess Fault 
Displacement and Vibratory Ground Motion Hazards 
at Yucca Mountain has been accepted by NRC 
pending review of final results of the seismic hazard 
analysis 

° DOE Topical Report Seismic Design Methodology 
for a Geologic Repository at Yucca Mountain is in 
final review at the NRC

TMSLVN5.123.PPT4/10-9-97
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SEISMIC DESIGN SCHEDULE

DATE MILESTONE 

15 Oct 96 Work Plan delivered to M&O for Seismic Design Meeting # 1 

17-18 Dec 96 Seismic Design Meeting # 1 

17 Jan 97 Letter Report: Seismic Design Meeting # 1 

21 Mar 97 Work Plan: Seismic Design Meeting # 2 

23-24 Apr 97 Seismic Design Meeting # 2 

19 May 97 Letter Report: Seismic Design Meeting # 2 and requirements for 
PSHA Calculations 

13 Jun 97 Activity Report summarizing approach and methodology to be used in 
development of seismic design bases 

16 Jun 97 Work Plan: Seismic Design Meeting # 3 

15-16 Jul Seismic Design Meeting # 3 

4 Aug Letter Report: Seismic Design Meeting # 3 and final annotated outline 
of Seismic Design Basis Development Report 

17 Oct 97 Work Plan: Seismic Design Meeting # 4 

11-12 Nov 97 Seismic Design Meeting # 4 - Review working draft 

01 Dec 97 Draft Seismic Design Report delivered to M&O for review 

22 Dec 97 Review Comments on Seismic Design Report due 

16 Jan 98 Seismic Design Report Finalized; resolution of review comments and 
submittal to DOE/YMSCO

HSEISDES.SCH



PSHA SCHEDULE

DATE . MILESTONE 

27-Sep-96 Workshop Plan delivered to the M&O for the Seismic Hazard 
Methodologies Workshop 

16 thru 18-Oct-96 Workshop: Seismic Hazards Methodologies for Seismic Source and 
Fault Displacement Characterization 

21-Oct-96 Workshop Plan delivered to the M&O for the Tectonic Models and 
Seismic Source Interpretations Workshop and Field Trip 

15-Nov-96 Letter Report: Seismic Hazards Methodologies for Seismic Source and 
Fault Displacement Characterization Workshop delivered to the M&O.  

18 thru 21-Nov-96 Field Trip and Workshop: Tectonic Models and Seismic Source 
Interpretations 

9-Dec-96 Workshop Plan delivered to the M&O for the Seismic Source 
Preliminary Interpretations Workshop 

12-Dec-96 Workshop Plan delivered to the M&O for the Ground Motion Models 
and Interpretations Workshop 

20-Dec-96 Letter Report: Tectonic Models and Seismic Source Interpretations 
Field Trip and Workshop delivered to the M&O.  

06-Jan-97 Letter Report on Modifications and QA of PSHA computer code 
including fault displacement model 

6 thru 8-Jan-97 Workshop: Preliminary Interpretations for Seismic Source and Fault 
Displacement Characterization 

9 thru 10-Jan-97 Workshop: Models and Interpretations for Ground Motion 
Characterization 

3-Feb-97 Letter Report: Preliminary Interpretations for Seismic Source and Fault 
Displacement Characterization delivered to the M&O 

6-Feb-97 Letter Report: Ground Motion Models and Interpretations delivered to 
the M&O 

24-Feb-97 Preliminary Ground Motion Interpretations provided to the Facilitation 
Team by the Experts 

10-Mar-97 Preliminary seismic source logic trees and ground motion 
interpretations provided to the Hazard Calculations Team

H:\chedule.wp5



PSHA SCHEDULE

1i

DATE MILESTONE 

14-Mar-97 Workshop Plan delivered to the M&O for the Ground Motion 
Feedback Workshop 

19-Mar-97 Workshop Plan delivered to the M&O for the Seismic Source Feedback 
Workshop 

07-Apr-97 Preliminary PSHA calculations to facilitation teams for feedback 

workshops 

14 thru 15-Apr-97 Workshop: Feedback on Ground Motion Interpretations 

16 thru 18-Apr-97 Workshop: Feedback on Seismic Source Interpretations 

2-May-97 Final Ground Motion Interpretations delivered to the Facilitation Team 

14 May-97 Final Ground Motion Interpretations delivered to the Calculations Team 

14-May-97 Letter Report: Ground Motion Feedback Workshop delivered to the 
M&O 

16-May-97 Letter Report: Seismic Source Feedback Workshop delivered to the 
M&O 

16-May-97 Final Seismic Source Logic Trees delivered to the Calculation Team 

9-Jun-97 Final interpretation documentation due to the Facilitation Team from 
ground motion experts 

16-Jun-97 Final interpretation documentation due to the Facilitation Team from 
the seismic source expert teams.  

30-Jun-97 Activity Report: Ground Motion Characterization (including experts' 
documentation of interpretations) delivered to the M&O 

30-Jun-97 Activity Report: Seismic Source Characterization (including expert 
teams' documentation of interpretations) delivered to the M&O 

30-Jun-97 Activity Report: Seismic Hazard Calculations for Yucca Mountain 
delivered to the M&O 

15-Jul-97 Draft PSHA Report: Probabilistic Seismic Hazard Assessment for 
Yucca Mountain delivered to the USGS for formal review 

01-Aug-97 Review Comments due on PSHA Report 

22-Aug-97 PSHA Report finalized; resolution of review comments complete 

29-Aug-97 PSHA Report Submitted to the DOE/YMSCO

H:ASCHEDLE.WP5



Yucca Mountain PSHA Project 
-.Peer Review

Reviewer 

Jim Brune 

Allin Cornell 

Tom Hanks 

David Schwartz 

Process

Review Areas 

seismicity aspects of seismic source 
characterization and vibratory ground 
motion 

PSHA methodology, process, and 
seismic design basis hazard 

vibratory ground motion 

tectonic aspects of seismic source 

characterization and fault displacement 
hazard

• Participatory Peer Review 

* Informal comments following each workshop 

Formal review of draft project reports



OVERVIEW OF PROCESS AND GUIDELINES FOR WORKSHOPS

Kevin J. Coppersmith 

SEISMIC SOURCE CHARACTERIZATION (SSC) 
HAZARD METHODOLOGIES WORKSHOP 

October 16-18, 1996 
Doubletree Hotel, Salt Lake City, Utah
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SEISMIC SOURCE CHARACTERIZATION (SSC) 
HAZARD METHODOLOGIES WORKSHOP 

GOALS OF THE WORKSHOP: 
"* To review the data that are available for the Yucca Mountain region 

"* To identify available methodologies for characterizing seismic sources for the Yucca Mountain seismic hazard 
analysis.  

Significant issues important to SSC were identified at the first workshop, as were the available data bases at that 
time (April, 1995)



APPROACH: 
1. Consider the two purposes of seismic source characterization: 

"* Vibratory ground motion hazard analysis 

"* Fault displacement hazard analysis 

2. SSC is divided into three components: 

"* Seismic source location and geometry 

"* Maximum earthquake magnitude 

"• Earthquake recurrence assessment.  

3. Each topic is first introduced by overview presentations that focus on the methods and approaches that are 
available to characterize them.  

4. A series of talks describe the available data bases and data interpretations that relate to these topics.



GROUND RULES FOR WORKSHOPS 

1. The workshops are an opportunity for the Expert Panel to: 

* Exchange data 
* Present interpretations 
* Challenge and defend technical hypotheses 
* Be trained in elicitation procedures 
* Gain information on the project 
* Interact and ask questions 

Therefore, the focus of each workshop is the Expert Panel 

2. The SSC Facilitation Team runs the workshops and is responsible for keeping to the schedule, logistics, etc.  

3. The conduct of the technical discussions at the workshops will be at the highest professional level. Personal 
attacks or confrontations will not be permitted (especially those directed at the Facilitation Team) 

4. Discussions will be among the Expert Panel and the Presenters 

5. Observers are provided with a period each day for brief statements or questions (3 minutes each) 

6. If an Observer has a burning question, please write it down and give to a member of the Facilitation team; they 
will attempt to have it answered during the course of the discussions 

7. The data bases supplied to the Expert Panel will not be supplied to the Presenters or Observers; a list of all 
materials supplied will be available 

8. A workshop summary will be supplied to all workshop participants who have signed in



TYPES OF PARTICIPATION 
YM-SSC PROJECT 

Members of Expert Teams 

Workshop Presenters/Data Specialists 

SSC Facilitation Team 

Observers
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U.S. Geological Survey 
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YUCCA MOUNTAIN SEISMIC SOURCE CHARACTERIZATION 

SCHEDULE 

WORKSHOP #1 DATA NEEDS: April 17-19, 1995 

Discuss hazard methodologies, technical issues, and Yucca Mountain data bases 

• Arrive at detailed list of data required by experts: scales, formats, processing 

Schedule for delivery of data to experts 

WORKSHOP #2 HAZARD METHODOLOGIES (AND DATA): October 16-18, 1996 

Discuss methodologies for both ground motion and fault displacement: pros and cons, data requirements, 
applicability to Yucca Mountain 

* Present all pertinent data bases that have become available since the first workshop 

Note: Experts will be grouped into teams prior to the third workshop; the data delivery should be essentially 
complete prior to Workshop #3



WORKSHOP #3 MODELS AND PROPONENTS/FIELD TRIP November 18-21, 1996 

Focus of workshop is encouraging individual experts and invited presenters to act as 'proponents' (advocates 

of a single model/hypothesis), making a distinction with 'evaluators' (who consider alternative 

models/hypotheses) 

Proponents for key technical issues: (e.g., clustering, detachments, recurrence models, displacement models, 

synchroneity of faulting, etc.) and for various hazard methodologies 

Field trip to observe local faults, field relationships, and the ESF; opportunity to debate alternative 
interpretations in the field 

Elicitation training 

WORKSHOP #4 PRELIMINARY SSC INTERPRETATIONS: January 6-8,1996 

* Full, preliminary characterization of inputs for both ground motion and displacement SSC 

* Discussions by each team of their uncertainties and credibilities of alternative models and methods.  

Technical challenge of interpretations and their basis



ELICITATIONS: February - March 

Teams meet in multi-day session with representatives from Facilitation team 

Expert teams document assessments and technical basis 

WORKSHOP #5 FEEDBACK April 16-18, 1996 

* Sensitivities, dominant contributors to ground motions and fault displacement 

* Significant contributors to uncertainty 

* Interpretations for each team presented, discussed, challenged, and defended 

FINAL ASSESSMENTS June 16,1996 

* Experts make any changes they feel appropriate in light of discussions at workshop #5 

Expert team documentation delivered to Facilitation Team



IMPORTANT ASPECTS OF THE YM-SSC PROJECT 

A key aspect of your evaluation is the identification and quantification of uncertainty 

* Expert-to-expert diversity of interpretation; modeling uncertainties; parameter uncertainties; aleatory and 
epistemic uncertainties 

* Sensitivity analyses: individual expert-team assessments, relative contribution to mean hazard, contribution to 
uncertainty/variance (all fed back to expert teams) 

Probabilistic treatment of hazard allows for full consideration of alternatives without invoking 'conservatism' 

* We are not choosing the best or correct answer, or defining a conservative answer.  
* The choice of alternative models and patameters should reflect true differences of interpretation, not 

perceptions of conservatism 
Conservatism will be considered by others in the context of risk 

YM-SSC experts are not required to be statistical experts; methods to capture uncertainty will be spoon-fed 

* Facilitation will assist with all calculations and statistical interpretations 
* Simple methods (e.g., logic trees) are designed to be intuitively obvious 

The procedures to be used in this study are consistent with recent guidance regarding multiple-expert studies 

* NRC Branch Technical Position on the Use of Expert Elicitation in the High-Level Radioactive Waste 
Management Program 

* Recommendations for Probabilistic Seismic Hazard Analysis: Guidance on Uncertainty and Use of Experts, 
NUREG/CR-6372 (SSHAC Study)



EXPERT ROLES*

EVALUATOR 

An evaluator is capable of listening to, understanding, interpreting, and evaluating the relative credibility of 
alternative models and interpretations. An evaluator recognizes that uncertainties exist and he/she expresses those 
uncertainties by assigning weights to alternative models and parameter values, based on his/her interpretation of the 
available data.  

PROPONENT 

A proponent is an advocate of a particular model, hypothesis, or point of view. It is common for scientists to act as 
proponents for ideas that they believe are most consistent with the available data. A proponent does not recognize 
the credibility of alternative hypotheses and does not focus on quantifying uncertainties.  

INTEGRATOR 

An integrator is responsible for integrating or combining the interpretations of multiple experts. In some cases, an 
integrator will aggregate the interpretations af multiple evaluators; or he/she will integrate the interpretations of the 
larger technical community.  

TECHNICAL FACILITATOR/INTEGRATOR (TFI) 

A TFI is an individual or small team that is responsible for facilitating the interactions of multiple evaluator experts 
and for integrating their interpretations.

* Terminology consistent with SSHA C



GUIDELINES FOR SELECTION OF YM-SSC EXPERTS 

Strong relevant expertise as demonstrated by professional reputation, academic training, relevant experience, 
and peer-reviewed publications and reports 

Willingness to forsake the role of proponent of any model, hypothesis or theory, and perform as an impartial 
expert who considers all hypotheses and theories and evaluates their relative credibility as determined by the 
data 

Availability and willingness to commit the time required to perform the evaluations needed to complete ,the 
study 

Specific knowledge of the Yucca Mountain area, the Basin and Range Province, or ground motion 
characterization 

Willingness to participate in a series of open workshops, diligently prepare required evaluations and 
interpretations, and openly explain and defend technical positions in interactions with other experts 
participating in the project 

Personal attributes that include strong communications skills, interpersonal skills, flexibility and impartiality, 
and the ability to simplify and explain the basis for interpretations and technical positions



YUCCA MOUNTAIN PSHA PROJECT 
CRITERIA FOR REMOVAL OF AN EXPERT 

OR 
1/CRITERIA FOR CONTINUED PARTICIPATION AS AN EXPERT 

Role of expert is to evaluate data and develop and document interpretations of seismic sources including 

uncertainty in the interpretations 

Experts were selected based on reasoned criteria 

The need to consider removing an expert can only arise for failure to perform according to the commitments 
and demands of the project as stated in the expert selection criteria 

One or more of the following could prompt the need to consider removing an expert: 

1) The person demonstrates unwillingness to perform as an expert evaluating credible models, hypotheses, or 
theories relative to the degree they are supported by data. This might be considered to be demonstrated if a 
person becomes a proponent of a single model, theory, or hypothesis to the exclusion of all others, or is 
unwilling to be guided by the data in making interpretations or expressing uncertainty.  

2) The person is unwilling or finds it impossible to commit the time required to perform the evaluations needed 
to complete the study. This might be reflected in the person consistently being unprepared for workshops or 
meetings with the Facilitation Team and/or consistently failing to meet established schedules for deliverables.



3) The person is unwilling to interact with other members of the project in an open and professional manner.  
This might be demonstrated by the person assuming a hostile and aggressive posture toward other members of 
the project or being uncooperative and disruptive in the workshops or interactions with the Facilitation Team.  

PROCEDURE 

1) The Facilitation Team is primary point of interaction with the experts and is responsible for managing the 
technical activities.  

2) The Facilitation Team will identify a non-performing expert and inform the Project Management of the 
situation.  

3) The Facilitation Team with the support of the Project Management will meet with the expert and determine 
whether the unacceptable performance can be brought into conformance with the requirements of the expert 
selection criteria.  

4) If after due consideration it is determined that this cannot be done, the Project Management will take formal 
action to remove the non-performing expert from further participation as an expert in the project.



GUIDELINES FOR EXPERT TEAMS

The SSC will be conducted by six three-person teams: 

"• Each team is multi-disciplinary, including expertise in Quatemary geology/paleoseismology, 
seismology/geophysics, and regional geology/tectonics.  

"* Each team should act as a virtual individual expert; each team should identify all approaches, tools, and data 
relevant to each evaluation 

" For some elements of the SSC several data sets and/or overlapping discipline tools may apply, for others a single 
data set or discipline tools may dominate the evaluation; the full expertise/experience of the team should be 
drawn out rather than deferring to a single team member 

"• All informed interpretations should be freely explored and properly represented; there is no intention to mute an 
extreme interpretation within a team.  

"• Within the team dynamic each expert should provide interpretations within his/her discipline across all 
models/evaluations recognizing that the resolving power of discipline tools and data may vary among models; the 
team integrates across disciplines and fully assesses uncertainty 

"* Each team should achieve within-team aggregation through interactions, and across teams using equal weights 

"• All team members should be comfortable that their views are properly represented in the final interpretation; 
acting together, they will be asked to defend their interpretations



AGGREGATION OF EXPERT ASSESSMENTS 

A goal of the YM-SSC project is to have a defensible basis for combining the assessments of the expert teams using 
equal weights. To do so, the following steps are being taken: 

A careful process of expert selection was conducted 

Experts are allowed to identify the data they require and all experts are given equal access to the data 

Experts are encouraged to interact, ask questions, and attain a high level of knowledge about data and methods 

The Facilitation team will assist in peripheral areas requiring support (e.g., statistics, computer coding and 
calculations, probability encoding) 

All significant data sets and interpretations will be presented to the expert panel in workshops and field trips; 

opportunity will be given to question the proponents of hypotheses and data presenters 

Every effort will be made to maintain a high level of commitment by each expert on the panel 

Feedback will be provided to ensure there are no unintentional disagreements; reviews and technical 
challenges will promote common understanding of issues and terminology 

The experts are required to play the role of an 'evaluator' and, unless asked to do so, forsake the role of a 
'proponent' 

All of these attributes are consistent with encouraging interdependence among the teams (i.e., establishing a 
common knowledge of data sets, definitions, methods, and alternative interpretations)



SEISMIC SOURCE CHARACTERIZATION 
-SSC 

FOR ASSESSING 
VIBRATORY GROUND MOTIONS 

GENERAL APPROACH AND KEY ISSUES 

Walter J. Arabasz 

October 16, 1996

Attachment 6



"Probabilistic seismic hazard analysis 
is an input to a larger decision-making 

process, not an end in itself." 

-Robin McGuire 

JXO-P 

'5A SEISMIC PERFORMANCE GOALS 
(Annual Probability of Failure) 

RISK ANALYSIS 
(Prob. of Hazard vs Prob. of Failure...  

Risk Reduction) 

DECISION ANALYSIS 
(Optimal Seismic Design)



* *

/A! jCo/�7477 CA! UCRL-ID-122160

Recommendations for Probabilistic Seismic Hazard Analysis: 
Guidance on Uncertainty and Use of Experts 

Prepared by the Senior Seismic Hazard 
Analysis Committee (SSHAC) 

September 1995

"iTis is an Informal report Intended primarily for internal or limited external 
distribution. The opinions and conclusions stated are those of the author and 
may or may not be those of the Laboratory.  
This work was supported by the United States Nuclear Regulatory Commission under a 
Memorandum of Understanding with the United States Department of Energy. and 
performed under the auspices of the U.S. Department of Energy by Lawrence Livermore 
National Laboratory under Contract W-7405-Eng-48.
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OUTLINE 

SEISMIC SOURCES 

WHAT HAS TO BE DONE FOR EACH SOURCE 

"• Quantify Depiction 
"• Characterize Future Seismicity 

SEISMICITY ar RECURRENCE EVALUATION 

"* fM(m) 
"* Exponential vs Characteristic Models 
"* Importance of Frequencies in PSHA 
"* Careful "Conditioning" of EQ Catalogs 

-- common magnitude measure 
--- estimate completeness as a function 

of magnitude and location 
- removal of dependent events 

(foreshocks and aftershocks) 

ISSUES 

"* Issues for SSC from Workshop #1 
"• Issues from NRC review of SSHAC Rept 
"* Relative importance of certain SSC parameters



SEISMIC SOURCES 

(Sources-faults and volumetric zones-of 
future seismic events that will affect site) 

SEISMIC SOURCE = A region of the earth's 
crust that has relatively uniform seismicity 
characteristics, distinct from neighboring 
sources 

[Can allow for some variation of seismicity 
parameters (a-, b-values), but Mmax and the 
probability of activity generally assumed to be 
uniform within a seismic source] 

CANDIDATE SEISMIC SOURCES 

"* Quaternary faults 
- exposed 
-- buried (mapped or imaged) 

- hidden (suspected) 

"• Zones of historical seismicity 

• Sites of Underground Nuclear Explosions 
(UNE's) 

• Localized regions of young magmatism that 
could produce volcanic earthquakes
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FOUR BASIC TYPES OF SEISMIC SOURCES 
(FROM SSHAC, 1995) 

Type 1 Faults, represented by lines or planes 

Type 2 Area sources enclosing concentrated 
zones of seismicity 

Type 3 Area sources defined by regional 

seismotectonic characteristics 

Type 4 Background area sources [note scale] 

Type I Type 2 

.0•0 

EpIcentMr 

0 2__5km 0 2km

Typo 3

t
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ISSUE OF ASSUMING 
HOMOGENEOUS SEISMICITY 

WITHIN AREA SOURCES 
(SSHAC, 1995) 

Implication: Over enough time, one-would 
observe the same density of eq's (events per 
unit area) in any small area within the given 
source...  

1. All sites within a homogeneous area source 
will have the same mean hazard due to this 
source, regardless of distribution of histori
cal seismicity.  

2. Statistical uncertainty in a- and b-values 
will be lower than if the source is subdi
vided into two or more smaller sources.
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WHAT HAS TO BE DONE 
FOR EACH SOURCE 

1. QUANTIFY DEPICTION 
"* 3-D Geometry (and any variability, due to 

uncertainty, in the depiction) 
"* Probability That Source is Active 

"• Dependency With Other Sources 

2. CHARACTERIZE FUTURE SEISMICITY 
"* Magnitude Distribution 

"• Rate of EQ Occurrence 

"• Maximum Magnitude
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TO WHAT DISTANCE FROM A SITE IS "DETAILED" 
SOURCE CHARACTERIZATION NECESSARY? 

General Guidance from SSHAC (1995) 
for Western US.: 

"* Max distance for source identification cr300 km 

"• Distance for detailed source characterization: 

If fault sources within 50 km of site ar 100 km 

If no fault sources within 50 km of site er 150 km
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Representative seismicity map for the 
Yucca Mountain region; large black dots 

are historic EQ's with M > 6 
(from Gomberg, 1991)
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Data Used to Assess Seismic Source Locations & Geometry 
and Their Relative Usefulness (from SSHAC, 1995)

TYPE OF SOURCE DATA/BASIS FOR SOURCE RELATIVE 
USEFULNESS/ 
CREDIBILITY 

(1: high, 3: low) 

Type I: - - Mapped fault witlh historical rupture, ....... . 1 " 
Faults 

Mapped Quaternary fault at surface 1 

Mapped localized Quaternary deformation, inferred fault 2 
at depth 

Borehole evidence for fault, especially in young units 2 

Geophysical evidence (e.g. seismic reflection) of fault at 2 
depth 

Map of pre-Quaternary faults 3 

Type 2: Concentrated zone of well-located instrumental seismicity 1 
Concentrated Zone 

Mapped fault(s) at surface or subsurface in proximity to 1 
seismicity 

Zone of historical/poorly located seismicity 2 

Structural features/trends parallel to seismicity zone 2 

Focal mechanisms/stress orientation 3 

Rapid lateral changes in structurts/tectonic features 3 

Type 3: Changes in spatial distribution/concentration/density of 1 
Regional Zone seismicity 

Regions of genetipally-related tectonic history 1 

Regions of simila structural styles 2 

Changes in crustal thickness or crustal composition 2 

Regions of different geophysical signature 3 

Changes in regional stresses 3 

Changes in regional physiography 3 

Type 4: Regional differences in structural styles/tectonic history 1 
Background Zones 

Major physiographic/geologic provinces I 

Changes in character of seismicity 3

NUREG/CR-6372 56
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FAULT-SPECIFIC SOURCES 

Gutenberg-Richter (truncated exponential)? 
Characteristic earthquake model? 

Other model? 

Seismicity on fault for recurrence estimation? 
Generally, NO ...  

Can estimate recurrence rates using either 

* slip rate plus assumed b-value 

• Average return time for the maximum 
or characteristic event plus assumed 
b-value 

(e.g., Youngs and Coppersmith, 1985)
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a Gutenberg.RRichter Model 

n N 

Discrete Cumulat 

Mmax Mpmax 
b Characteristic Earthquake Model 

n "N 

Discrete I Cumulative 
Form Form 

Ma Mmax Ma Mmax 

Figure 1. The distribution of the number of 
e~ents versus magnitude implied by the assume
tion of either (a) the Gutenberg-Richter or (b) the 
characteristic earthquake model of fault behavior 
during the repeat time of one maxiinnum magni
tude (M") event along a fault. Both the discrete 
and cumulative forms, of the expected magnitude 
distribution, where n e.quals the number of events 
equal to a given magnitude and N equals the num
ber of events greater. than or equal to a given mag
nitude, are provided, in (a) and tb). .For the char
acteristic earthquake model, the largest earthquake 
during the repeat tim6. of a maximum-size event 
is defined to equal .the size of the largest after
shock (Ma), and the size distribution of after
shocks is assumed to satisfy the Gutenberg-Rich
ter relationship.  

(from Wesnousky, 1994)
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mI =7.25 max 
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4 5 6 7: 8 VA + 
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10~ ' -' oefvb .nq e.  

Magnitude 

Example of recurrence modeling for m = 7.25, 
assuming b = 0.8 and -with the frequency of events 
> M 7 held constant (from Youngs et al., 1987).
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IMPORTANCE OF FREQUENCIES IN PSHA 
(Keep your eye on the ball!) 

In practice, frequencies are a big deal in PSHA.  

Consider a seismic hazard curve.  
How often does "bad" happen? 

Annual Frequency 
of Exceedence N 

(log Scale) 

Ground Motion Level, a* 
a. (log scale) 

Annual Frequency 1 vi G GA m, r(a*)fM(m) fR(rIm)dmdr 
"of Exceedence I " "_ 

v = annual numiber of EQ's in Source i 
with magnitude Ž! mthreshold 

.Jo4..aho;4h.e q da~arn 
Expected Frequency = Number of Trials x Prob. [of the event] 

ofy 
Frequency/yr of "bad" = N (events/yr) x Prob. ["bad"']
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Peak AccleraUon (g) 

f or yno'r teven3 = I.-pe[zrLEroeIents+3 I- e 
Figure 15. Graph of a simp seismic hazard curve for a hypothetical site. From 
the procedure outlined In Figure 14, the curve gives the mean annual number of times 
(vertical axis) that a certain level of ground shaking (horizontal axis) is expected to be 
exceeded. The Inverse (i.e., I divided by) an annual frequency is called a "return 
period." The ground motions having a 10 percent probability of being exceeded (or 
equivalently a 90 percent probability of not being exceeded) for some specified 
"exposure periods" are based on the Poisson model for random occurrence of events.  

Example'of simplified seismic hazard curve 
for a hypothetical site (from Arabasz, 1994)



i-.118 

1.002-3 *, .  

1.002.4 

Z -

1.002-8 
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Example of recurrence 'Modeling of seismicity 
within an areal. source zone using the Gutenb erg
Richter truncated exponential model and 
methodology described by Weichert (1980) 
[from 1994 report for Exploratory Studies Facility 
at Yucca Mountain].  

(ASSUMES SF-IVt4ic rry -vA-rA RAJemb BE.eW 
CARZEFULLY AND A P9fO RtA--rey ftCe.ssE >D 
AS -DICUJSSED i4jx-rwr)
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CAREFUL "CONDITIONING" OF EQ CATALOG 

Common Magnitude Measure 

* Reliable estimation of size for pre-instrumental 
events 

• Check for inadvertent changes in instrumental 
magnitude reporting with time 
(e.g., Zuniga and Wyss, 1995) 

* Systematic conversion to and use of Moment 
Magnitude 

Completeness as a Function of Magnitude & Location 

Varying threshold of completeness with time 
(Stepp, 1972; EPRI, 1986) 

Spatially-varying threshold model of 
completeness for Southern Great Basin seismic 
network analyzed by Gomberg (1991) 

ZMAP (Wiemer and Zuniga, 1994) 

Identification of Secondary Events-" Declustering" 
(Foreshocks, Aftershocks, Swarms) ,
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Figure 1. The fumctional dependence of various magnitudes on moment magnitude.  
The relation for mbLs comes from Atkinson and Boore (1987). For Ms and ML the 
relations came from fitting a quadratic to the data compiled by Ekstr6m (1987) and Hanks 
and Boore '1984), respectively.  

Comparison -of various magnitude scales 
to moment magnitude 

(from Boore and Joyner, 1994)
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Figure 8. Frequency-magnitude relationship cu
mulated from above and below for the earthquake cat
alog for Italy for the periods 78.87 to 80.21 (back
ground) and 80.21 to 81.5 (foreground). (a) The 
difference in b value noticed in these data is probably 
not due to a real change affecting all of Italy. (b) The 
background data with magnitudes transformed by the 
equation found using the b-value fitting method (open 
squares) yield a good fit to the observed foreground 
distribution.  

Example analysis of inadvertent change in 
instrumental magnitude with time 

(from Zuniga and Wyss, 1995).
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MOST EARTHQUAKE CATALOGS ARE 
FUNDAMENTALLY HETEROGENEOUS 

AND POSE CHALLENGES FOR 
SEISMIC HAZARD ANALYSIS 

"[An] incorrect assumption made by many is 
that catalogs can be made homogeneous as a 
function of time by eliminating all events 
below a minimum magnitude, Mmin....  

However, this simple approach does not work 
[if changes in] assigned magnitudes occur 
inadvertently. Thus, earthquakes with true 
magnitude Mmin will be accepted in the 
culled catalog during one time period, but 
they will be excluded during another if a cut
off in magnitude is employed." 

- Zuniga and Wyss (1995, p. 18,59)



Clustered Catalog 
1934-1991

Declustered Catalog 
1934-1991

0 .

* . 5 s 

Mogntude

Example of declustering of Nevada earthquake 
catalog using Reasenberg's (1985) algorithm 

(from Savage and dePolo, 1993).
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Illustration of significant difference between 
aftershock behavior in California and Utah-and 
why the declustering algorithm of Reasenberg (1985) 
must by "tuned" carefully for applications outside 
California (from Arabasz and Hill, 1994)

1000

.0.1 1I0 O K 

TIME AFTER MAINSHOCK (DAYS)

Rate decay and relative productiity of aftershock sequences, normalized to 
a cutoff magnitude 3.0 units below the mainshock magnitude. A median 
curve, labeled "Generic Utah" Model for 10 aftershock sequences In the 
Utah region is compared to a similarly derived, "Generic California" Model 
of Reasenberg and Jones (1989). On average, the Utah aftershock 
sequences decay more slowly than the California model and are less 
"productive" by a factor of 4 to 5 In terms of aftershock rates after 1 day 
and the cumulative number of aftershocks during the first.30 days. Median 
values for the Utah Omori parameters are: p=0.75, b=0-.7, c=0.02, a=-2.31 
(from Arabasz and Hill, 1994).
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Space-time plots of seismicity In the Wasatch 
Front region (WFR), 1974-1995, M > 1.5.

MOD-WFR = 

REAS-CA =

Modified Reasenberg code plus 
WFR parameters 

Original Reasenberg code plus 
California parameters
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Illustration of improved declustering of seismicity 
in Utah's Wasatch Front region achieved by modifying 
the declustering algorithm of Reasenberg (1985) to 
account for differences in aftershock behavior 
compared to California (from Arabasz and Hill, 1996).
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WINDOWS USED FOR CLUSTER ANALYSIS 

Details of space-time windows used by Veneziano and 
Van Dyck (1985) to statistically discriminate secondary 
events in an earthquake catalog.
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ISSUES FOR SSC 
IN THE YUCCA MTN REGION 

(From Workship #1 
April 1995) 

1. Candidate seismic sources for the 
background eq? Relative importance of 
volcanic earthquakes? 

2. Size of maximum background earthquake? 

3. Are rates of eq occurrence significantly 
affected by remotely triggered and 
"encouraged" mainshocks or are the effects 
insignificant when averaged over long 
periods of time? 

4. Relative weighting of exponential vs 
characteristic vs maximum-magnitude eq 
recurrence models for fault-specific sources.  

(more)
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ISSUES FROM W'SHOP #1 (cont) 

5. Developing fault segmentation models that 
define likely rupture segments.  

6. Characterizing fault geometry and 
kinematics.  

7. Characterizing distributive faulting.  

8. Non-stationarity and possible temporal 
clustering of large earthquakes.
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SSC ISSUES FROM NRC 
REVIEW OF SSHAC REPORT 

* "Practitioners of PSHA should, in the 
judgement of the Panel, be aware of and 
free to use alternative valid approaches to 
SSC." 

* "Classification of seismic source types- is 
non-unique and admitted to be arbitrary." 

* "Those who utilize the SSHAC procedures 
should be aware of... requirements for 
preparation of their earthquake catalog for 
PSHA. To the Panel's knowledge, a 
comprehensive study of the effects of sys
tematic changes in earthquake catalogs on 
the results of a PSHA has not been done."



30 .-

THE RELATIVE IMPORTANCE 
OF CERTAIN SSC PARAMETERS 

[Relative to Best-Estimate 
Hazard & Contributions to the 

Uncertainty in the Hazard] 

(SSHAC, 1995) 

Uncertainty in fault location causes a 
moderate sensitivity for most sites for 
high-frequency ground motions, and less 
sensitivity at low frequencies. For source 
zones, this applies to sites located outside 
the source, but especially near the source 
boundary.  

• Sensitivity to depth distribution is negligi
ble except at small source-to-site distances 
(less than 50 km) 

(more)



31

* Sensitivity to Mmax is largest at large 
source-to-site distances. It increases with 
ground motion amplitude, and is largest 
when the mean Mmax values are lower.  
(The sensitivity is greater when the mean 
Mmax is 6,.0 rather than 7.5 for fixed a
and b-values.) 

* Sensitivity to the b-value is moderate, 
except at small source-to-site distances (less 
than 25 km).  

* Sensitivity to whether an exponential or 
characteristic magnitude distribution is 
used depends on whether a slip-rate con
straint or a seismicity constraint is used to 
fix the rate of activity (a-value).  

If a slip-rate constraint is used, the max
imum sensitivity occurs for very close or 
very distant sites. If a seismicity constraint 
is used, calculations at all distances are sen
sitive to the choice of the model.

Is
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STRUCTURE AND GEOMETRY OF FAULT SYSTEMS 
(Applications to Earthquake Studies) 

Goals 
Estimate Fault Location & Parameters Required for Seismic Moment Calculation 
(Fault Area & Average Slip) 
-> Estimate Geometry of Source in the Subsurface 
-> Determine Kinematics 
-> Infer Long - Term (STATIC) vs Transient Rupture Termination Points 

Segmentation: Structural & Geometrical vs Earthquake 
Definitions 

Fault Scaling Parameters 
Length vs Earthquake Displacement 
Length vs Net (Long-Term) Displacement 
Fault Size - Frequency Relationships 

Fault Scarp & Bedrock Map Traces 
Intersection with topography: Bedrock -> Surficial Deposit -> Surface Interactions 
Trace curvature - listric faults vs fault terminations 
Roughness - origin and interpretation 
Fault spacing and length distributions 

Down-dip Geometry 
Fault tip-lines, branch-lines and intersections 
Hanging and footwall rotation and flexure 
Inferences from the 'Frictional / Quasi-plastic transition 

Rupture extent and displacement field 
Kinematic analysis - use of stress / strain field to constrain fault kinematics 
Reading the rupture: Stationary versus transient rupture termination points 
Barriers - slip-conservative and slip-divergent 
Insight from Tectonic Geomorphology 
Fault interactions - echelon segments, overlapping, underlapping, depth extent, anti-thetic faults 
Fault zone rheology - slip strengthening versus weakening material, slip-distribution with depth



NEW TEXTBOOKS OF INTEREST

Active Tectonics, Earthquakes, Uplift and Landscape 
by E.A. Keller and N. Pinter, 1996, Prentice-Hall, Inc.  

Exercises in Active Tectonics, An Introduction to Earthquakes and 
Tectonic Geomorphology by N. Pinter, 1996, Prentice-Hall, Inc.  

The Geology of Earthquakes by R.S. Yeats, K. Sieh, and C.R. Allen, 

1997, Oxford University Press.  

Also, McCalpin's new book on Paleoseismology.
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LAGERDORF QUARRY FRACTURE MODEL 
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Part Two/Earthquake Geology
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CISTANCE NOA.IAL TO FAUL.T (Kw) Figure 9-16. Cross sections of Borah Peak earthquake zone showing (top) ob
served coseismic elevation changes of benchmarks (dots) and the predicted changes based on a model of a planar fault, and mainshock and aftershocks near leveling 
line together with the location of the fault used in the geodetic model (middle), and 
a geological cross section including a low-angle thrust which was not reactivated 
during the earthquake. The distance along the cross section is with respect to the 
surface trace of the fault (bottom). After Stein and Barrientos (1985).



Geometry and kinematics of active normal faults 
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44 "00' 113 '0016. Comparison between fault structures of Oquirrh-East Tintic Mountains normal fault zones and the southern 
mhi Range normal fault zone. (a) Elevation profile along the Oquirrh-East Tintic Mountains range crest. (b) Normal 
Ilts along the western flank of the Oquirrh and East Tintic Mountains and complete Bouguer gravity contours in the 
jaccnt basin valleys (Cook etal. 1989), showing un'linked normal fault zones. SOF = South Oquirrh Mountains fault zone.  
)F = the North Oquirrh Mountains fault zone. ETF - the East Tintic Mountains fault zone. (c) Normal fault zone along 
southwestern flank of the southern Lcmhi Range and complete gravity contours (Bankcy et al. 1985), showing the geometry of linked normal faults. Teeth marks are the late Quaternary fault scarps.



*, 4$s .

-I'-' 

ft 

-4�9



North of Little Rock Canyon - Springville Quadrangle
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READING THE RUPTURE 
(Lesson #1) Tectonic 

Offset (kmave)

distance along fault zone

distance along fault zone

w

distance along fault zone 

Case: One strong boundary, and a non-persistent termination 
point.  

Case: No persistent termination point.  

Case: A 'characteristic' rupture segment, and a non-persistent 
termination point.

R.L. Bruhn

4 dpp
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Quaternary Fault Studies 
in the Site Area, with 
Emphasis on Fault 

Location and Geometry

14- --.;



Objectives 

• Describe previous studies 
* Summarize results 

"• Location 
"• Planview patterns 
"* Length 
• Surface expression 
• Fault-geometry 
* Fault displacements and slip direction

Data from Chapter 4.2, Tectonic Synthesis Report



Fault Identification 

• Photointerpretative Mapping 
• Field investigations 

"• Geologic mapping 
"• Strip mapping along fault traces 
"* Trenching studies 
"• Geochronologic studies



Quaternary Fault Studies 
Mapping 

- Christiansen and Lipman, 1965 
- USGS quadrangle mapping 

- Scott and Bonk, 1984; Scott, 1992 
- Detailed geologic mapping 

- O'Neill and others, 1991 
- Systematic photointerpretation 

- Simonds and others, 1996 
- Detailed fault strip mapping 

- Day and others, 1995 to present 
- Very detailed geologic mapping of repository block



Quaternary Fault Studies 

Trenching investigations 
- Swadley, Hoover and Rosholt, 1984 

- Initial trenching 

- Addtional logging in -the. mid-late 1980's 

- Paleoseismic investigations, 1992-1996 
- Chapter 4, Tectonic synthesis report 

Results 
- 52 total trenches and enhanced exposures 

- 40 sites on Quaternary faults 
- 28 sites with evidence for Quaternary displacements

°
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Fault Trace Patterns 

• Great complexity 
• Discontinuous surface traces 

"• Gaps where buried by alluvium 
"• Geophysical surveys for fault continuity 

* High Density of closely-spaced faults 
• Separations commonly < 1-5 km 

* Anastomosing pattern- of fault intersections and 
bifurcations 
• Two basic fault systems evident 

• West and east side of mountains with possible 
interconnection



Fault Lengths 

"• Generally short lengths 
• Uncertainty as to exact lengths from 

discontinuous fault traces 
"• Individual -continuous traces of <l km to 12 km 
"• Overall lengths of major faults of tens of kms 

• Minimum: 4km for Stagecoach Road fault 
• Maximum: 33 km for Paintbrush Canyon 

fault 
* Typically 10 to 20 km
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Surface Expression of Faults 

* At Yucca Mtn, major Quaternary faults at 
base of bedrock escarpments 

-West side, many fault-,line scarps 
Topographic enhancement of 
bedrock on footwall" 

* East.side, burial of fault by eolian and 
colluvial deposits (sand ramps) 

• In Crater Flat, piedmont fault scarps in 
mid-late Quaternary alluvium



Fault Geometry 
"* Mostly surface data from mapping and trenches 

• Very limited subsurface data 
* Borehole, tunnel, geophysics 

"• General north to northeast orientations 
"• Increasing NE strikes to south along Yucca Mountain 
"• Exception: several NW trending faults 

"• Steep dips (>45, commonly >60 ) mostly to west 
"• Very steep (subvertical) dips common in alluvium in 

trenches 
"* Dips remain steep in shallow subsurface 

"* Bow Ridge fault >60 in ESF tunnel 
"• Borehole data indicate Stagecoach Road fault >60 at 

85 m depth
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Fault Displacements and Sense of Slip 

"• Cumulative bedrock separations of 50-600 m.  
• Majority of displacement late Miocene in age 

"• Very small cumulative vertical displacements in mid-late Quaternary 
• Commonly 1-2.5 m, maximum observed of 4-6m (Busted Butte) 

"• Sense of slip--normal, down to the west 
* Exceptions: proposed-right lateral displacments on several NW 

trending faults 
"• Poor constraints on amount of lateral slip on major normal faults 

* Postulated as oblique normal slip with. left-lateral component 
• Slickenlines with left-oblique rakes of >45 on many bedrock 

fault surfaces 
• Several similar left-oblique high-angle rakes (60 - 75) on 

possible slickenlines from-carbonate coatings in Quaternary 
fault zones



Conclusions 

* Large database on Quaternary site faults developed from 
many mapping and trenching studies 

* Results on location and geometry of faults 
* ManyclcOsely-spaced faults in small area 

.Complex anastomosing fault pattern 
* Short lengths 
o Varied surface expressions 

Faults trend NS-NE and"dip steeply west 
* Small to moderate bedrock displacements and very.  

small Quaternary displacements 
*- Poorly-constrained but probably left-normal oblique 

sense of slip



LOCATION MAP OF MAJOR FAULTS AND 
TRENCHES AT YUCCA MOUNTAIN 
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CHARACTERIZATION OF SUSPECTED QUATERNARY FAULTS, AMARGOSA AREA, NEVADA AND CALIFORNIA

FisuR 1. Map showing generalized traces of the regional faults studied under the two Memoranda of Agree
ment between the Yucca Mountain Project Branch and Branch of Earthquake and Landslide Hazards, U.S.G.S.  
Abbreviaons In bold type identify faults described in this report, abbreviations in regular type Identify faults 
described in a companion report (Anderson and others, 1995). Selected regional geologic features include 
Walker Lane belt, boundaries of the southern Nevada volcanic field, and some calderas within that field (modi
fied from Car, 1988). Dot at center of 50- and 100-km-radius circles marks location of proposed repository 
site. Most fault traces and abbreviations are from Pezzopane (1995).
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FaruRe /A, Map showing the Yucca Mountain site (dot at center of 50-. and 1 00-km circles) relative to late 
Cenozoic faults in the western Great Basin (modified from Stewart, 1988). B, Same area as in A showing 
selected major faults and regional structural blocks (cross ruled) of the Walker Lane belt (from Stewart, 1988).  
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CHARACTERIZATION OF SUSPECTED QUATERNARY FAULTS, AMARGOSA AREA. NEVADA AND CALIFORNIA

Upper slope

"Surfai 

Lower slope _

Scarp Height

FIGURE . Definitions of scarp parameters. Upper and lower slope are intervals of the scarp profile that repre
sent the prefaulting surfaces above and below the scarp. Scarp-s!ope angle is the steepest interval on the 
scarp face. Surface offset is the vertical distance between the projections of the upper and lower surfaces 
measured mid-way between the intersections of the steepest interval of the scarp face and the projections of 
the upper and lower surfaces; scarp height is the vertical relief between those intersections.
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FIGURE 9. Scarp-slope angle versus log scarp-height data for single-event scarps In western Utah. The figure 
Illustrates the resolution and variability of scarp-morphology data. Dotted lines are linear regressions to each 
of the sets of data. Open circles, fault scarp of Fish Springs Range (about 2 ka; Bucknarn and others, 1989); 
solid circles, fault scarp of Drum Mountains (about 10 ka; Crone, 1983); crosses, shoreline scarp of Lake 
Bonneville (about 15 ka; Machette, 1989).
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FAULT NAME DISTANCE LENGTH LENGTH TIMING OF MOST 
FAULTNAM_ FROM YM (PIETY, 1994) (THIS STUDY) RECENT EVENT 

AR 40 15 12 late Pleistocene 
AM 34 30-60 30-49 late Pleistocene 
BR 55 38-54 21 early Holocene 
EN 85 17-19 19 m-I Pleistocene 
KRW 57 80-84 4-7 late Pleistocene? 
KW 43 25 0 
LC ___-__ -_ 2.4 & 2.8 m-I Pleistocene 
OSV 24 20 0-2.5 pre mid Pleistocene 
PSV 70 50-130 18.5 e-m Holocene 
RV 27 32-65 16 late Pleistocene 
RWBW 19 .5-17 0 late Miocene 
SF 52 27-51 0? 
TOL 42 22 0 prob Tertiary 
WSM 53 30-60 31-48 latest Quaternary 
WSR 33 , 8 latest Quaternary



CHARACTERIZATION OF SUSPECTED QUATERNARY FAULTS. REGIONAL STUDIES, NEVADA AND CALIFORNIA

ELR-1 itO 
CD 

t• t 

BLR-1

(U 

'C 

(U BLR:-7'4

BLR-1O/ 

0r-S 

IBLRI-11 

ELR-12{ 

SSLR-14 

MLR-15.16 -.  

•- :.:-

Cc 

31-R-20I ,2 

0 ... .'•.... .. ....- • :" •.. .5 kin' 
,o .. .b

11607'30

FIGURE 6. Map showing scarps on alluvium (solid 
lines) along Belted Range fault zone (BLR). Open 
circles show scarp-profile sites, numbered from 
north to south; S, site of probable single-event 
scarp. Range boundary drawn at approximate limit 
of exposed bedrock.  
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FIGu7. Plot of scarp-height-slope-angle values for scarps on alluvium along the Belted Range fault zone (BLR). Closed circles, probable single-event scarps; open circles, multiple-event scarps; x, large scarps that lack evidence of multiple periods of movement; numbers are BLR site numbers in figure 6 and table 3. Solid lines, regression lines for reference scarps; dotted lines, 1 -o limits for regressions. Lake Bonneville shoreline scarp (about 15 ka; Machette, 1989) and Drum Mountains fault scarp (about 10 ka; Crone, 1983) both from Bucknam and Anderson (1979); Santa Rita fault scarp (estimated age about 100 ca; Pearthree and Calvo, 1987). Points that plot above or below the 1-a limits of a regression line suggest relative ages that are younger or older than those of the reference scarps, respectively.  
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CHARACTERIZATION OF SUSPECTED QUATERNARY FAULTS, AMARGOSA AREA, NEVADA AND CALIFORNIA

1160 30' 116°15' 
/ AR lineament or scarp, 

showing downthrown side

FIGURE 8. Map of the Amargosa River fault zone (AR) and selected geographic and cultural features in the 
Amargosa Valley. Features associated with Donovan's (1991) secondary fault zone are enclosed by dotted 
line. Abbreviations include AM, Ash Meadows fault zone and RV, Rock Valley fault zone, southwestern exten
sion. Location of scarp profiles listed in table 3 are shown by bar symbol.  
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CHARACTERIZAT1ON OF SUSPECTED QUATERNARY FAULTS, AMARGOSA AREA, NEVADA AND CALIFORNIA

FiGuRE (.Map showing selected features of 
Pahrump-Stewart Valley fault zone (PSV) 
(after Hoffard, 1991). Locations discussed 
in the text include: CD, closed depression; 
ES, eroded scarp; EXP. exposure of Stewart 
Valley fault; PSV-1, profile site PSV-1; and 
WPS, warped playa sediment. Extent of 
mostly continuous bedrock shown by half
tone fill. The most prominent scarps on late 
Quaternary deposits are in the Stewart Val
ley area, but the biggest escarpments asso-, 
ciated with faulting are highly dissected and 
are restricted to the southern part of 
Pahrump Valley.  
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100 Pine Street. lIOth Floor 
San Francisco. CA 94111 
C415) 434-9400 a FAX C415)434-1385 GEOMATRIX 

September 30, 1996 

Dr. Ernie Anderson FAX #: (303) 273-8600 

U.S. Geological Survey 2 Pages Sent 
Denver Federal Center, MS 966 
P.O. Box 25007 
Denver, CO 80225 

Subject: Your Presentation at the Upcoming Seismic Source Characterization 
Workshop on Hazard Methodologies, October 16-18, 1996 

Dear Ernie: 

Welcome back to the Yucca Mountain seismic hazard analysis project! After a one-year 
hiatus, the seismic source characterization activities are starting back into action at a fast and 
furious pace. As you may recall, we conducted a workshop in 1995 that focused on the key 
technical issues that need to be addressed in characterizing seismic sources for vibratory 
ground motion and fault displacement hazard analysis. We then devoted a significant portion 
of the workshop to discussing the available data bases related to the seismic environment of 
Yucca Mountain.  

Since last year, significant progress has been made gathering new field, compiling data bases 
into summary reports, and compiling analogue data regarding fault rupture processes.  
Therefore, we are able to take advantage of these efforts in providing data bases to each 
member of the seismic source characterization (SSC) expert panel.  

In addition to providing additional data sets to the panel, a primary goal of the upcoming 
workshop (which is also termed Workshop #2, counting the 1995 workshop) is to identify 
methods and approaches to characterizing seismic sources for both vibratory ground motions 
and fault displacement hazard.  

Shortly, you will receive the agenda for the upcoming workshop, which will identify all 
speakers and their time allotments. In the meantime, this letter is intended to provide you with 
information to help you prepare your presentation. The overall approach to presentations at 
the workshop is the following: SSC is first divided into two parts-vibratory ground motions 
and fault displacement- and general methods and approaches to characterizing each will be 
discussed. Second, ground motion hazard is divided into three parts--source geometry, 
maximum magnitude, earthquake recurrence-and approaches to assessing each are discussed.  
Third, the data bases pertinent to each of the three parts are discussed by a number of speakers.  
Likewise, the data bases related to fault displacement will be presented by several speakers.  
Through this format, we hope to update all of the experts on the available data, as well as 

Geomatrix Consultants, Inc.  

Engineers. Geologists, and Environmental Scientists 

- continued -



Ernie Anderson 
Yucca Mountain SHA Presentation - Oct. 16-18, 1996 Workshop 
September 30, 1996 - Page 2 of 2 GEOMATRIX 

spark discussion of alternative approaches that are available to address ground motion and 
fault displacement hazard.  

Ernie, your talk will occur in the session on the location and geometry of seismic sources. We 
would like for you and Larry to summarize the data bases that exist regarding the faults in the 
Yucca Mountain region. Although your talk will undoubtedly involve some presentation of 
interpretations as well as data, please remember that the next workshop (Workshop 3) is the 
real opportunity to present and debate alternative interpretations and models, and their 
consistency with the available data. Please include in your discussion an acknowledgment of 
the uncertainties that are involved in the assessment of the locations and geometries o
ri-onal faults, given the available data.  

Many thanks for your participation in the workshop. We're looking for lively discussions and 
informative presentations. I will give you a call this week to answer any questions.  

Best regards 
GEOMATRIX CONSULTANTS, INC.  

Kevin J. Coppersmith 
SSC Facilitation Team Leader 

KJC/nji
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AGENDA 
SEISMIC SOURCE CHARACTERIZATION (SSC) 

HAZARD METHODOLOGIES WORKSHOP 

October 16-18, 1996 
Doubletree Hotel, Salt Lake City, Utah 

GOAL OF THE WORKSHOP: 

The workshop has two principal goals: to review the data that are available for the Yucca 
Mountain region, and to identif available methodologies for characterizing seismic sources for 
the Yucca Mountain seismic hazard analysis. The first goal is a follow-on to the first SSC 
workshop held in April of last year, because additional data have become available and/or 

synthesized in summary reports since that time.  

APPROACH: 
The approach used in this workshop to accomplish the above goals is to divide seismic source 
characterization into two parts: SSC related to vibratory ground motion hazard analysis and 
related to fault displacement hazard analysis. 9SC is then divided into three components: 
seismic source location and geometry, maximum earthquake magnitude, and earthquake 

recurrence assessment. Each of these topics is first introduced by overview presentations that 
fbcus on the methods and approaches that are available to characterize them. These talks are 
then followed by a series of talks that describe the available data bases and data inerpretations 
that relate to these topics. Although the presentations will undoubtedly entail some 
interpretations, the next workshop (Workshop #3 Alternative Models and Interpretations) will 
provide a forum for debating alternative interpretations of the available data. In the meantime, 
it is important tlat each member of the expert panel have an opportunity to understand the 
available methodologies and the available data bases for conducting the SSC.  

WEDNESDAY, OCTOBER 16 

8:30 - 10:00 INTRODUCTION 

8:30 - 8:45 Welcome (T. Sullivan) 

8:45 - 9:15 Yucca Mountain PSHA Project (C. Stepp) 

9:15 - 10:00 Overview of Process and Guidelines for Workshops (K. Coppersmith) 

10:00-10:15 BREAK

I12. .4 se42.dac



WEDNESDAY, OCTOBER 16 (CONT.)

10:15 - 4:15 

10:15 - 11:15 

11:15- 12:00 

12:00- 1:00 

1:00- 1:45 

1:45 - 2:30 

2:30-2:45 

2:45 - 3:30 

3:30 -4:15 

4:15 -4:30 

4:30 - 5:00

SEISMIC SOURCE CHARACrERIZATION FOR ASSESSING VIBRATORY 
GROUND MOTIONS--LOCATION AND GEOMETRY 

General Approach and Key Issues (W. Arabasz) 
Methods for Assessing Location and Geometry of Seismic Sources (R. Bruhn) 

LUNc•H 

Quaternary Fault Studies in the Site Area (C. Menges) 
Quaternary Fault Studies in the Yucca Mountain Region (L. Anderson/E.  
Anderson) 

BREAK 

New Deep Seismic Reflection Line Data (T. Brocher) 
Geometry Information from Seismicity Data (K. Smith) 
Inf-ormation on November Field Trip (K. Coppersmith) 

STATEMENTS FROM OBSERVERS

THURSDAY, OCTOBER 17

8:30 - 11:45 MAXIMuM EARTHQUAKE MAGNITUDE EVALUATION.  
8:30 - 9:15 Methods for Assessing Maximum Magnitudes (K Coppersmith) 
9:15 - 10:00 Data Related to Segmentation and Displacement per Event on Site Area Faults 

(S. Pezzopane) 

10:00- 10:15 BREAK 
10:15 - 11:00 Relation between Rupture Length, Slip Rate, and Magnitude (I. Anderson) 

11:.00 - 4:30 EARTHQUAKe RECURRENcZ EVALUATION 

11:00- 11:45 Methods for Assessing Earthquake Recurrence (Q. McCalpin) 

11:45- 12:45 LUNCH 
12:45 - 1:30 Yucca Mountain Slip Rate and Recurrence Interval Data (I Whitney) 
1:30- 2:15 Evidence for Temporal Clustering on the Solitario Canyon Fault (A. Ramelli) 

2:15- 3:00 CNWRA Fault Studies in the Yucca Mountain Region (I. Stamatakos) 

3:00-3:15 BREAK 

3:15 - 3:45 Global Positioning System Data (CNWRA data - . Stamatakos; USGS data 
S. Pezzopane) 

3:45 - 4:30 Earthquake Catalog Analysis (I. Wong) 

4:30 - 5:00 STATEMENTS FROM OBEvEs

. I Iadwnccamnt\zcabe4do 2



FRIDAY, OCTOBER 18

8:30 - 2:30 

8:30-9:30 

9:30- 10:15 

10:15- 10:30 

10:30- 11:00 

11:00- 11:45 

11:45 - 12:15 

12:15- 1:15 

1:15 - 1:45 

1:45 - 2:30 

2:30 - 2:45 

2:45 - 3:00

SEISMIC SOURCE CHARACTERIZATION FOR FAULT DISPACEMENT 

ANALYSIS 

Methods for Assessing Fault Displacement Hazard (R. Youngs) 

Mapping of Yucca Mountain Block (W. Day) 

BREAK 

Fractures and Faults Mapped in the ESF (K Lung) 

Yucca Mountain Geophysical Data (E. Major) 

Ghost Dance Fault Paleoseismic Data (I. Whitney) 

LUNCH 

Average and Maximum Fault Displacements (B. Slemmons) 

Basin and Range Secondary Faulting Data (S. Pezzopane) 

Where we go from here (K. Coppersinh) 

COMME•S FROM OBSERVERS

* �ic-�doo 
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PROPOSED SCHEDU 
SEISMIC HAZ

FY FY 

ACTIVITIES 1996 961 97 
May Jun. Jul. Aug. A$ep.I OcLt Nov. Dec. Jan. Fe 

Work- Work- Work- A 

SEISMIC .2 #4 
SOURCE Hazard and Preflrnl
CHARACTERI- Metho- Propo- nary 
ZATION (SSC) :doogles nentsI Interpre(16-18) Field Tdp lations 

(18-21) (6-8) 

Milestones 27: 21 1s 9 20 3 

Work

GROUND so# 
MOTION Models/: 

CHARACTERI- Preliminary 
ZATION (GMC) Interrelations S:~(9-1o 

- - - - - - - -

Milestones 612 

PROBABILISTIC Modify and OA Code P: 
SEISMIC and Incorporate Fault 
HAZARD Displacement Model 

ANALYSIS 
(PSHA) 

Milestones : :] : 6 

* : 

Develo 
SEISMIC 
BASES DESIGN Design 
DEVELOPMENT Meein 
(SBDD) M#I 

(17-18) 

Wilestones . .  15 17

LEGEND: 0 Work Plan 

2 Letter Report

A Preliminary Interpretations 
to Facilitation Team 

A Preliminary Intepretations 
to Calculations Team

0 Final Interpretations to Facilitation Team 

*Final Interpretations 
to Calculations Team
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LE FOR YUCCA MOUNTAIN 
ARD ASSESSMENT

FY FY 
1997 97 98 1998 
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Feed- e. Results 
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Seismic Source Characterization 
Hazard Methodologies Workshop 

New Deep Seismic Reflection Lines 

Tom Brocher, Clay Hunter, Vicki Langenheim.  

USGS 

USGSIYMP



Talk Outline 

Acquisition 
Processing 
Bare Mountain fault 
,Crater Flat east-dipping faults 
Solitario C. - Ghost Dance f.  
Faults east of Ghost Dance f.  
Schematic structural models 
Implications for seismic hazards 
Summary 

USGS/YMP



Regional Seismic Lines 
Amargosa Desert 
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Simplified Stratigraphy 
Several (4-5) km of Proterozoic/Paleozoic 

clastic and carbonate sedimentary rocks 
high-ly-deformed with steep dips 

2-3 km of bedded Mid-Miocene volcanic tuffs 
generally low dips (<1•0 degrees) 

Quaternary basaltic cones and flows within 

or on top of clastic sedimentary units 

USGSIYMP
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Geophysical Databases 
'Crustal scale seismic reflection data - High

fold (60-1.25) -.Vibrator, Poulter, Minihole 
sources 

Ground magnetic and gravity data 

Seismicity and focal mechanism data 

Borehole and outcrop data 

USGS/YMP



USGS OFR 96 28 
by Brocher, Hart, Hunter, Langenheim 

Data Acquisition 
Data Processing 
Preliminary Interpretation (now superceded) 
Complete'set of uninterpreted seismic lines 

USGS/YMP

Q •



Seismic Data Acquisition 
by Contractor 

Upper Crust (0-5 s) - High-fold (60-125) 
Vibrator, Poulter, Minihole Sources 

Lower Crust (5-10 s) -,Low-fold (1-8) Deep 
Shothole Sources 

480-channel recorder split-spread- 25 m group 
12.5 m CMPspacing 

..USGS/YMP



Seismic Data Processing 
by Contractor 

Conventional CMP stacking ,2-D geometry 
Phase compensation filtering of vibrator data 

to match it's phase to that of explosion data 
Post-stack migration..  
Post-stack depth conversion 
Limited pre-stack processing of Line 3 

USGS.NMP
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Gravity Models
High-density Proterozoic/Paleozoic outcrops 

at Bare Mountain produce gravity high 

Low-density Miocene tuffs at Yucca Mountain 
produce a gravity low

Tertiary fill beneath Crater Flat extends eastward
under crest of Yucca Mountain 

100-m offset of P/T boundary= I to 2 mGal

USGS/YMP



ISOSTATIC GRAVITY DATA
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Ground Magnetic Data 
Broad positive magnetic anomaly over 

Crater Flat- source beneath Tertiary fill 
High-frequency anomalies near Yucca 

Mountain.- source in shallow Tertiary fill 
Circular anomalie~s in Crater Flat over volcanic 

flows and cones 

50 m of offset:on Tpt= 20 to50 nT 

USGS.,.MP
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Bare Mountain Fault 
Eastm-dipping (450) range-front fault 

True dip (650) 

Truncates- distinctive zones of reflectivity 
(nferred 4-km-thick Proterozoic
Paleozoic sedimentary section) to 
depths of 6 to 7 km 

USGSIYMP
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E.ast-Di~pping Faults. Beeth Crater Flat 
1)Geologic mapping of east-dipping faults 

2) West-d~ipping Tertiary basin fill 
3) Magnetic. an~omal ies liJe west of.-faults 

,USGSIYMP
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THEORETICAL MODEL 
ACROSS N-S FAULT

-1.5 -1.0 -0.5 0 O.50 1,0

DISTANCE, IN KM

Figure 5. Theoretical magnetic anomaly from vertical offset of north-south 
trending fault (from Bath and Jahren, 1984). Geologic units and their 
modeled properties are described in tables I and 2, respectively.
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Solitario Canyon Fault 
Ghost Dance Fault 
West-dipping faults with large offsets of the 

Paleozoic/Tertiary contact..

Gravity model consistent with this interpretation 
to explain large gravity gradient under YM 

Offset of Tiva Canyon Tuff across Ghost: Dance 
fault at surface is less than 20 to 30 m 

USGS/YMP
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Potential Field Models 
I p - • I • • I • I • • _ •

E 

-c 

ci) 
0

0 8 16 
Distance, km

24

SW 
I-oil

NE

2.2

}2



Modeling Philosophy 
Fit of model to potential field data is a 

necessary requirement but, is not sufficient 

to "prove" a structural model - but such 

modeling can rule out inconsistent structures 

USGS/YMP
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OBSERVATIONS:.  
Bare Mountain fault is linear, moderate-angle 

fault to 6 or 7 km depth 
Top of reflective lower crust nearly matches base 

of seismogenic crust (12 to 15 kin) 

Little Skull Mtn, earthquake ruptured at 10 km 
depth along 560 dipping fault plane
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Hazard Implications 

High-to moderate-angle faults dip beneath 
potential repository within .12 km 

Schematic interpretation predicts relatively 
short spans within seismogenic crust under 
Crater flat 

Faults dipping away from Yucca Mountain may 

direct energy towards YM during rupture 

USGSIYMP
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Model Uncertainties 

Migration velocities (50 dip uncertainty) 
Depth-conversion velocities 
Mis-identification of reflections 
Only. 1-2 reflections within volcanic tuffs to 

constrain fault dips 

USGS/YMP



Southern Great Basin 

Seismicity 

in the Vicinity of 

Yucca Mountain
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Earthquake Location Ouality

Relation of Velocity Model to Real Earth 
Station Distribution Relative to Earthquake Source 

Near Source Stations 
Stations within I focal depth 
S-wave arrivals at stations within 1 focal depth 

Location Gap 

Oualitv of First Arrivals 

P-waves 
S-waves 

Assessing Location Ouality from Earthquake Catalogs 

rms residual 
error H and Z 
near station 
Gap 
Number of phase readings 
Other quality measures
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Depth Distribution - 1979-Present - Entire Catalog
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1992 Little Skull Mountain 

Earthquake Sequence
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Southwest dipping 
mainshock fault plane.

East dipping structure 
associated with 
Sept 13th aftershock 
Dominantly normal-slip.

Northwest dipping 
conjugate surface.  
Dominantly normal-slip.

P Dominantly oblique 
to strike-slip.

July 5 - M 4.4 
Aftershocks of 
July 5th event in 
hanging wall block.  
Dominantly Stike-Slip.

5 km

0 
0 
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S 

S

M4 

M 3.5-3.9 

"M 3.0-3.4 

"M 2.5-2.9 
M < 2.5

Mainshock



First 38 Hours of the Sequence 
1014 UTC 29 June - 30 June
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Cross Section - 29 June and 30 June se
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Magnitude-Time Distribution
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Normal Focal Mechanisms
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NORTH

WEST EAST

SOUTH

Elongation

• P-axis 

÷ T-axis

# Shortening 

EAST 

Elongation

EXPLANATION 
g2• Strike-slip and normal

oblique faulting 

AXNormal and normal
>0"" oblique faulting , r

Lower hemisphere, 
equal angle projection•, 
N = 252 earthquake 
focal mechanisms, see 
Table 7-3.

Figure 7-5. Lower-hemisphere equal-angle projection of the principal stress axes from focal mechanisms of 

earthquakes in the southern Great Basin. Upper plot shows the data, and the lower plot shows the inferred 

orientations of faulting consistent with the stress orientations. Maximum relative compression (P-) axes 

(0 symbol) form a girdle from vertical to northeast-southwest orientations, whereas extensional (minimum 

relative compression) (T-) axes (+ symbol) trend northwest-southeast. Focal mechanism data are listed in 

table 7-1.
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Depth Distribution - LSM Sequence - USGS-UNR Catalog

o 
2 0 0 ... • .... ... .. . .... .. .. ............................................... .....  

1 5 . . . . .. ... . .. .... .. . .. .. ... . . .. ... ..  

150 ....* 

..... .. ..... . ......... .... I . ....... . .................. ...................  
100

5 0 . . . . . ..... .....  
I 

0 2 4 6 8 10 12 14 16 18 20 
Depth



70

4-, 
o 
0

Depth Distribution - LSM Sequence - Relocations 750 Events

011 n n i _n ni i n fl iT i niiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiif i j n m I 
0 2 4 6 8 10 12 14 16 18 20 

Depth



Depth Distribution - LSM Sequence - M > 3
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1993 Rock Valley 

Earthquake Sequence
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1993 Rock Valley Earthquakes 

SOricgin Time Lato Lon Z Z* C•,alp rMs S-P 
1 93 530 1520 62.49 36 43.11 116 06.95 2.06 1.9 4.3 63 0.06 0.53 
2. 93 531 315 79.97 36 43.23 116 07.17 1.91 1.9 3.2 62 0.06 0.50 
3. 93 531 918 49.14 36 42.98 116 07.86 2.37 1.7 3.2 63 0.06 0.47 
4. 93 531 1113 67.99 36 43.41 116 06.66 1.86 1.0 2.7 61 0.06 0.48 
5. 93 531 1244 72.78 36 43.32 116 06.78 2.25 1.7 3.6 62 0.06 0.53 
6. 93 531 2238 47.40 36 43.32-116 07.09 1.84 1.7 2.7 61 0.09 0.57 
7. 93 6 1 1628 65.15 36 43.21 116 06.95 1.68 1.4 3.9 62 0.06 0.44 
8. 93 6 3 835 70.40 36 43.37 116 06.51 0.71 1.4 2.6 61 0.08 0.53 
9. 93 6 3 1720 32.89 36 42.96 116 07.49 1.80 1.7 3.3 63 0.07 0.47 
10. 93 6 4 1623 37.38 36 43.22 116 08.18 0.85 0.9 2.5 61 0.10 0.31 
11. 93 6 5 1323 71.33 36 42.89 116 07.67 1.63 1.1 3.4 70 0.06 0.39 
12. 93 6 6 1531 43.82 36 43.22 116 06.93 2.45 1.8 3.6 83 0.07 0.55 
EV# - Event number 
Origin Time - Year-Month-Day-Hour-Minute-Second (UTC) that the earthquake occurred.  
Z - Event depth (km) after relocation using layered velocity model.  
Z*- Depth fixed by S minus P time at station RTPP and assuming a 3.0 km/sec P-wave velocity.  
Md - Network duration magnitude.  
gap - location gap in degrees.  
rms - rms P-wave residual in seconds.  
S-P - S minus P time (sec) at station RTPP.  

1993 Rock Valley Focal Mechanisms 

!31 S.rike Din Rake 
1. 50 85 -10 
2. 70 80 -20 
3. 80 80 20 
4. 72 80 -15 
5. 50 85 -10 
6. 70 90 20 
7. 50 85 -10 
9. 237 80 10 
12. 70 90 20 

Strike, dip and rake angles of northeast striking fault plane (Aki and Richards, 1980, convention)
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Depth Distribution - 1993 Rock Valley Sequence
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Recent Earthquakes 

in the 

Southern Great Basin
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1994 Short Period Focal Mechanisms
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Figure 12. Lower hemisphere projections of reliably determined short period p-wave first motion 
focal mechanisms in the SGB druing 1994. See Table 3 for event desciptions and location 
information.
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Fifteen Very Small Earthquakes in the Yucca Mountain Block 
May 1995 through Spetember 1996 

Triggered at least 3 stations of Digital Network
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Diurnal Background Seismic Noise
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* single-station (LSC) moment versus SGBSN ML 

* SGBDSN moment versus SGBDSN ML 

A Mayeda and Walters moment versus S & A or USGS ML 

* Feng Su moment versus S&A or SGBSN ML 

0 Deep Springs moment versus USGS ML
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METHODS FOR ESTIMATING 
MAXIMUM EARTHQUAKE MAGNITUDES 

MAXIMUM MAGNITUDE: the largest earthquake magnitude that a seismic source is capable of generating.  

"* Independent of frequency or time period 

"* Upper bound to recurrence relationship 

"* Uncertain (Mmax is rare relative to historical period of observation)



HOW IS Mmax ESTIMATED? 

Every seismic source in a PSHA must be associated with a maximum magnitude, otherwise recurrence 
relationship is unbounded.  

Constraints 

"* Historical seismicity 

"* Estimated rupture dimensions 

"* Analogy 

Note: In western US. tectonic setting, seismic sources are usually faults and Mmax is usually estimated from 
rupture dimensions
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Comparison of recurrence rates developed from independent seismicity and from fault slip rates for the Northern 
Calaveras fault. Predicted recurrence rates are shown for the characteristic earthquake and exponential magnitude 
distribution models.
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USING RUPTURE DIMENSIONS TO ESTIMATE Mmax 

What is being estimated: the dimensions and magnitude of the maximum earthquake that can occur on a seismic 
source some time in the future.  

Procedure: 

1. Estimate the dimensions of rupture associated with a maximum event (e.g., rupture length, rupture area, 
displacement per event) 

2. Using empirical correlations, estimate the magnitude associated with maximum rupture dimensions 

3. Incorporate the uncertainties in the maximum rupture dimensions and in multiple estimates of the magnitude



ESTIMATING RUPTURE DIMENSIONS

Surface Rupture Length 

Estimate the length of the largest future surface rupture, based on: 

"* Segmentation evidence: historical ruptures, timing of ruptures along length of fault, changes in behavior, 
geometric changes 

"* Fractional fault length 

Subsurface Rupture Length 

"* Seismicity patterns (aftershocks) 
"* Identification of possible segmentation boundaries 

Rupture Area 

"* Estimation of maximum downdip extent within seismogenic crust 
"* Seismogenic crustal thickness from focal depth distribution, heat flow, modeling 

Maximum and Average Displacement Per Event 

"* Paleo-displacements from trenches, geomorphic evidence 
"* Distribution of slip along length of fault



Seismic Moment 

• Distribution of slip along length of fault; relation to subsurface slip 

Rupture Length, Slip Rate 

* Late Quaternary slip rate



D. L. Wells and K. J. Coppersmith

Table 2C 
Regressions of Surface Rupture Length and Displacement 

Coff'icau aad 

Slip Number of Sumada E DEnioo Coefficznt Dupa Itapaee Laagth 
Equaaiou* Typet Events a(") b(sb) j r Rwge (m) Itome MMi) 

log (MD) a + b * log (SRL) SS 55 -1.69(0.16) 1.16(0.09) 0.36 0.86 0.01 to 14.6 1.3 to 432 
WR* 21 -0.44(0.34) 0.42(0.23) 0.43 0.38 0.11 to 6.5 4 to 148) 
N 19 -1.98(0.50) 1.51(0.35) 0.41 0.73 0.06 to 6.4 3.8 to 75 
All 95 -1.38(0.15) 1.02(0.09) 0.41 0.75 0.01 to 14.6 1.3 to 432 

log (SRL) a + b * log (MD) SS 55 1.49(0.04) 0.64(0.05) 0.27 0.86 0.01 to 14.6 1.3 to 432 
{R 21 1.36(0.09) 0.35(0.19) 0.39 0.38 0.11 to 6.5 4 to 148} 

N 19 1.36(0.05) 0.35(0.08) 0.20 0.73 0.06 to 6.4 3.8 to 75 
All 95 1.43(0.03) 0.56(0.05) 0.31 0.75 0.01 to 14.6 1.3 to 432 

log (AD) = a + b * log (SRL) SS 35 -1.70(0.23) 1.04(0.13) 0.32 0.82 0.10 to 8.0 3.8 to 432 

{R 17 -0.60(0.39) 0.31(0.27) 0.40 0.28 0.06 to 2.6 6.7 to 148) 
N 14 -1.99(0.72) 1.24(0.49) 0.37 0.59 0.08 to 2.1 15 to 75 
All 66 -1.43(0.18) 0.88(0.11) 0.36 0.71 0.06 to 8.0 3.8 to 432 

log (SRL) = a + b * log (AD) SS 35 1.68(0.04) 0.65(0.08) 0.26 0.82 0. 10 to 8.0 3.8 to 432 
{R 17 1.45(0.10) 0.26(0.23) 0.36 0.28 0.06 to 2.6 6.7 to 148) 
N 14 1.52(0.05) 0.28(0.11) 0.17 0.59 0.08 to 2.1 15 to 75 
All 66 1.61(0.04) 0.57(0.07) 0.29 0.71 0.06 to 8.0 3.8 to 432 

*SRL.-surface rupture length (km); MD-maximum displacement (in); AD-average displacement (in).  

ISS-strike slip; R-reverse; N-normal.  
tRegressions for reverse-slip relationships shown in italics and brackets are not significant at a 95% probability level.
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Figure 9. (a) Regression of surface rupture length on magnitude (M). Regres
sion line shown for all-slip-type relationship. Short dashed line indicates 95% 
confidence interval. (b) Regression lines for strike-slip, reverse, and normal-slip 
relationships. See Table 2 for regression coefficients. Length of regression lines 
shows the range of data for each relationship.
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Empirical Relationships among Magnitude, Rupture Length. Rupture Width. Rupture Area, and Surface Displacement 995
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Figure 13. (a) Regression of surface rupture length on average displacement.  
Regression line shown for all-slip-type relationship. Short dashed line indicates 
95% confidence interval. (b) Regression lines for strike-slip, reverse, and normal
slip relationships. See Table 2 for regression coefficients. Length of regression 
lines shows the range of data for each relationship.
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Figure 14. (a) Regression of subsurface rupture length on magnitude (M).  
Regression line shown for all-slip-type relationship. Short dashed line indicates 
95% confidence interval. (b) Regression lines for strike-slip relationships. See 
Table 2 for regression coefficients. Length of regression lines shows the range 
of data for each relationship.
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D. L. Wells and K. J. Coppersmith

o Strike SI 
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"* Normal 
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Figure 15. (a) Regression of downdip rupture width on magnitude (M).  
Regression line shown for all-slip-type relationship. Short dashed line indicates 
95% confidence interval. (b) Regression lines for strike-slip, reverse, and normal
slip relationships. See Table 2 for regression coefficients. Length of regression 
lines shows the range of data for each relationship.
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Figure 16. (a) Regression of rupture area on magnitude (M). Regression line 
shown for all-slip-type relationship. Short dashed line indicates 95% confidence 
interval. (b) Regression lines for strike-slip, reverse, and normal-slip relation
ships. See Table 2 for regression coefficients. Length of regression lines shows 
the range of data for each relationship.
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Empirical Relationships among Magnitude. Rupture Length, Rupture Width, Rupture Area. and Surface Displacement 993

41 ALL 
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Figure 10. (a) Regression of maximum surface displacement on magnitude 
(M). Regression line shown for all-slip-type relationship. Short dashed line in
dicates 95% confidence interval. (b) Regression lines for strike-slip, reverse, and 
normal-slip relationships. See Table 2 for regression coefficients. Length of 
regression lines shows the range of data for each relationship.
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Figure l1. (a) Regression of average surface displacement on magnitude (M).  
Regression line shown for all-slip-type relationship. Short dashed line indicates 
95% confidence interval. (b) Regression lines for strike-slip, reverse,'and normal
slip relationships. See Table 2 for regression coefficients. Length of regression 
lines shows the range of data for each relationship.
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Figure 12. (a) Regression of surface rupture length on maximum displace
ment., Regression line shown for all-slip-type relationship. Short dashed line indicates 95% confidence interval. (b) Regression lines for strike-slip, reverse, and normal-slip relationships. See Table 2 for regression coefficients. Length of regression lines shows the range of data for each relationship.
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COMMON MISTAKE IN ESTIMATING Mmax 

1. Identify segments at a variety of scales (usually geometric segments) 

2. Ask yourself wrong question: "Which of these segment lengths is most likely to occur?" 
"* This is afrequency or recurrence question; reflects the relative frequency of occurrence of various size 

ruptures (magnitudes) 
"* Shorter, more likely segments defines recurrence of sub-Mmax events 

3. Instead: "Which segment defines the maximum rupture possible on this fault?" 
* Because the answer is uncertain, there might be more than one rupture segment scenario identified 

4. Goal: To define the maximum rupture possible on the fault and the associated uncertainty in defining the 
maximum event.
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TOOLS FOR HANDLING UNCERTAINTIES IN Mmax

LOGIC TREES 

"* Can be used to express the uncertainty in alternative approaches and alternative parameter values.  

"* Elements of tree sequenced logically 

"* Branches represent discrete alternative 'states of nature' (mutually exclusive, collectively exhausitive) 

9 Probabilities associated with each branch reflect degree of belief that represents true value, given the 

available data (sum to 1.0) 

"* Documentation should provide basis for-all branches and their relative weights 

"* (At Workshop #3 we will discuss methods for probability encoding) 

CONTINUOUS DISTRIBUTIONS 

"* Continuous parameters can be expressed as distribution 

"* Can sample using simulation
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Figure 2. Example use of logic tree. (a) Example logic tree showing two 
parameters relateo! to maximum magnitude: sense-of-slip and maximum 
rupture length. The resulting maximum-magnitude values are each asso
ciated with a probability that is the product of the conditional probabili
ties on the branches leading to each magnitude value, (b) Discrete 
distribution of maximum magnitude resulting from the logic tree 
assessments.
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Maximum Earthquake 

Magnitudes at Yucca 
Mountain 

Data Related to 

Fault Rupture Length, 

Fault Segmentation, and 
Displacement per Event on 

Yucca Mountain Faults 

presented by 

Silvio Pezzopane
U.S. Geological Survey 
Yucca Mountain Project

USGS-YMP Pezzopane Oct 96



Fault Rupture Length 

* assume rupture of maximum fault 
length or some fraction of length 

-indirect, inferential, assumptive 
>> ruptures not always simple and 

continuous along a single fault 
>> ruptures may step, splay, and form 

broad parallel zones 

* identify faults or fault segments 
that ruptured at certain times 

- most. direct, credible 
>> timing of paleoevents 
>> trench locations 

- constrains minimum rupture length 

>> displacement per event

USGS-YMP Pezzopane Oct 96



Paleoseismic Timing 
Data 

* Dating Techniques 
>> Thermoluminescence 
>> U-series 
>> Ash Correlation and Dating 
>> Correlation of Quaternary Deposits 

and Soils 
>> Archeological 

* Revised Older (1980's) 
Trench Dates 
)> U-trend and older U-series 

* in USGS Seismotectonic 
Report-Chapter 4 

>> Complete Catalog of Dates 
>> Description of Trench Data 

USGS-YMP Pezzopane Oct 96



Some Definitions 

* Paleoevent-'Paleo Surface 
Rupture' recognized in one 
trench across one fault 

>> fracturing may or may not represent an 
individual paleoearthquake 

>> trench and study specific 

* Rupture. Scenario
Paleoevents of a Similar Aae 
on one or more Faults 
>> probable paleoearthquakes 
>> minimumand maximum rupture length 
>> displacement per, event 
o accounts for distributed faulting

USGS-YMP Pezzopane Oct 96
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Timing PDF off 
Rupture Scenario Y
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Displacements per Event Along Fault Strike 
Yucca Mountain Rupture Scenarios 

in USGS Seismotectonic Report-Chapter 5
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Displacements for the Ash Event
Seismotectonic? or Volcanotectonic? or Both?
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Earthquake rupture length versus earthquake 
moment, this figure distinguishes faults with slip 
rates above and below 1 cm/yr, and indicates the 
sense of displacement for the data points (from 
Wesnouski, 1986)
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Table 1 
Historical Earthquake Data 

Me Lengit Slip Rate
(X I03 adyeecm)Year Locatio 

1811 New Madrid, 
Missouri 

i848 Marlborough.  
New Zealand 

1857 Fort Tejon, 
California 

1868 Hayward.  
California 

1872 Owens Valley.  
California 

1888 Canterbury, 
New Zealand 

1891 Nobi, Japan 
1896 Rikuu. Japan 
1906 San Francisco, 

California 
1915 Pleasant Valley.  

Nevada 
1927 Tango. Japan 
1930 N. Jzu, Japan 
1933 Long Beach, 

California 
1934 Parkfield.  

California 
1939 Erzincan, 

Turkey 
1940 Imperial Valley.  

California 
1942 Erbaa Niksar.  

Turkey 
1944 Gerede-Bolu, 

Turkey 
1952 Kern County.  

California 
1953 Golen-Yenice.  

Turkey 
1954 Fairview Peak.  

Nevada 
1954 Dixie Valley.  

Nevada 
1956 San Miguel.  

Mexico 
1959 Hebgen Lake, 

Montana 
1964 Niigata, Japan 
1966 Parklield, 

California 
1967 Mudurnu Valley, 

Turkey 
1968 Borrego Mtn, 

California 
1971 San Fernando.  

California 
1973 Luhuo. China 
1979 Coyote Lake.  

California 
1979 Imperial Valley.  

California 
1981 Daofu, China
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7.6' 
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6.7* 

6.6' 

7.5Y 

5.8 , 

6.5' 
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4-1.11% %con

Refs$ 

86 

88 

1 

78 

92 

94 

37 
39 
] 

17,78 

40 
42 
78 

6 

59 

78 

59 

59 

10 

59 

78 

78 

78 

58 

48 

2 

96 

I1 

78 

72 

78 

52 

75

(kin) Rerfs (MnIr) Raed 

6 0 - 25 -h 93. 70 0.01-2"- 70,93 

95' 83 4-10' 5, 105 

360-4009 1.16 16-43Y 12 

488-52' 78, 108 8-10I- 4 

108V 92 1-3' 92 

25-35' 87,94 11-25' 18. 19, 87 

80' 39 1-10' 21 
36-50k' 38.39 0.1-1' 21 
420-470r 1. 62 15-28' 23. 24' 

25,26 

34' 17 0.3-1' 27,28 

33"' 40 0.01-I' 21 

22"'0 36.42 1-10' 21,29 

236 78 0.1-' 12 

2O+ 7 29-39' 61 

350' 30 51-25a 31.84, 107 

60' 8.9 18-23' 32 

50' 30 525* 31. 84. 107 

190' 30 5L25a 31.84. 107 

75' 10 3-8.51 10 

53' 30 5L250 31.84, 107 

46-64W 64 0.01-1' 103 

468 64 0.3-1' 27,28 

2e 78 0.1-0.5' 33 

261 20 0.8-2.51 34 

80' 48 0.01-1' 21 

378 3 29-39' 6. 61 

80' 30 5L-254 31,84. 107 

30-45'"' 13. 14 1.4-5' 12, 106 

16-176 78 2-7.5' 35.41 

89- loll 78 5-10' 43 
14"J 95,73 15-19v 44 

30.5' 15 18-23' 32 

4 60 75 5-10' 43
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Table 1 (Continued) 
Historical Earthquake Data 

Me Length Slip Itate 

No. Year Location (X 10 dyne-cn) . Rats (kin) Refs. (mntyr) Refso 

34 1983 Coalinga, 0.54 . 6.5' 60 25h 46 1-70 45, 91 

Califomia 
35 1983 Borah Peak, 2.1-3.5d 6.8-7.0Y 56, 57 30h-39.58 90, 74 0.07-0.3' 34 

Idaho 
36 1984 Morgan Hill, 0.2" 6.2' 78 301 67 3-6.41 47,49 

California 
37 1986 N. Palm Springs. 0.16"1 6.1' 78 91-16" 78 14-251 50 

California 
38 1987 Edgecumbe. 0.63" 6.58 78 189-32e 78 1.3-2.8t 51 

New Zealand 
39 1987 Superstition 1.11 6.7' 68 27' 69 2-e6 12 

Hills, California 
40 1989 Loma Priera, 3.0' 7.0' 76 34" 77 12-2840 53, 24, 91 

California 
41 1990 Lazon, 39' 7.7' 65 110t-120£ 66 10-20' 104 

Philippines 
42 1992 Landers, 6-11.5" 7.11-7.3' 97-101 708A 71,82 0.08-2' 12,54 

California 
43 1994 Northridge, 0.76-2.6, 6.5-6.9V 22,63. 8_16k-0 80. 81. 22 1.4-1.7' 55 

California 79. 85, 89.  
102 

Explanation of Data 
The superscripts beside each of the estimates of Me, M., L, and slip rate represent the following: 

MU estimated from (a) geological observations. (b) intensity data. (c) body waves, and (d) surface waves.  

M, estimated from (e) M., using the equation log M. = 16.1 + 1.3M (Hanks and Kanamori, 1979). If a range of M. is given, then the equivalent range 

of M,, is shown; (f) intensity data.  
Length estimated from (g) geological observations, (h) aftershock distribution, (i) geodetic data. G) broadband data. and (k) borehole-dilatational strain

meter data.  

Slip rate estimated from (I) geological observations; (m) the equation UP If4LW, in which U' is the slip rate, 14 is the seismic moment rate [New 

Madrid 414 is calculated by estimating the M. of the 1811 event from log Mo - 16.1 + 1.5M (Hanks and Kanamori, 1979). and then dividing Me by return 

times estimated from paleoliquefaction studies], p is the rigidity modulus, and L and W are the fault length and width; (n) geodetic data; and (o) slip 

partitioning studies.  
*The references for the data sources are as follows: 
1. Sich (1978). 2. Tsai and Aki (1969). 3. Brown and Vedder (1967). 4. Lienkaemper et aL (1991). 5. Knuepfer (1992). 6. Bakun and McEvilly (1984).  

7. Wilson (1936). 8. Brune and Allen (1967). 9. Trifunac (1972). 10. Stein and Thatcher (1981). 1I. Petersen et a. (1991). 12. Petersen and Wesnousky 

(1994). 13. Clark (1972). 14. Hamilton (1972). 15. Sharp et aL (1982). 16. Hanks and Kanamori (1979). 17. Page (1935). 18. Van Dissen and Yeats (1991).  

Cowan and McGlone (1991). 20. Witkind (1964).21. Research Group for Active Faults of Japan (1992). 22. Hudnut et at (1994). 23. Prentice (1989). 24.  

Sims (1991). 25. Niemi and Hall (1992). 26. Clahan et aL (1994). 27. Wallace and Whitney (1984). 28. Bell and Katzer (1990). 29. Okada and Ikeda 

(1991). 30. Ambraseys (1970). 31. Straub and Kahle (1994). 32. Thomas and Rockwell (1996). 33. Hirabayashi et a. (1995).'34. Doser (1985a). 35. Sharp 

(1981). 36. Matsuda (1974). 37. Mikurno and Ando (1976). 38. Matsuda et aL (1980). 39. Thatcher et aL (1980). 40. Kanamori (1973). 42. Abe (1978).  

43. Teng et aL (1983). 44. Savage et a! (1979). 45. Trumm et aL (1986). 46. Urhammer et aL (1983). 47. Galehouse (1991). 48. Abe (1975). 49. Bird and 

Kong (1994). 50. Hardin and Matti (1989). 51. Nairn and Beanland (1989). 52. Kanamori and Regan (1982). 53. Weber and Anderson (1990). 54. Jennings 

(1975). 55. Yeats and Huftile (1995). 56. Doser and Smith (1985). 57. Tanimoto and Kanamori (1986). 58. Doser (1985b). 59. Sykes and Quittmeyer 

(1981). 60. Kanamori (1983). 61. Sich and Jahns (1984). 62. Thatcher (1975). 63. Thio and Kanamori (1994a). 64. Caskey eat al. (1995). 65. Romanowicz 

(1992). 66. Yoshida and Abe (1992). 67. Bakun et a. (1984). 68. Bent et at. (1989). 69. Sharp et a! (1989). 70. Nuttli (1983). 71. Ad Hoc Working Group 

on the Probabilities of Future Large Earthquakes in Southern California (1992). 72. Zhou et at (1983b). 73. Reasenberg and Ellsworth (1982). 74. Crone 

et a! (1987). 75. Zhou et aL (1983a). 76. Hanks and Krawinkler (1991). 77. Marshall et a. (1991). 78. Wells and Coppersmith (1994). 79. Zhao (1994).  

80. Dreger et aL (1994). 81. Johnston and Linde (1994). 82. Sieh et at (1993). 83. Lensen (1978). 84. Oral et al. (1995). 85. Wald and Heaton (1994b).  

86. Johnston and Kanter (1990). 87. Cowan (1990). 88. Eiby (1973). 89. Thio and Kanamori (1994b). 90. Kanamori and Alien (1986). 91. Jones and 

Wesnousky (1992). 92. Beanland and Clark (1995). 93. Wesnousky and Leffler (1992). 94.Cowan (1991). 95. Bouchon (1982). 96. Hanks and Wyss (1972).  

97. Freymueller (1994). 98. Johnson et a! (1994). 99. Wald and Heaton (1994a). 100. Cohee and Beroza (1994). 101. Dreger (1994). 102. Song at a! 

(1994). 103. J. Caskey. personal comm. 104. T. Nakata. personal comm. 105. Berryman (1979). 106. Gurrolo and Rockwell (1996). 107. Barkb and Gulen 

(1988). 108. Yu and Segall (1995).
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Proposed Regression Equation

=A +BlogL + ClogS
Monte Carlo Method 

10,000 Runs 
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ALL EVENTS 
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Variance Reduction

L2 Norm (Standard Deviation) 

= {• (Mi -- Mi)2

Excluding slip rate: 

T=0.32
Including slip rate: 

S= 0.26
This variance reduction is significant with 75% confidence.  

Li norm: variance reduction is significant with 95% confidence.  

C is never closer to zero than -0.05, indicating less than one chance in I04 of find
ing a set of parameters, within the specified ranges of the data, for which the coef
ficient on slip rate is zero.



Seismic moment

Mo =LWD 

Moment magnitude 

Mw =2/3(logMo - 16) 

Combining relations: 

Mw= 2/3 log L + 2/3 log D + 2/3(log g + log W- 16) 

For our data, W has a narrow range so the last term is nearly constant.  

If DocW, B should be 0.67. (W model) 

If DocL,-B should be 1.33. (L model) 

In our regression, B = 1.16 ± 0.07. This is closer to the L model, but it differs from 
the L model prediction by over twice its standard deviation.
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MLS Table for Normal Faults 
_Range Used Range Used Pred.  

M L S L S Magnitude Residual 
10 Pleasant Valley, Neva 6.9-7.2 7.05 34.3-1 34 0.6 6.95 0.10 
21 Fairview Peak 7.2 7.2 46-64 .01-1 55 0.1 7.36 -0.16 
22 Dixie Valley 6.9 6.9 46.3-1 46 0.6 7.10 -0.20 
24 Hebgen Lake 7.3 7.3 26 .8-2.5 26 1.4 6.73 0.57 
35 Borah Peak 6.8-7.0 6.9 30-39.5 .07-.3 35 0.14 7.10 -0.20 
38 Edgecumbe, NZ 6.5 6.5 18-32 1.3-2.8 25 1.9 6.68 -0.18 

Average Residual -0.01 
Standard deviation 0.31 

MLS for extensional environments 
5 Owens Valley 7.4-7.7 7.55 108 3-Jan 108 2 7.41 0.14 

10 Pleasant Valley, Neva 6.9-7.2 7.05 34.3-1 34 0.6 6.95 0.10 
16 Imperial Valley 1940 6.9 6.9 60 18-23 60 21.5 6.89 0.01 
21 Fairview Peak 7.2 7.2 46-64 .01-1 55 0.1 7.36 -0.16 
22 Dixie Valley 6.9 6.9 461.3-1 46 0.6 7.10 -0.20 
24 Hebgen Lake 7.3 7.3 26.8-2.5 26 1.4 6.73 0.57 
32 Imperial Valley 1979 6.5 6.5 30.5 18-23 30.5 21.5 6.55 -0.05 
35 Borah Peak 6.8-7.0 6.9 30-39.5 .07-.3 35 0.14 7.10 -0.20 
38 Edgecumbe, NZ 6.5 6.5 18-32 1.3-2.8 25 1.9 6.68 -0.18 

Average Residual 0.00 
Standard deviation 0.25

Page I



Conclusions 

The distribution of coefficient C shows that a regression that does not include slip 
rate as a parameter will systematically overestimate the expected magnitudes on 
the fastest slipping faults, and will systematically underestimate the expected mag
nitudes on the slowest slipping faults.  

Faults with slower slip rates tend to fail in earthquakes with higher static stress 
drop.
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Earthquake Size as a Function of Fault Slip Rate 

by John G. Anderson, Steven G. Wesnousky, and Mark W. Stirling 

Abstract Estimates of the potential size of earthquakes on mapped active faults 
are generally based on regressions of earthquake magnitude (M,,.) versus length (L) 
of fault rupture for historical earthquakes. The fault slip rate (S) has been ignored in 
formal prediction equations, but more accurate predictions of future earthquake mag
nitudes on mapped faults may be obtained when it is included. A least-squares re
gression for a data set of 43 earthquakes occurring on faults for which slip rates are 
reported shows M, = 5.12 + 1.16 log L - 0.20 log S, where L is in units of Km 
and S is in units of mm/yr. The result indicates that the largest earthquakes will occur 
on the slowest slipping faults if the rupture length is held constant.  

Introduction

The estimate of earthquake size on mapped faults is 
fundamental to seismic hazard analysis. As a result, there is 
a long history of efforts to use historical data to develop 
regressions between earthquake size (magnitude or seismic 
moment) and earthquake rupture length, area, or fault dis
placement. A thorough review of past efforts, a synthesis of 
new observations, and the development of new regressions 
has recently been put forth by Wells and Coppersmith 
(1994). The slip rate of the fault on which an earthquake 
occurs has been generally ignored in such regressions when 
applied to seismic hazard analysis, except by Wesnousky 
(1986) who sorted the faults into high and low slip ratl'cat
egories. However, within the community of seismologists 
concerned with the mechanics of faulting, it has been pre
viously established that there also exists a dependency of 
earthquake size on earthquake return time and the tectonic 
environment in which earthquakes occur (e.g., Kanamori 
and Allen, 1986; Scholz et aL, 1986). Here, we use obser
vations from 43 earthquakes that occurred on faults for 
which slip rates are reported and develop a regression for 
moment magnitude (Mu; Hanks and Kanamori, 1979) as a 
function of surface rupture length (L) and fault slip rate (S).  
Our result shows that the inclusion of fault slip rate in such 
regressions reduces the misfit between predicted and ob
served values of M, as compared with regressions based 
solely on L and, hence, can yield more accurate predictions 
of future earthquake magnitudes on active faults.  

Data and Analysis 

We start with a list of 43 historical earthquakes for 
which there exist estimates of the moment magnitude MU, 
the fault rupture length L and the slip rate S of the respective 
fault on which the earthquake occurred (Table 1). The data 
are the result of a global search of observations, limited to 
earthquakes that occur in regions where the seismogenic

depth is 15 to 20 km. The distribution of the data is shown 
in Figure 1.  

The regression we develop has the form

M,=. A + B log L + ClogS, (1)

where A, B, and C are constants to be determined by-the 
regression. We avoid assuming a preferred slip rate or rup
ture length for each fault in our study by using a Monte Carlo 
approach. Values of S for each fault were chosen at random, 
assuming the probability density of log S is constant between 
the minimum and maximum estimates. Likewise, in setting 
up each regression, we chose L at random, assuming the 
probability density of log L is constant between its minimum 
and maximum values or between a range of ± 20% of the 
rupture length if minimum and maximum values are absent 
in Table 1. This range is the average of rupture length ranges 
shown in Table 1. M,. is similarly chosen at random between 
the minimum and maximum values, or between the range of 
M,, - 0.3 and M, + 0.3 if the minimum and maximum 
values are absent in Table 1. The width of the interval on 
the magnitude (±_0.3) is chosen to represent an uncertainty 
on the moment of plus or minus a factor of 3, which we 
believe to be conservative in most cases.  

We generated 10,000 Monte Carlo realizations consis
tent with the above ranges of data, and for each we used a 
standard least-squares technique (e.g., Menke, 1989) to find 
A, B, and C. The distribution of values for A, B, and C is 
shown in Figure 2. There is almost no correlation between 
B and C in the Monte Carlo simulations (Fig. 3), indicating 
that the rupture length and slip rate act independently. The 
mean values and standard deviations of these distributions 
may be taken for regression coefficients: 

M. = (5.12 ± 0.12) 
+ (1.16 ± 0.07)log L - (0.20 ± 0.04)log S. (2)
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Table 1 
Historical Earthquake Data

No. Yew Location 

1 1811 New Madrid, 
Missouri 

2 1848 Marlborough, 
New Zealand 

3 1857 Fort Tejon, 
California 

4 1868 Hayward, 
California 

5 1872 Owens Valley.  
California 

6 1888 Canterbury.  
New Zealand 

7 1891 Nobi. Japan 
8 1896 Rikuu, Japan 
9 1906 San Francisco, 

California 
10 1915 Pleasant Valley, 

Nevada 
11 1927 Tango. Japan 
12 1930 N. lzu, Japan 
13 1933 Long Beach, 

California 
14 1934 Parkfield, 

California 
15 1939 Erzincan, 

Turkey 
16 1940 Imperial Valley.  

California 
17 1942 Erbaa Niksar, 

Turkey 
18 1944 Gerede-Bolu, 

Turkey 
19 1952 Kern County.  

California 
20 1953 Golen-Yenice, 

Turkey 
21 1954 Fairview Peak.  

Nevada 
22 1954 Dixie Valley, 

Nevada 
23 1956 San Miguel, 

Mexico 
24 1959 Hebgen Lake, 

Montana 
25 1964 Niigata, Japan 
26 1966 Parklield, 

California 
27 1967 Mudurnu Valley, 

Turkey 
28 1968 Borrego Mm, 

California 
29 1971 San Fernando, 

California 
30 1973 Luhuo. China 
31 1979 Coyote Lake, 

California 
32 1979 Imperial Valley, 

California 
33 1981 Daofu, China 6.7X 75 466 75

5-10' 43 
(continued)

(X I0a dyne-cm) 

53-876 

1.560 

18-444 

-- 15" 
14"b 

35-43.  

3-r' 

4.6' 
2.7•b 

0.4le-d 

0.15' 

45.  

23.7` 

2.5' 

24" 

110 

7.3.  

6.4c-d 

2.9c-4 

1.0"' 

10.3Y 

32V 
0.15# 

8.8c 

1.2' 

19.  

0.051".d 

0.6'

M. Ra-efs* 

8.2f 86 

7.1/ 88 

7.7-7.9' 1 

6.8' 78 

7.4-7.7' 92 

7.0-7.31 94 

7.4" 37 
7.4' 39 
7.6-7.7' 1 

6.9-7.2' 17, 78 

7.1' 40 
6.9' 42 
6.4' 78 

6.1' 6 

7.7' 59 

6.9' 78 

6.9' 59 

7.6' 59 

7.3 10 

7.2' 59 

7.2' .78 

6.9V 78 

6.6' 78 

7.3' 58 

7.6' 48 
6.1' 2 

7.3' 96 

6.7' 11 

6.6' 78 

7.Y 72 
5.8' 78 

6.5' 52

Leq*l 
(km) 

60-250' 

958 

360-404' 

489-52' 

1089 

25-358 

809 
36-50k1 
420-4708 

348 

33h6' 
22"' 
23h 

20' 

350O 

60c 

50' 

190' 

75' 

58' 

46-649 

46' 

22' 

26' 

80' 
378 

80' 

30-458-h 

169-17h 

89'-1 10 
14"' 

30-5'

Re-f, 

93, 70 

83 

1, 16 

78, 108 

92 

87,94 

39 
38. 39 
1.62 

17 

40 
36,42 
78 

7 

30 

8,9 

30 

30 

10 

30 

64 

64 

78 

20 

48 
3 

30 

13. 14 

78 

78 
95, 73 

15

Slip Rate 

0.01-2'.

4-100 

16.43Y 

8-10".  

1-3' 

11-25' 

1-10' 
0.1-1' 

15-28' 

0.3-1' 

0.01-1' 
1-10o 
0.1-6' 

29-39' 

5Y-25 

18-23' 

5--25" 

5L25A 

3-8.5' 

5-250 

0.01-11 

0.3-1' 

0.1-0.5' 

0.8-2.5' 

0.01-1' 
29-39' 

5':25` 

1.4-5' 

2-7.5Y 

5-10' 
15-19I 

18-23' 

5411Y

Refs* 

70,93 

"5, 105 

12 

4 

92 

18. 19, 87 

21 
21 
23.24, 
25.26 
27,28 

21 
21. 29 
12 

61 

31,84,107 

32 

31,84,107 

31,84,107 

10 

31,84.107 

103 

27. 28 

33 

34 

21 
6.61 

31, 84, 107 

12. 106 

35,41 

43 
44 

32

(continued)
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Table I (Continued) 
Historical Earthquake Data 

Me Legth Slip Raw 

NO. ls L (X I0 dyne.cm) M. Res* (*n,) Wd. (mr-yr) Rers* 

34 1983 Coalinga, 0.54' 6.5a 60 25* 46 l-? 45, 91 
California 

35 1983 Borah Peak, 2.1-3.5d 6.8-71Y0 56.57 50 h-3 9 - 90. 74 0.07-0.3' 34 
Idaho 

36 1984 Morgan Hill. 0.2"' 6.2 78 30? 67 3-6.4l 47.49 
California 

37 1986 N. Palm Springs, 0.16cR 6.1' 78 9 9-16 A 78 14-25' 50 
California 

38 1987 Edgecumbe. 0.63'• 6.5' 78 189-32" 78 1.3-2.8W 51 
New Zealand 

39 1987 Superstition 1.1' 6.7' 68 27s 69 2-6e 12 
Hills, California 

40 1989 Loma Prieta, 3.0' 7.0' 76 34' 77 12-28L 53, 24,91 
California 

41 1990 Luzon, 39c 7.7' 65 1 1 0 9-1 20 h 66 10-20' 104 
Philippines 

42 1992 Landers, 6-11.5"' 7.1-7.3t 97-101 709'" 71. 82 0.08-2' 12. 54 
California 

43 1994 Northridge, 0.76-2.6"' 6.5-6.Y 22. 63, 8-16"&k 80, 81, 22 1.4-1.7' 55 
California 79, 85, 89.  

102 

Explanation of Data 
"The superscripts beside each of the estimates of Mo M.U. and slip rate represent the following: 
M. estimated from (a) geological observations, (b) intensity data, (c) body waves, and (d) surface waves.  
M. estimated from (e) M0, using the equation log M. - 16.1 + 1-M (Hanks and Kanamori, 1979). If a range of M. is given, then the equivalent range 

of M. is shown; (f) intensity data.  
Length estimated from (g) geological observations, (h) aftershock distribution, (i) geodetic data, (j) broadband data, and (k) borehole-dilatational strain

meter data.  
Slip rate estimated from 0) geological observations; (m) the equation V = 14/pLW. in which U' is the slip rate, 14 is the seismic moment rate [New 

Madrid Ag is calculated by estimating the Mo of the 1811 event from log Mo = 16.1 + I.SM (Hanks and Kanamori, 1979), and then dividing Mo by return 
times estimated from paleoliquefaction studies), i is the rigidity modulus, and L and W are the fault length and width. (n) geodetic data; and (o) slip 
partitioning studies.  

• The references for the data sources are as follows: 
1. Sich (1978). 2. Tsai and Aki (1969). 3. Brown and Vedder (1967). 4. Lienkaemper et al. (1991). 5. Knuepfer (1992). 6. Bakun and McEvilly (1984).  

7. Wilson (1936). 8. Brune and Allen (1967). 9. Trifunac (1972). 10. Stein and Thatcher (1981). 11. Petersen et al. (1991). 12. Petersen and Wesnousky 
(1994), 13. Clark (1972). 14. Hamilton (1972). 15. Sharp et aL (1982). 16. Hanks and Kanamod (1979). 17. Page (1935). 18. Van Dissen and Yeats (1991).  
Cowan and McGlone (1991). 20. Witkind (1964). 21. Research Group for Active Faults of Japan (1992). 22. Hudnut et a. (1994). 23. Prentice (1989). 24.  
Sims (1991). 25. Niemi and Hall (1992). 26. Clahan et al. (1994). 27. Wallace and Whitney (1984). 28. Bell and Katzer (1990). 29. Okada and Ikeda 
(1991). 30. Ambraseys (1970). 31. Straub and Kahle (1994). 32. Thomas and Rockwell (1996). 33. Hirabayashi etal (1995). 34. Doser (1985a). 35. Sharp 
(1981). 36. Matsuda (1974). 37. Mikumo and Ando (1976). 38. Matsuda et al. (1980). 39. Thatcher et al. (1980). 40. Kanamori (1973). 42. Abe (1978).  
43. Teng et al. (1983). 44. Savage et aL (1979). 45. Thum et al. (1986). 46. Urhammer ei al. (1983). 47. Galehouse (1991). 48. Abe (1975). 49. Bird and 
Kong (1994). 50. Hardin and Matti (1989). 5M. Nairn and Beanland (1989). 52. Kanamori and Regan (1982). 53. Weber and Anderson (1990). 54. Jennings 
(1975). 55. Yeats and Huftile (1995). 56. Doser and Smith (1985). 57. Tanimoto and Kanamori (1986). 58. Doser (1985b). 59. Sykes and Quittmeyer 
(1981). 60. Kanamori (1983). 61. Sich and Jahns (1984). 62. Thatcher (1975). 63. Thio and Kanamori (1994a). 64. Caskey et al. (1995). 65. Romanowicz 
(1992). 66. Yoshida and Abe (1992). 67. Bakun et al. (1984). 68. Bent et al. (1989). 69. Sharp et al. (1989). 70. Nuttli (1983). 71. Ad Hoc Working Group 
on the Probabilities of Future Large Earthquakes in Southern California (1992). 72. Zhou et al (1983b). 73. Reasenberg and Ellsworth (1982). 74. Crone 
et al. (1987). 75. Thou et al (1983a). 76. Hanks and Krawinkler (1991). 77. Marshall et al. (1991). 78. Wells and Coppersmith (1994). 79. Zhao (1994).  
80. Dreger et al (1994). 81. Johnston and Linde (1994). 82. Sich et al. (1993). 83. Lensen (1978). 84. Oral et al. (1995). 85. Wald and Heaton (1994b).  
86. Johnston and Kanter (1990). 87. Cowan (1990). 88. Eiby (1973). 89. Thin and Kanamori (1994b). 90. Kanamori and Allen (1986). 91. Jones and 
Wesnousky (1992). 92. Beanland and Clark (1995). 93. Wesnousky and Lefller (1992). 94. Covin (1991). 95. Bouchon (1982). 96. Hanks and Wyss (1972).  
97. Freymueller (1994). 98. Johnson et ac. (1994). 99. Wald and Heaton (1994a). 100. Cohee and Beroza (1994). 101. Dreger (1994). 102. Song et al.  
(1994). 103. J. Caskey. personal comm. 104. T. Nakata, personal comm. 105. Berryman (1979). 106. Gurrolo and Rockwell (1996). 107. Barka and Gulen 
(1988). 108. Yu and Segall (1995).
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8

6

to 1000100 
Length (an)

Figure 1. Relationship between magnitude, rup
ture length, and slip rate. Data are shown as points 
(mean values of length and M.), with different sym
bols depending on the range of fault slip rate. The 
heavy lines are from equation (2), which includes slip 
rate, and are shown for slip rates of 0.01 mm/yr and 
43 mm/yr, as labeled on the graph. The light solid line 
is the prediction from equation (3) in which slip rate 
is not included as a parameter. The dashed line shows 
regression results of Wells and Coppersmith (1994) 
for magnitude as a function of surface rupture length.  

Predicted magnitudes using equation (2) are shown in Figure 
1. For comparison, we also determined the regression rela
tionship between only magnitude and fault rupture length to 
equal 

M,, (5.12 ± 0.12) + (1.16 ± O.07)log L (3) 

Equation (3) is shown by the thin line on Figure 1.  
The sample standard deviation is defined by 

S (M, - g,)21 

where Mj is the observation and ki is the predicted magni
tude, and the sum is over all observations. For equation (2), 
we found er = 0.26 magnitude units. For the predictions of 
equation (3), a = 0.32 magnitude units. Although the F-test 
(e.g., Mason et aL, 1989) indicates that this error reduction 
is significant at only 75% confidence, equation (2) is better 
than equation (3) with 95% confidence when an LI norm 
(e.g., Menke, 1989) is used to measure the misfit. More im
portantly, the coefficient, C, on slip rate, in distribution on 
Figure 2, is never closer to zero than - 0.05, indicating much 
less than 1 chance in 10,000 of finding a set of parameters, 
within the specified ranges, for which the coefficient on slip 
rate is zero. That is to say, the distribution on coefficient C

700 

600

500

0300ý 
U 

200

100"

-0.35 -0.3 -0.25 -0.2 -0.15 -0.1 
Coefficient C

- - . .-i i-i i-i i- - - : =

-0.05

Figure 2. Distribution of coefficients A, B, and C 
(equation 1) in 10,000 runs in which the slip rate and 
rupture length on each fault and M, are chosen at 
random from a uniform distribution within a range of 
allowed values, as discussed in the text. Specifically, 
log S and log L are given uniform distributions be
tween their minimum and maximum values.  

shows that a regression that does not include slip rate as a 
parameter will systematically overestimate the expected 
magnitude of earthquakes on the fastest slipping faults and, 
conversely, will systematically underestimate the expected 
magnitude of earthquakes on the slowest slipping faults. It 
is on these bases that we assert that inclusion of slip rate 
leads to meaningful improvement in the fit to the data.

mean=-0.20 
std dev=-0.04
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-0.1 
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0 -0.2 

E-0.25 

-0.3 

-0.35 

-0.4 
0.9 1 1.1 1.2 1.3 

Coefficient B
1.4 1.5

Figure 3. Scatter plot of coefficients B and C for 
10,000 individual runs in the Monte Carlo calcula
tions.  

Discussion

Because we have considered only faults for which slip 
rate estimates exist, our data set is much smaller than used 
in the recent summary and regression analyses of Wells and 
Coppersmith (1994). Nonetheless, Figure I shows that equa
tion (3) is virtually identical to the Wells and Coppersmith 
regression. It thus appears that our data are not obviously 
biased in any significant manner relative to the data used by 
Wells and Coppersmith.  

For any given fault length, the curve for the slowesftslip 
rate in Table I (S = 0.01 mm/yr) yields estimates of mag
nitude about 0.7 magnitude units greater than the curve for 
the fastest slip rate in Table 1 (S = 43 mm/yr curve), a 
difference twice the standard deviation of the curve fit. The 
regression of M, on L that 'ignores slip rate (equation 3) 
would agree with the regression in equation (2) for S = I 
mm/yr. The comparison of curves illustrates that simple re
gressions of M, on L that ignore fault slip rate appear to 
underestimate the magnitude of earthquakes on the relatively 
slow slipping faults. That is to say, information useful to 
making accurate estimates of future earthquake size is being 
ignored when fault slip rate is not considered in estimating 
potential earthquake size on active faults.  

It is also useful to briefly consider our results in the con
text of the definition of seismic moment. The seismic moment 
is defined as Mo =--LWD, in which L is fault length, W is 
fault width, D is average slip, and * is the shear modulus, 
which is about 3 X 101 dyne/cm2. The relationship between 
seismic moment and magnitude is M., = (2/3) (log MO - 16), 
where Mo is in units of dyne-cm (Hanks and Kanamori, 1979).  
Combining the two relationships yields 

2 2 2 
M = log L + 3 log D + ý (logt + log W - 16).

* i. � 

* �c *�s�

I . . . . | - I I - - - |
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We may consider W approximately constant because our 
data set is limited to earthquakes with moderate to high dip 
and in regions where the seismogenic depth is limited to the 
upper 15 to 20 km. Thus, M,, will be primarily dependent 
on L and D. If D O W (the W model), B should equal 2/3.  
If D o L (the L model), as suggested by Scholz (1982) and 

* approximately confirmed by the data set of Wells and Cop
persmith (1994), then M,, = 4/3 Log L + const. The value 
we obtain for B (equation 2) is between these two values. If 
only faults with L > 30 km are included in the regression 
to assure that L is greater than the fault width, the coefficient 
B is 1.18, which is about the same as the result with the full 
data set. Thus, B is much closer to the prediction of the L 
model than it is to the prediction of the W model, but it is 
significantly different from either one.  

The reduction of magnitude with a higher slip rate is 
consistent with a physical model in which, as the time 
from the last earthquake increases, geological processes 
strengthen the fault (Kanamori and Allen, 1986; Scholz et 
aL, 1986). Stated another way, a fault with a slow slip rate 
tends to have earthquakes with a greater static stress drop 
and greater average slip than a fault with a faster slip rate.  
The compilation of Wells and Coppersmith (1994) sug
gested that dip-slip faults tend to have a larger average slip 
per event (magnitude held constant) than strike-slip faults.  
To test this, the data were divided into faults with strike-slip 
mechanisms and faults with dip-slip mechanisms. The re
gression on strike-slip data gave similar coefficients to those 
in equation (2). The dip-slip data cover only a small range 
of slip rates, and consequently, the coefficient on slip rate is 
smaller. Nonetheless, the regression on dip-slip faults alone 
predicts similar magnitudes as equation (2) for the slip rates 
spanned by the data. Hence, fault mechanism does not ap
pear to be as important a factor as the slip rate on the fault 
on which the earthquake occurs when trying to estimate the 
earthquake size or stress drop as a function of fault length.  

In the context of the physical model, it is interesting to 
consider some of the events that are conspicuously below 
the prediction curves in Figure 1. Four events with L < 50 
km fall between 0.2 and 0.5 magnitude units below the curve 
for 43 mnm/yr. All are from central or northern California: 
1934 Parkfield; 1966 Parkfield; 1984 Morgan Hill; 1979 
Coyote Lake. An interesting feature of all of these events is 
that they occurred adjacent to creeping sections of the San 
Andreas system. Considering that fault strength is probably 
significantly below average on the creeping sections, it is 
plausible that. strength for all of these segments is somewhat 
lower than average, contributing to the anomalies.  It is plausible that amplitudes of dynamic strong ground 
motions correlate with static stress drop. If so, our obser
vations predict that strong ground motion amplitudes are in
versely related to fault slip rate. Recently, Boore etal. (1995) 
observed that reverse faults have larger ground motions than 
strike-slip faults. The result is probably consistent with our 
result because most of the reverse faults in their data set are 
characterized by low slip rate. In other words, it is reasonable
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that fault slip rate has more influence on dynamic strong 
ground motion than does fault mechanism and that estima
tion techniques for the dynamic ground motions from earth
quakes might be improved by incorporating slip rate.  

Conclusions 

We conclude that a regression for moment magnitude 
(Mn) as a function of surface rupture length (L) and fault 
slip rate (S) reduces the uncertainty in estimating the poten
tial size of future earthquakes on mapped faults as compared 
to the standard regressions of M, on L that are commonly 
used in seismic hazard analysis. The results of the regression 
indicate that faults with slower slip rates tend to fail in earth
quakes with higher static stress drop.  
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1. AREAL SOURCES 
1.1 Simple extrapolation of the historical "b" value 

from an area, to large magnitudes (M>6) 
Problem: M>6 EQs can come from a few large 

structures, but the bulk of smaller historical EQs (and the 
"b" value) probably come from many smaller structures. If 
these 2 groups of sources obey different "b" values, 
extrapolated recurrence at M>6 will be invaild.  

2. FAULT SOURCES 
2.1 Simple extrapolation of the historical "b" value 

for a single fault, to large magnitudes (M>6) 
Problem: for most Quaternary faults, there aren't 

enough historical EQs that can be unambiguously assigned 
to a given fault 

Problem: even if one can derive a "b" value for a given 
fault, based on M<6 EQs, it may not be valid to extrapolate 
that "b" value to M>6 to estimate recurrence (Schwartz and 
Coppersmith, 1984 Fig.) 

0



2.2 Geologic Method #1-Direct Method (p.457-458) 
RI= D/(S-C) 

where: RI= recurrence interval (yr) 
D= displacement per faulting event (ram) 
S= coseismic slip rate (mr/yr)' 

C= creep rate (mm/yr) 
2.3 Geologic method #2--Geologic Method 

(i.e., dating individual morphogenic paleoearthquakes) 

1st Question: what is the magnitude of the morphogenic 
EQs that we are dating? 

A--a range of morphogenic EQs? (M6-7.5) 
B--smaller ranget of characteristic EQs ?(M7-7.5) 
C--maximum EQs only ?(M7.5) 

Problem: most paleoearthquake dating comes from 
individual trench sites, but it is hard to estimate paleo
magnitude from a single site, due to spatial variations in 
displacement during each event.  

2.3.1 Dating PaleoEQs by Dating Displaced 
Geomorphic Surfaces (p. 139-141, 460-461) 

(Example of different fault scarp heights on 2 different age 
surfaces; p. 108-109) 

Uncertainties: 1) in the exact ages of the surfaces offset 
2) in the uniformity of recurrence 
3) even given perfectly uniform recurrence, a range of 

recurrences is permissible



2.3.2 Dating PaleoEQs by Dating Displaced 
Deposits (P. 144-145) 

Uncertainties: 1) analytical uncertainties 
2) calibration uncertainties-- what time scale are dates 

on? 
-3) sample context uncertainties (how does the date 

relate to the timing of the paleoEQ?) 

Result= SPACE-TIME DIAGRAM (p. 464-465) 

3. VARIATIONS IN RECURRENCE 
3. 1 Variations in recurrence are closely tied to the 

magnitude range of characteristic earthquakes. E.g., the 
slip-predictable model predicts variation in recurrence if 
magnitudes (stress drops) vary. (Fig.) 

3.2 Visualize paleoEQs as points on a time line; 
recurrence is the gaps between the points (p. 483) 

3.3 Probablity Distributions ofRecurrence on Single 
Faults, and on Groups of Faults 

3.3.1 Gaussian; COV=sigrna/RI=0.3-0.5? 
Ex.: if COV=0.3 and RI=1000 yrs, then sigma=300 yrs.  
At I sigma, RI ranges from 700-1000-1300 yrs 
At 2 sigma, RI ranges from 400-1000-1600 yrs



3.3.2 Lognormal distribution (center of mass 
skewed to left; long tail to right) 
Ex.: grouped plate-boundary megaEQs (Nishenko) 

3.3.3 Weibull distribution (Pallett Creek, Sieh; 
5 central segments of Wasatch fault, McC. and Nishenko) 
(FIG).  

4. TEMPORAL CLUSTERING 
(caused by anomalously short recurrence interval(s) 
compared to the mean) 

4. 1 On a single fault-- should not happen between 
maximum, or even characteristic, EQs. Could happen to a 
degree if all size morphogenic EQs are dated (M 6-7.5) 

4.2 On a system offaults or fault segments--(p. 482
487) 

--harder to see in a space-time diagran; easier to 
see on a composite paleoEQ history (all PaleoEQS 
transferred to a single time line) 

--caused by "contagion" ?, i.e. the transfer of 
stress from one failed segment to the next, which then 
shortens the time to failure in that segment 

--HOWEVER, apparent temporal clustering 
among faults or segments can easily arise from random 
coincidences among completely independent faults.  
THEREFORE, all tests for contagion must be framed in 
terms of probablities that the cluster is not a fortuitous 
occurrence.



SCHWARTZ AND COPPERSMITH: CHARACTER

FAULT-SPECIFIC RECURRENCE
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by the box. : "

and the 
must be 
rectly fr 
long or 1 

Recur 
have be( 
Greece.  
and coa, 
segment
earthqui 
characte 
occurs I 
relativel! 
and gent 
et al. [1c.  

It hac 
contribu 
an earti 
crease tl 
frequenc 
a full cl 
earthqu 
foreshoc 
adjacent 
aftersho 
[Agnew 
have bet 
IA T...4m

i696



to Z) 13,6 

A Ss 0 M, F-: 

2 f4 -Ae lo.
Y-avV ; ýLsbjb-:: 6jqvsk 

R"g 7- 34 kA

qlvjýw:
w6k iS OKC-efta%ýTly i'A 4 " 7 

if -
Q:

i t'O- I?', iq 1,40 kA

2o\, 
4quas

z cle 
.rale ý

ýT
+ ZOI.

0 lo 12- 14

Z af r-evA& a-61A 

m Mfy" --Z)144 = 
Z)iscftTF- UmRAM

10 Q_

a I a&id-Gvwt 'Is A*f (qc4



Chapter 9 Seismic Hazard Assessment-and Neotectonic Research

offset by multiple earthquake ruptures. The slip per event is more difficult to 
estimate from reconnaissance studies, but can be estimated from the maximum 
or average slip observed during large historic earthquakes, or from the smallest 
consistent offsets of geomorphic features.  

In general, slip rate may be calculated (after Wallace, 1970) as: 

RI =DI (S- C), (9.1) 

where 

RI = mean recurrence interval 
D = displacement during a single, typical faulting event 
S = coseismic slip rate 
C = creep slip rate (assumed to be zero for most faults unless historic creep 

has been documented).  

Estimates of displacement per event and slip rate will contain uncertainties 
that arise from (1) the field measurements of paleoseismic offset and (2) errors 
in dating offset landforms and deposits, as described in Chapters 3, 5, and 6.  
It is critical that these uncertainties be ca fied throughout any computation 
of slip rate (e.g., Niemi and Hall, 1992). For example, a landform may be 
offset 50 ± 5 m and be bracketed by limiting ages of 15 and 23 kia Uncertainties 
in net offset are often presumed to follow a Gaussian distribution (Sec. 6.2.3), 
with (in our example) 50 m representing a ",best estimate" of offset and 5 m 
presumed to capture most (95%) of the measurement uncertainty (i.e., 2o-).  
Uncertainties in landform age likewise arise from the (typically) limited num
ber of numerical ages, and uncertainty about how tightly those ages bracket 
true landform age. For example, if we deem it unlikely that true landform 
age is outside of the bracketing ages, we may presume that bracketing ages 
define ±2o- limits on the probability distribution of age. In the example cited 
above, such an assumption implies mean age u = 19 ka and a- = 2 ka. In 
contrast, if we consider the ages as not so -closely bracketing, we may consider 
them to constitute _l o- limits on the age distribution, in which case our 
example values would be u = 19 ka and a = 4 ka.  

In the less closely bracketed scenario above, slip rate is.calculated as: 

Net offset 50 _ 5 m 
T %rv^ 1 A (9.2)

457



X1 = mean recurrence in trt vai 
D = displacement during a single, typical faulting event 
S = coseismic slip rate 
C = creep slip rate (assumed to be zero for most faults unless historic creep 

has been documented).  

Estimates of displacement per event and slip rate will contain uncertainties 

that arise from (1) the field measurements of paleoseismic offset and (2) errors 

in dating offset landforms and deposits, as described in Chapters 3, 5, and 6.  

It is critical that these uncertainties be carried throughout any computation 

of slip rate (e.g., Niemi and Hall, 1992). For example, a landform may be 

offset 50 ± 5 m and be bracketed by limiting ages of 15 and 23 ka. Uncertainties 

in net offset are often presumed to follow a Gaussian distribution (Sec. 6.2.3), 

with (in our example) 50 m representing a "best estimate" of offset and 5 m 

presumed to capture most (95%) of the measurement uncertainty (i.e., 2o-).  

Uncertainties in landform age likewise arise from the (typically) limited num

ber of numerical ages, and uncertainty about how tightly those ages bracket 

true landform age. For example, if we deem it unlikely that true landform 

age is outside of the bracketing ages, we may presume that bracketing ages 

define ±2_. limits on the probability distribution of age. In the example cited 

above, such an assumption implies mean age p, = 19 ka and a = 2 ka. In 

contrast, if we consider the ages as not soclosely bracketing, we may consider 

them to constitute ±lo- limits on the age distribution, in which case our 

example values would be 1L = 19 ka and a = 4 ka.  

In the less closely bracketed scenario above, slip rate is calculated as: 

Net offset _ 50 ± 5 m 
Landform age 19 ± 4 ka( 

According to the division rule for values with unequal standard deviations 

(Geyh and Schliecher, 1990): 

t2  2 

Substituting the values from Eq. (9.2) into Eq. (9.3); we obtain:
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50_5m_ 19±5 4 = 2.63 ± 0.61 m/ka or 2.63 ± 0.61 mm/yr.  19_± 4 ka 

The slip rate calculated in Eq. (9.4) thus retains the elements of uncert
associated with the input variables. The 2-o- limits on slip rate from Eq 
(1.41 to 3.85 m/ka) bound 95% of the probability distribution and are sir 
to the minimum and maximum cross-quotients derived from the values in 
(9.2) (1.96 to 3.67 m/ka).  

In a similar manner, estimates of displacement per event carry uncertaii 
based on the field measurements of landforms or strata offset in indivi 
paleoearthquakes. To continue with our example, suppose our hypothe 
fault had a typical (characteristic) displacement of 5.5 ± 1.5 m per ei 
which we assume to be normally distributed. Recurrence interval is 
calculated via Eq. (9.1) as: 

5.5 ± 1.5 m 
RI = = 2.09 ± 0.75 ka or 2090 ± 750 yr.  2.63 ±+ 0.61 m/ka 

This recurrence interval incorporates the uncertainties in net offset, landl 
age, and slip per event, making the assumption that each of those varih 
is normally distributed. The 2-o- limits on the recurrence interval from 
(9.5) (590 to 3590 yr) are somewhat greater than the minimum and maxii 
cross-quotients (1234 to 3465 yr).  

The paleoseismic input variables of net offset, landform age, and sli1 
event may also be assumed to follow other probability distributions. An 
ous distribution is the discrete uniform distribution, in which all values bets 
the bracketing (field) values are assumed to have equal probability.  
distribution might be appropriate, for example, if only two field measurerr 
of a parameter can be collected (such as the landform ages cited in 
example) and they both seem equally likely. The mean (g) and variance 
of a discrete uniform probability distribution can be calculated from the 
data and the equations: 

k 

xIi 
i=k



an over severai nunureu years. in me iirst H1(ouel, Lerfiieu time preat.  
g.9.14B), earthquakes occur at a constant critical stress level (T1), bi 
•ss drop and magnitude vary. Thus-the time of the next earthquake', 
es can be predicted based on the slip in the previous earthquake, 
ime a constant slip rate through time. The second model makes a coi 
,rtion, that earthquakes fail back to a given stress level (T2) regardl, 
ir size, and thus slip in the next earthquake can be predicted from the 
ze the previous earthquake; this is termed the slip-predictable mode, 
[he discovery that slip varies along strike during earthquakes necess: 
landing these one-dimensional models to include a second dimension 
It strike. Two-dimensional behavior models were initially formulated 1 
along-strike slip patterns in historic earthquakes (see examples in ChE 
id 6), and were later expanded to include slip patterns for paleoearthq, 
ed on geomorphic offsets (e.g. Schwartz and Coppersmith, 1984). M 
be classified into two broad groups, the variable slip models an 

form slip models.  

V) 2 T2 

U U U 

0(1) 

A t B t C 
"lime 

rigure 9.14 Diagram contrasting (A) the perfectly periodic model, (B) the time-pred 
Ael, and (C) the slip-predictable model of earthquake recurrence. Upper figures show p 
:ress drop with time, lower figures show patterns of fault slip through time. [Fromi 
0); reprinted with permission of Cambridge University Press.]
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Case 2: later EQ date known; 
earlier EQ younger than older datum

Time 
(ka) -30- - .  

-40
A 

U 

-60 - U
Recurrence 10 
Interval (ka)MIN

Case 3: later EQ younger than younger 
datum: earlier EQ date known

AVG MAX MIN AVG MAX
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MCCALPIN AND NISHENKO: WASATCH FAULT PROBABILITIES

. . LATERAL I VERTICAL .' LATERAL CHRONOLOGY 

. ................. ACCRETION IACCRETION 'ACCRETIoN 
8 COLLUVIUM SAG-POND E COLLUVIUM 0 

E DEPOSITS 

DPSTED) D6- AFTER 2nD 2nd FAULTING 
6 AT dEVENT 

FAULT IN G @A C• 

EVENT ---.... 0 

04- .72S _7 50 

DEPOSITED AFTER 5 a*-- 0 
Is, FAULTING• i'b 0 

2- EVENT 2 .I.t FAULTING 
- jitiG --. IA EVENT SOOL- -' chdrcool . soil ,®® 

.4 8 10 12 14 In0 

Figure 2. Schematic cross section through a normal fault scarp and graben formed by two surface-faulting 
events; this is a composite section showing features observed in many trenches across the WFZ. Colluvium 
shed from the main scarp (at left) is divided into debris facies (D) and wash facies (f); both facies grade into 
coeval sag pond deposits (IS, 2S). Between faulting events a fluvial deposit (I.5S), containing lenses of gravel 
(circles), completely filled the graben. Circled numbers indicate potential sites for obtaining radiocarbon 
samples, and the chronology at right shows which samples most closely constrain the times of the faulting 
events. Debris facies colluvium is deposited immediately after faulting, whereas sag pond deposition may be 
climatically controlled and postdate faulting by decades. Radiocarbon dates from sites 2A and 8A have tradi
tionally been interpreted as the closest maximum limiting ages on faulting, as shown on the chronology at 
right. However, if radiocarbon ages from soils 2 and 8 are mean residence time corrected to reflect the age of 
soil burial, they become minimum age constraints on faulting, with the closest constraint closest to the fault.  
Most of the numerical ages in Table I are from positions 2A/SA or 2C/8C. Ages labeled *min" in Table I are 
from positions such as 3 and 9. Samples from wash facies colluvium (5, 11) and interbedded fluvial deposits 
(6, 7) do not provide close age constraints on faulting.

that most closely . constrain the times of 
:arthquakes. Paicocalrthquake studies on the WFZ can be 
xl into, three time periods. Between 1977 and 1984, 
ward-Clyde Consultants identified and trenched each of 
mtral fault segments [Stwan el al., 1980, 1981a, b; 
7n and Schwartz, 1982; Schwartz el al., 1983; Schwartz 
7oppersmith, 19841. Most It ages from these trenches 
derived firom charcoal, either detrital or in situ burns.  
oal fragments have the advantage of containing carbon 
i short age span (unlike soils) but the disadvantage of 
Ily not lying near the event horizon. Buried soils and 
ic fissure fills nearer to the event horizons were mapped 
ere generally not dated (compare work by Swan el al.  
J with work by McCalpin el al [(1994]), because 
rs at the time were uncertain how to interpret IAC ages 
4I organics of mixed origins and ages. Thus most of the 
;es from these early studies provided only approximate

dating of several fades was also begun [Forman et aL, 191 
199 1;McCalpin and Forman, 1991]. All the numerical ag 
from the USGS trenches (but not from earlier Woodwaj 
Clyde trenches) are inventoried by Madcette ed al. [199; 
Appendix], who list 55 ages (38 "'C, 17 thermoluminesceno 

From 1989 to present, additional trench studies ha 
continued under USGS funding. These include 14 trenc1.  
across a zone of distributed fault scarps in the Brigham C 
segment [AcCalpin mad Fonnan, 19931, one trench on t 
Weber segment [McCalpin el al., 1994], and eight trenches 
the Salt Lake City segment [Lund, 1992; Black and Lw 
1995; Black et al., 1995]. Data from these studies are idt 
published only in abstracts [e.g., Lund et al., 1990; Ostem 
1990] or are unpublished, so we obtained the original labor 
tory ages and trench logs from the authors (Table 1).  

We next examined the logs of sampled trenches to ident 
those samples whose stratigraphic position most closq

6; "s*



P. McCalpin (unpublished 
data, 1994, from Rock 
Creek fault, Wyoming) 
(can age trend in debris 
• cies SOUlb

in a 40 cm-thick horizon, roughly linear age trend of 0.3 
mmlyr between 2260 and 3280 14 C year BP (Figure 3)

cm) 
4.1

4.6 (range 3.7-6.7)

Described as the number of series (vertical transects) followed by the number of samples within each series 
For a 10-cm-thick sample, the difference between the age of the center of the sample and the top of the sample (upper horizon contact) 
be calculated as the product of age trend times 50 mm, yielding a range of 185-335 years (mean 230 years). We assume that the 150
r spread between age estimates roughly represents _+2a uncertainty associated With mean residence time correction.

Figure 3. Idealized diagrams of a single-event normal fault scarp showing various sources of uncertainty in 
relating numerical ages to the time of paleoearthquakes. (a) simplified cross-section of the colluvial wedge.  
Dashed lines show depositional time lines in colluvium. (b) close-up view of a typical radiocarbon sample, 
emphasizing the time-transgressive nature of the event horizon (i.e., burial of the upper horizon contact of the 
soil). (d) close-up of the 10 cm-thick radiocarbon sample, showing the trend of increasing age with depth 
(compare to Figure 4) and the principle of extrapolating the age of the upper horizon contact. (c) close-up of 
how age uncertainties are calculated for the event horizon (upper horizon contact) immediately above the dated 
sample. Cross shows mean radiocarbon ages with 2a limits; solid square shows dendro-corrected radiocarbon 
age, with 2co limits shown by the horizontal dimension of the surrounding box. Vertical dimension of the box 
indicates sample thickness. Solid line shows a least-squares regression lines through the dendro-corrected 
mean ages. The top of the graph represents the upper horizon contact of the soil. The total 2cr error range on 
age of the upper horizon contact is.composed of an analytical component and a sample context component 
The analytical component is defined by extrapolations of the mean age trend (4.6 yr/mm) from the ±2a limits 
on the age of the uppermost 10 cm-thick sample (dashed lines). The sample context component is defined by 
extrapolations of the maximum age trend (6.7 yr/mm) from the -2cr age limit and the minimum age trend (3.7 
yr/mm) fraom the +2cr age limit (dotted lines).

I series of 4
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Table 1. (continued) 

Treach'c Soumcb Lab Mateald Geoblogi Lab 14C age CAS/ MR-Cradced Palco
N . .Unit (14Cyr.P,. MRT AgsotEvena eatquako 

(aorTLw (• yr Hlodzoa Coucsramedb 
f 3z yR P- ang

K-48 I 
GC 2 
E£.2 3 
K-88 1 
EO-2 3 

M0-I 3 
K-S8 I 
GC 2 

EO-2 3 
0D-2 3 

EO-2 3 
0.-2 3 
.O-2 3 
O-i 3 

K-8S I 
K-43 I 
K-U4 I

DC-2 3 
DC-i I 
D!2-2 2 
DC2-3 2 
DC24 2 
D02.1 2 
DC-2 I 
DC-i 3 
DG-1 I 
00-1 1" 
10-1 I 
DC2.5 2 
DC24 2 
DC2-2 2 

" DC-I I 
DC-I 3 
DC-2 3 
DC-i 3 

Map.N1 1 

AmFL2 2 
Map.N! I 
Map.Ni I 
RockCr. 2 
RockCr. 3 
WC! 4 
AmnFIk. 2 
AmFk.2 2 
Map.NI I 
Ama. 2 
Map.N2 I 
WC 1 4 
WCI 4 
RockCr. 2 
RockCr. 3 
AmFk.lI 2 
AmLk.l 2 
Map.Sl I

weberSe•gwa 
Ab DC 9001±8o 
Ab PC 990180 
Ab PC 1065±30 
Ab DC 1130+70 
Ab PC 1365±40 
A DC 1200+200 
A Ca 2220+50 
Ab PC 2490_100 

Ab PC 320O+300 
Ab PC 3295±130 
Ab L 4000+400 
C DF 4100±180 
Ab DF 4505+65 
L DF 4600+400 
Ab DC 5350±636 
Ab DC 6100q404 
Ab DC 5780±90

1-29901 
NSRL-323 
PITT-0096 
B-29902 
PfIT-0098 
mi1.47 

B-38680 
NSRL-520 

ri e74 
PITT-104 
m-so 

USGSM2499 
1flTr-094 

ITL-138 
ITM-150,171 
FIL-IO.,171 
B-29900 

9-21303 
B-54646 
B-77139 
B-77141 
B-791U 
B-80845 
8-28320 
B-21304 
B-50379 
B-50880 
B-54017 
1-79134 
B-79920 
1-77140 
8-54649 
B-21300 
B-21302 
B-21299 

PIT.-0191 

M-n3 
13-21306 
PIT-0183 
PITT-0091 

B-23781 
ITL-23 
USGS-2533 
Pi-r-o 89 
USGS-2532 
B-21733 
]-23779 
B-23773 
DIC-3236 

USGS-2531 
hiT-6 
9-26117

b 
b 
b 
*b 
d 

f 

al 

a

917(60)550 Z 
9 S821)537 Z 
954(882)602 z 
1140(M20)74 Z 
1228(109S)943 Z 
1200±200 Z 
3145(2821)2465 Y, mia 
272.(2588,2521, Y 
2413)2224 
3200±300 Y 
3818(3450)3165 Y 
4000±400 X 
5P45(4564)4087 X 
5b32(4755)4471 X 
4600L+400 X 
5•50±636 w 
6100±404 W 
6651(6389)6116- W 

1103(862)700 z 
912(741)579 Z 
1393(1146)927 Z 
1349(1227)1103 Z 
1446(1193)953 Z 
1797(1632)1415 Z 
1508(1313)1136 Z 
1785(1564)1279 Z 
1738(1559)1381 Z 
2600(2277)2103 Y 
2621(2303)2164 Y 
3177(2932)2691 Y 
4172(3794)3480 X 
4304(4035)3743 X 
5300(5114)4812, W 
3745(5452)5140 W 
5516(5214)4958 W 
6074(5790)5545 W

b 
b 
b 
h 

b 
b 
b 
b 
h 
Is

- 502(425.392,319) 7, rmin 
2S'7 
5±00200 Z. mri 
551(505)311 Z, min 

- 635(517)334 Z, min 
k .666(606)549 7, min 
I 590_+90 Z. mia 

542(403)0 z 
. 400t!00 Z 

k 760(494)221 Z 
715(664)576 Z 

a 905(696)463 Z 
919(672)547 Z 
931(782)671 Z 
961(909,800)724 Z 

o 9&5(806)670 7.  
In 810±130 ,Z 
a 2723(2545)2293 Y 

2700±200 Y 
d 3128(2807)2550 Y

Sail Lak City Segmk~ 
Ab PC 1170±60 
Ab PC 930±60 
OM CF 1570±60 
Ab PC 1420±60 
OM CF 1620I6O 
Ab PC 1=±5060 
Ab PC 1640_50 
Ab PC 1330_80 
Ab PC 1760±60 
Ab PC 2370±70 
Ab PC 2410+60 
Ab PC 2940±60 
OM CF 3760±80 
Ab PC 3810±90: 
Ab PC 4520±60 
Ab PC 4910+100 
A5 PC 4710±90 
Ab PC 5230-_80 

C DF 330_50 

S SP 500+200 
C L 445±70 
C L 490±65 
Ab DF 455±35 
Ab DF 
C PC 320±120 
Ab PC. 400±100 
Ab PC 620±+150 
C PC 730±40 
Ab PC 980±+70 
C PC 770±+100 
C DF 890±+60 
C DF 950±60 
A PC 12l0150 
Ab DF 

Ab PC 2620±70 
Ab PC 2700±+200 
Ab PC 2890+80
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Table 3. Limiting Numerical Ages, Weighted Mean Age Estimates, 
and Recurrence Intervals for Paleoearthquakes on Central 
Wasatch Fault Zone 

Segment Event Limiting Ages, Weighted 
cal years B. P. Interevent 

Timer 
Mean +2o, 
cal years 

No. Mean"±2 

Brigham City Z 4 2125±104 1309+176 

Y 3 3434+142 12406220 
X 3 4674+108 1296+294 

d 1. 5970+242 1330+426 
Vd 1 7300+350 1218+488 
Ud 2 8518+340 4492+412 
Td 1 13,010 meane- 1282:

+_138 
Weber Z 6 '1016+62 2048+130 

Y 3 3064+114 1339+108 
X 4 4403+122 1729±188 

S3 6132+144 meane
=1782+102 

Salt Lake Z 9 1230+62 1269+152 
City, 

Y 3 2499±138 1442+258 
X 2 3940+216 1440+256 
W 4 5381±136 meane

-1441+182 
Provo Z 10 618+30f 2224+78 

Y 5 ' .2842±72 2639±168 
-X 2 5481+152, meane=2297±+70 

Nephi Z 7 1148±68 2716+248 
Y 5 3864±238 Meane271& 

±248 
Totals 76 meane=1918 years 

S Number of close limiting ages from Table 1; does not include 
less closely limiting minimum ages marked as "min" inTable 1.  b Mean weighted by the standard deviation.  

"C Interevent times and their uncertainties are computed by the 
weighting procedure to the nearest year but should be rounded 
oqto the nearest decade for any derivative calculations.  

These earthquakes predate 5.6 ka and are not used in the* 
synthetic modeling.  Weighied mean+2a over the past 5600 years, the period in

eV

B.P.). Mache 
to indicate it.  
occur in clus 
however, the 
central WFZ 
Schwartz [19 
nonpersistenc 
may reflect t& 
on the fault 
systems e 
coupled systt 
Figure 4 is j" 
on completel: 

Ditin:giil 
tempor-al lu.  
seismic haza: 
earthquakes, 
recurrence 1 
segment [e.1 
Probabilities 
of regi6nal c 
between segr 
of the likelih( 
stress states 
[e.g., Comel 
quakes has 
'Below we c 
.palekAismic 
paleoseismic 
(Using static 
distribution 
histories wc 
arrangement 
earthquake 
interactions i 
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test the stren 
seismic his 
environment.  

The term 
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commonly b
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Figure 9.9 Example of a space-time diagram; estimated timing of major pa 
on the Wasatch fault zone (Utah) in the past 6 ka. Dashed vertical lines indici 
the most probable time of faulting (queried or missing where timing is uncertain) 
patterns indicate permissible limits for faulting events as determined from. a 
calibrated 14C and thermoluminescence age estimates. [From Machette et al, (lI 
with permission from Annales Tectonicae.] 
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Figure L Cumulative Weibuil plots of In In (I/ I-F()] versus In T for Holocene earthquake repeat times along the central five 
segments of the WF7 Horizontal emr bas shown for mterewnt times are 90% confidence intervals (see Table 6). Cumulative 
distributions are plotted according to a (n1-1/2M plotting rule. Least squares fit to the data (solid lines) define the Weibull 
distribution parameter. Dotted lines show 0.05 and 0.95 confidence interval estimates to the distribution. (a) All interevent times 
in the past 5.6 Sq. (grouped data);j3-,3.36, mean repeat tdme-1775±291 years (2a range). Two-subgroupa of int"crovt times 
appear,. those with In T•.5 and In T>7.5, suggesting bimodal recurrence behavior. (b) Data from Figure &a replotted to 
emphasize the short-recurrence (in T<7.5) and long-recmrene (In 1>7.3) groups. For the short-recurrence group, fr-17.8 and 
mean repeat time=1328±104 years (2a range). For the long-recurrence group, P-8.3 and mean repeat time=2346±448 years (2ar 
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"ihe histogram o0 Dx; 1:), u.4) anci me correspunuing OuPCL1 
which is completely determined by its mean and varian( 
Figure 6.21.  

The exact probability that the binomial random variable X,, 
x is equal to the area whose base is centered at x. For example 
that X assumes the value 4 is equal to the area of the rectangle 
x = 4. Using Table A. 1, we find this area to be 

P(X = 4) = b(4; 15, 0.4) = 0.1268, 

which is approximately equal to the area of the shaded reg 
curve between the two ordinates x, = 3.5 and x2 = 4.5 in Fil 
to z-values, we have 

3.5-6 -1.32 
1.897

Normal approximation of b(x; 15,, 0.4).

0 1 2 3 4 5 6 7 8 9 10 11 12 1

FIGUIRE 6.21



SEC. 6.8 * WEIBULL DISTRII

f (x)

P=I

P=2

FIGURE 6.28

X
0.5 1.0 1.5 

Weibull distributions (a = 1).

where F(t) is the cumulative distribution of T. The conditional 
component will fail in the interval from T = t to T = t + At, givi 
to time t, is given by 

F(t + At) - F(t) 

R(t) 

Dividing this ratio by At and taking the limit as At-- 0, we gel 
denoted bv Z(t). Hence
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Earthquake 
Recurrence Evaluation 

Yucca Mountain Slip 
Rate and Recurrence 

Interval Data 

presented by 

John Whitney 

US Geological Survey

USGS-YMP Whttney Oct 96



Yucca Mountain Slip 
Rate, Datta 

* Measured Offset on Oldest, 
Dated Deposit 
o, Dating Uncertainties 

-U-series, TL, Volcanic Ashes, 
Soils 

,, Increased Left-lateral Component 
of Slip Southward (0 0 -30 ) 

>> Possible Erosion of Footwall 
Deposits 

- High Confidence with Offset 
Soils 

>> Average Slip Rate Variations 
Over Time 

- Late Quaternary vs. Early 
Quaternary 

in USGS Seismotectonic Report-Chapter 4 USGS-YMP Whibe Oct 96



Known and Suspected Quaternary Faults near Yucca Mountain
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i Fracture, dashed where 
approximately located

Lithologic unit boundary, 
dashed where approximately 

located

5 Lithologic unit label

Northern Crater Flat Fault, Trench CFFT2a, Main Fault, South Wall, Event Horizons 

Figure 4.11.3.
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Calculated and:Estimated () Slip Rates on Faults in 
the Yucca Mountain Area

N

From: USGS Seismotectonic Report - Chapter 2

A.



Some Definitions 

* Paleoevent---'Paleo Surface 
Rupture' recognized in one 
trench. across one fault 
,,fracturing may or may not represent an 

individual paleoearthquake 
>) trench and study specific 

* Rupture Scenario--ri 
•Paleoevents of a Similar Aae 
on one or more Faults 

>> probable paleoearthquakes 
> aminimum and maximum rupt- re ongth 
>> ,d'iplacement per event 

, c1aounts ifor distributed ifaufting

tus0,-YMP WPemzpaw w 96



Paleoearthquake 
Recurrence Data 
Rupture Scenarios 

Large Displacement 
Events 

* Criteria: 
>> Preferred Displacements ;50 

cm, or Maximum 
Displacements .1 00 cm 
Smaller Displacements (<50 
cm) are Secondary Faulting 

* 500 kyr/12 Events =44 
(+10,-7) kyr 

* 150 kyr/8 Events = 19 (+8,-4) 
kyr

USGS-YMP Whitney Oct 96
in USGS Seismotectonic Report-Chapter 5



*

0.14 MODEL 1 

Dmax.l m+Dpref_>0.5m 

0.12

0.1 

-0.08 

0 
Oc 0.06

0.04

0.02

o1 I,,N i 
0 100 200 300 400 500 

EVENT AGE, IN KA



Paleoearthquake 
Recurrence Data 
Rupture Scenarios 

All Events Scenario 
* All 39 Paleoevents are 

Individual Paleo Ruptures 
" Temporal Uncertainties 

-Dating Deposits, Not 'Events' 

Missed Paleo Surface Ruptures 
(< 25 cm) 
-Erosion of Fault-Related Deposits 

due to Low Depositional Rates 

* 500 kyr/ 39 (-10,+20) Events 
= 13t _5? kyr

in USGS Seismotectonic Report--Chapter 5 USGS-YMP Whitney -Oct.96
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Paleoearthquake 
Recurrence Data 
Rupture Scenarios 

All Events Scenario 
(continued) 

@ 26 Paleoevents in last 150 (+ 
10, -20) ka 

Cracking and Small Displacements are 
Counted as Individual Paleoearthquakes 

,> Geologic Record'in Trenches Complete 
.Only for Last 130- 160 ka 

@ 150 kyr/ 26 Events 
=5.8 (+ 0.4,- 0.8) kyr 

>> Recurrence increases if 2-4 
paleoevents are 1 
paleoearthquake 

in USGS Seismotectonic Report-Chapter 5 USGS-YMP Whitney Oct 96
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Paleoearthquake 
Recurrence Data 

Rupture Scenarios 

Rupture Scenarios 
* Correlate Events in Time, 

>> Use Stratigraphic and 
Geochronological Constraints 

o 9 Rupture Scenarios Based 
on Timing Distributions 

S150 kyr/ 9 Events= 17kyr_ 
5 kyr 

in USGS Seismotectonic Report-Chapter 5 USGS-YMP Whitney Oct 96



Paleoearthquake 
Recurrence Data 
Rupture Scenarios 

Rupture Scenarios
Recurrence

50 100 150 
EVENTAGE, IN KA

200

High Correlation Confidence 
Moderate Correlation Confidence 
Low Correlation Confidence 

USGS-YMP Whitney Oct 96 in USGS Seismotectonic Report-Chapter 5

0.25

On 

o 0 
(L 

w 
a:

OL 
0



SS * '

Results of the Earthquake Magnitude and Recurrence 
Models for Yucca Mountain Faults.  

Recurrence Number of Average Recurrence 
Model Paleoevents Interval (kyr) 

(Dmax >_ 1 m & Dpref 2O0.5 m) 

1 (<500 kyr) 12 44 (+10,-7) 

1 (<150 kyr) 8 19 (+8,-4) 

(all events) 

2 (<500 kyr) 39 13 (± 5?) 

2a (<500 kyr) 10-20? 35 (+15,-10) 

2b (<150 kyr)* 26 5.8 (+0.4,-0.8) 

*Recurrence increases if 2-4 paleoevents (distributed ruptures) are 1 paleoearthquake 

(rupture scenarios) 

3 (<150 kyr) 9 17 ± 5? 

from: Seismotectonic Framework of Yucca Mountain, Chapter 5: Earthquake Magnitude and Recurrence



Presentation to the Yucca Mountain 
Seismic Source Characterization Workshop #2: 

Hazard Methodologies, 
October 16-18, 1996

OF THE
PALEOSEISMIC STUDIES 
SOLITARIO CANYON FAULT (SCF)

Alan R. Ramelli 
Research Geologist 
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I. Setting/rupture pattern

"* Solitario Canyon fault (SCF) is one of several principal faults of an interconnected, 
anastomosing fault system ('Yucca Mt. fault system') 

"• Low, subdued fault scarp extends fairly continuously along SCF for at least 14 kIn; 
this is the longest continuous scarp at Yucca Mt., but not the most active fault 

"* northern end of SCF scarp is adjacent to subsurface facilities area 
"• southern end is poorly defined due to burial by young deposits 

"• SCF can be divided into four sections based on activity, each section is 4-5 km 
long (listed below in order of decreasing activity) 

1) south-central section has largest displacements and was primary focus of study 
2) southern section has smaller displacements than, and is separated from, 

section #1 by a bend in the SCF coincident with a splay connecting the 
SCF with the southern Windy Wash fault 

3) north-central section bounds subsurface facilities area; is separated from 
section #1 by a 1-km right step, and has relatively small displacement 

4) northern section has negligible Quaternary activity, although study at 
"Mile-high mesa" by Pezzopane indicates possible minor Pleistocene offsets
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II. Solitario Canyon fault trench: T8

"* Originally excavated in early 1980's; deepened for this study 

"* Of all SCF trenches, apparently has largest displacements and most complete record 
of mid- to late Quaternary surface faulting 

* Exposes gravels entirely engulfed in carbonate (unit 1); these deposits are > 500 ka 
in age (possibly 1 Ma or older), and comprise much of alluvial fan surface and 
most of the adjacent downthrown colluvial surfaces, indicating low rate of 
Quaternary activity 

* Sequence of events: 
F1 - carbonate-cemented fault zone; fabric obliterated; juxtaposed against unit 1 
F2 - gravel-filled fissure cut by 2-cmr thick silica veins 
F3'- earliest, and second largest, event cutting mid- to late Quaternary deposits 
F4 - small, equivocal fissure; U-series age (HD1072, 118 ± 6 ka) is apparent 

minimum 
F5 - largest event; 60-70 cm wide fissure containing basaltic ash; U-series ages 

(HD1070, 37 to 56 ka; HD1466, 47 + 9 ka and 66 + 23 ka) and one TL 
age (TL-30, 36 + 5 ka) are apparent minimums 

F6 - small ash-bearing fissure (north wall) and dragged ash (south wall); 
U-series age (HD1071, 15.5 ± 1.6 ka) is apparent minimum
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Figure 4.7.2. Preliminary map of the surficial geology at the T8 site along the Solitario Canyon fault
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Il. Solitario Canyon fault trench: SCF-T3 

"* Located on colluvial slope in the hope it would provide a more complete record of 
surface faulting, but this did not turn out to be the case 

"* Massively-cemented (CaCO3 Stage IV-V) colluvial deposits (units 8-9) are present 
near the surface on the downthrown side of the fault; these deposits yielded 
U-series ages of 700-900 ka, and are displaced only by mid- to late Quaternary 
events, providing the strongest evidence for temporal clustering 

"* Sequence of events: 
F1 - massive CaCO3 & CaCO3-cemented gravels; includes gravel juxtaposed 

against massive CaCO3 across fault @ 4.5 m; capped by unit 9, thus 
predating above U-series ages 

F2 - cannot be discriminated from F1 
F3 - 20-cm wide gravel- and silt-filled fissure; poss. related to wedge-shaped 

deposit (unit 10); crosscut by dipping F5 fissure 
F4 - not recognized, although possibly bounding eastern F5 fissure 
F5 - two prominent basaltic ash-filled fissures; 30-60 cm summed width; tops 

Serosionally truncated 
F6 - carbonate-filled fractures cutting eastern F5 fissure

•lt " i/





IV. Solitario Canyon fault trench: SCF-T1 

* Excavated across lineament/apparent small scarp on latest Pleistocene/early 
Holocene alluvial fan surface; surficial deposits determined to be unfaulted 

"* Incomplete record of faulting due to erosive environment 

"* Cementation of units 7-8 (Stage IV-V) is comparable to deposits in SCF-T3 
yielding 700-900 ka U-series ages 

0 U-series samples from SCF-T1 have not been analyzed 

* Sequence of events: 

F1 - evidenced by faulting/backtilting of units 1-4 
F2'- likely part of progressive offset of units 5-7 (shown schematically; relations 

obscured by CaCO3 overprinting) 
F3/4 - cannot be discriminated; poss. slip along main fault zone cutting unit 8 

and/or fracturing of units 7-8 between 18.5 & 20 m on log 
F5 - two prominent basaltic ash-filled fissures (about 16.5 & 19 m on log); slip 

along main fault cannot be ruled out 
F6 - minimal cementation of probable small colluvial wedge (unit 17),, suggests 

this event may have occurred along main fault zone prior to deposition of 
unit 19 containing argillic soil
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V. Solitario Canyon fault trench: SCF-T4 

"* Excavated into eroded remnant of hillslope colluvium to assess activity of SCF 
adjacent to subsurface facilities area of proposed repository 

"* Similar to other SCF trenches, mid- to late Quaternary surface faulting expressed as 
subvertical, extensional fissure openings 

"* Much less displacement than trenches T8, SCF-T3, & SCF-T1; Quaternary deposits 
downthrown against fault are < 3 m thick, and mid- to late Quaternary events 
-formed a zone of fissuring only 20-30 cm wide 

* Sequence of events: 

. FI - Faulting of units 2-3 and formation of apparent colluvial wedge (unit 4) 
F2 - Fissure ! 10 cm wide cuts unit 4; capped by cemented deposits (units 5-6) 
F3 - Cemented fissure 5-10 cm wide cutting units 5-6 
F4 - Not recognized 
F5 - Basaltic ash-filled fissure; apparently accounts for most of mid- to late 

Quaternary displacment 
F6 - CaCO3-cemented fractures cutting F5 fissure
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VI. Mid- to late Quaternary sequence of events on SCF followed a hiatus in activity 

"* Surface ruptures along SCF can be reasonably correlated between trenches; 
relations are consistent with a sequence of events over the mid- to late 
Quaternary (last 200 ka or so) that followed a hiatus in activity lasting for 
several hundred thousand years or more.  

"* Deposits engulfed in carbonate and silica are present on the downthrown side 
of the fault at or near the surface at all sites; at SCF-T3, these deposits cap 
the older fault zone and yielded U-series ages on silica rinds of 700-900 ka 

* Two events account for most of the mid- to late Quaternary offset; fissures 
containing abundant basaltic ash at all sites are almost certainly correlative 
and indicate offsets at least twice as large as any other event; all trenches 
except SCF-Tl, which has an incomplete record, indicate an earlier event 
with about half the offset as that containing the ash; expression of smaller 
events, with displacements of no more than a few 10's of cm, are variable.  
and in some cases equivocal.  

* At least two fracturing events postdate the most recent event with definable 
displacement; older, similar features would be impossible to discriminate; 
the origin(s) of these fractures are problematic, and could include both 
tectonic and nontectonic causes.



Table 4.7.3 Estimated displacements associated with mid- to late Quatemary surface 
faulting events along the Solitario Canyon fault 

ge'~ 0. C ,~ onent~i 

5-15 np 0? 0? np Silt-filled openings 
? 15-25 np? 0 np? np? Cemented fracture 
Z 20-30 0-10? .10-20 0-10? ? Minor fissure; 

fracturs in event Y 
fissure fill; dragged 

___ _ event Y ash 

Y 70-80 20-40 110-130 60-120 50-120. Largest event; fissures 
contain basaltic ash 

X 120-200 np? 20-40 1 15 cm wide fissure in 

w 150-250 15-30 30-60 20-40 Second largest event 
cumulative 60-80 180-260 80-130 150-250 
offset



VII. Possible association of faulting and basaltic volcanism 

"* In all SCF trenches, the largest fissures contain enough basaltic ash to appear 
black, and at T8, nearly-pure, angular basalt fragments fill the bottom 
meter of the fissure; these relations indicate ash was emplaced shortly after 
fissure opening, and strongly suggest that faulting and volcanism were 
somehow associated.  

"• Available data are permissive of, but do not prove, an association between the 
the mid- to late Quaternary activity on the SCF and eruptive activity at the 
Lathrop Wells cinder cone: 1) fissures both predating and postdating the 
prominent ash-bearing fissure contain lesser amounts of ash, but in neither 
case can reworking of ash be precluded; 2) the time span of eruptive 
activity approximately coincides with the sequence of mid- to late 
Quaternary faulting; and 3) temporal coincidence of faulting and volcanism 
during multiple events are permissive'given available age constraints.  

"* Although the downdip extension of the southern SCF could intersect the 
feeder dike of the Lathrop Wells cinder cone, the largest surface offsets 
(central part of the fault) are spatially removed from the eruptive center.



VIII. Yucca Mt. faults are unlikely to behave independently

"* Individual fault traces are generally short and highly interconnected.  

"* Of Quaternary faults rupturing the surface, the most active are NNE-striking, 
west-facing faults in the southern part of the area, including Stagecoach 
Road, Windy Wash, and Crater Flat faults; the central part includes 
numerous, less-active faults, including Solitario Canyon, Fatigue Wash, 
and several east-facing faults; faults in the northern part are mostly west
facing and exhibit only minor Quaternary activity.  

"* The northward decrease in activity suggests that activity is 'driven' from the 
south.  

"* The apparent association of spatially-separated surface faulting and volcanism 
may indicate both are related to broader deformation and/or slip on buried 
structures.


