EARTHQUAKE PROBABILITIES FOR THE WASATCH
FRONT REGION IN UTAH, IDAHO, AND WYOMING

by Working Group on Utah Earthquake Probabilities

GEOLOGICAL SURVEY

ZUSGS

science for a changing world

MISCELLANEOUS PUBLICATION 16-3
UTAH GEOLOGICAL SURVEY

a division of

UTAH DEPARTMENT OF NATURAL RESOURCES
in cooperation with

U.S. Geological Survey

2016



NOTE:

This is a low-resolution version of this report. To obtain the high-resolution version, go to:

http://ugspub.nr.utah.gov/publications/misc_pubs/mp-16-3/mp-16-3.pdf






EARTHQUAKE PROBABILITIES FOR THE WASATCH
FRONT REGION IN UTAH, IDAHO, AND WYOMING

by Working Group on Utah Earthquake Probabilities

Ivan Wong "¢, William Lund 2, Christopher DuRoss %, Patricia Thomas ', Walter Arabasz *,
Anthony Crone °, Michael Hylland 3, Nicolas Luco °, Susan Olig "%, James Pechmann ?,
Steve Personius °, Mark Petersen %, David Schwartz 6, Robert Smith 7, and Steve Bowman 3

Cover photo: The spectacular relief of the Wasatch Range east of Salt Lake City is the result of recurrent large
earthquakes associated with movement on the Wasatch fault zone, Utah’s longest and most active fault.

ISBN 978-1-55791-923-6

TURS Corporation (now AECOM), Seismic Hazards Group, 1333 Broadway, Suite 800, Oakland, CA 94612

2 Utah Geological Survey, 646 North Main, Cedar City, UT 84721

3 Utah Geological Survey, 1594 West North Temple, Salt Lake City, UT 84116

4 University of Utah Seismograph Stations, Department of Geology and Geophysics, Salt Lake City, UT 84112
5 U.S. Geological Survey, P.0. Box 25046, MS 966, Denver, CO 80225

6 .S. Geological Survey, 345 Middlefield Road, MS 977, Menlo Park, CA 94025

7 University of Utah, Department of Geology and Geophysics, Salt Lake City, UT 84112

8 Now at Lettis Consultants International, Inc., 1981 N. Broadway, Walnut Creek, CA 94596

9 Now at U.S. Geological Survey, P.0. Box 25046, MS 966, Denver, CO 80225

10 Now at Olig Seismic Geology, Inc., 519 Francis Drive, Martinez, CA 94553

\

UTAH
L University of Utah
DNR "“é Seismograph Stations THE 4
el science for a changing world - THE UNIVERSITY OF UTAH U N IVE RS ITY
OF UTAH

MISCELLANEOUS PUBLICATION 16-3
UTAH GEOLOGICAL SURVEY

a division of
UTAH DEPARTMENT OF NATURAL RESOURCES
in cooperation with
U.S. Geological Survey

2016






STATE OF UTAH
Gary R. Herbert, Governor

DEPARTMENT OF NATURAL RESOURCES
Michael Styler, Executive Director

UTAH GEOLOGICAL SURVEY
Richard G. Allis, Director

PUBLICATIONS
contact
Natural Resources Map & Bookstore
1594 W. North Temple

Salt Lake City, UT 84116

telephone: 801-537-3320
toll-free: 1-888-UTAH MAP
website: mapstore.utah.gov

email: geostore@utah.gov

UTAH GEOLOGICAL SURVEY
contact
1594 W. North Temple, Suite 3110
Salt Lake City, UT 84116
telephone: 801-537-3300
website: geology.utah.gov

Suggested citation:

Working Group on Utah Earthquake Probabilities (WGUEP), 2016, Earthquake probabilities for the Wasatch Front region in
Utah, Idaho, and Wyoming: Utah Geological Survey Miscellaneous Publication 16-3, 164 p., 5 appendices.

Although this product represents the work of professional scientists, the Utah Department of Natural Resources, Utah
Geological Survey, makes no warranty, expressed or implied, regarding its suitability for a particular use. The Utah
Department of Natural Resources, Utah Geological Survey, shall not be liable under any circumstances for any direct,
indirect, special, incidental, or consequential damages with respect to claims by users of this product.

Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the U.S.
Government or the State of Utah.






TABLE OF CONTENTS

ACTONYMS ANA ADDIEVIATIONS . ...c.teiuiiiieiieiti ettt ettt s et e et ete et e et e et e ent e ese e et eme e bt eaeeeseemeeeseeneeeseenseemeenseeneenseensenseenseeneenes xii
EX@CULIVE SUIMITIATY ..ottt ettt ettt ettt et et et e et et e et e et e es e en s e es e et e es e et e emeees e emeeeseemeeeeeemeeeseemseeseemseeseenteen e enteeneeneeeneenneenee 1
I INEEOAUCTION ...ttt ettt et ettt a bbbt b e s et et b et e e et et et ea s ea s st ebeebe e bt ebe ettt e e nen 6
0 T 27 Ted <0 {001 T ST 6

1.2 SCOPE OF SEUAY ..ttt ettt ettt et e s e aeem e e et emee e et e b e sh e et e eseen bt es e et e en e et e eneeeneeneeentenneeneenneenean 9

1.3 REVIEW PIOCESS ....ueiiiieiietiete ittt ettt sttt ettt et et e a bt e ae et b e ettt et et et ententebeebeebeeueebenaenee 10

R () (T L1 T £SO RUR SRR 10

1.5 ReEPOIT OTZANIZALION ... .eeutieuiitieieeeieeie et ettt et et et et e et e eaee et e eneeeseeneees e e st emeeaseemeeabeenseeseenseeseanseeneaseemeesaeaneesseansesneansenneans 11

Y (11 1 Ve o o] (o a1 T LY (0T (<] ST 12
2.1 Wasatch Front Seismic SoUrce MOAE] .........ccooiiiiiiiiiiiiiiiiic ettt sttt 12
2,101 FaUIt IMOAEL ..ttt ettt et b e e ettt ettt ettt et ea e bt sae 12

2.1.2 Background Earthquake MOdel ..........ooooiiiiiii ettt ettt 12

2.2 Deformation MOGEL........coiiiiiiiiiiiice ettt ettt ettt b e et a ettt et ettt ettt be e e 13
2.3 Earthquake Rate IMOAEL.........oouiieiiieie ettt ettt ettt e e st e et e st e e e e s e et e e s e et e eneeeseeneeeneenteeneenaeeneas 13
2.4 ProbabDIlity IMIOAELS .....ccueetieiieiieie ettt ettt ettt et et e et e e bt et sae e eees e et e ee e et e ene e bt eneeeneenteene e teeneenneenean 14
2.5 Treatment Of EPiStemic UNCEITAINTICS. ... cc.eeuirtieieieieieeiieteetiet ettt ettt et e e este st et e eseesbeeneeeseeneeeseeneeeneeseeneeneeeneas 14

3 Fault CharacteriZAtiOn ... ...c.couiiuiruiriiriitetetee ettt sttt sttt ettt et ettt e bt sh et b s et et e s et e s s easeneeaeebeeaeebeebe b e 15
T BT 0 T 4L 15 o) o WO RSP RRSURUSPSRRPRP 15
3.2 Dips OF NOIMAL FAUILS.......eoiiiiiiieiiee ettt ettt b e st e et e e st eneeeseeneees e e st emeesseeneesneennesseensenneans 18

3.3 Depth of SeiSMOZENIC FAUIING. ......cciiiiieiiieie ettt ettt e et et esbeeneeseeenaesneenseeneans 19
3.4 RECUITENCE MOTEIS ....cuiniiiiiiiieiieiieiie ettt ettt et ettt e b et sa et b e et ettt et et eateseebeeaeebeeteebenuenaeas 22
3.5 Calculating Mean Recurrence Intervals and RaAteS .........cc.oeiiiiiiiiiiiiiiiee e e 24
3.5.1 Time-Independent Poisson Mean Recurrence Rates..........ocuieiiiieiiiiiiiiiee e 24

3.5.2 Time-Dependent BPT Mean Recurrence INtervals ..........ccooieoiiiiiiiiieiiiiee e 25

3.5.3 Impact of Paleoseismic Data UNCErtainty.........cueruieierieienieeieee ettt sttt et e e e eneesne e neeeneas 25

3.6 Calculating CharacteriStic MagnItUAE@S .........ecueeuiriieiieiieti ettt ettt ettt ettt et st et e e s e et eneesseeneesneensesseenseeseans 26
3.6.1 Fault Length- Versus Displacement-Based Magnitudes ...........cccoeoeiieiiiiieieiieecieeeee e 27

3.6.2 Magnitude REGICSSIONS .......eeiuiiuieitieiieitiete ettt ettt ettt e et se e et et esae e st e st e emeesbeemseeseenseeseeneeeseaneeeseenseeneensesneenneeneas 29

3.6.3 Re@IesSION WERIZNES ... .ooiuiiiiiieie ettt ettt ettt e bt e e s bt e st e e bt e st e e st entees e e et ese e et eneenneeneeneeeneas 29

4 Characterization of Wasatch Front Region FAULLS ..........ccooiiiiiiiiii et e 32
4.1 Wasatch Fault Zone Central SEZMENLS ........c.ceuieriiiiiieiieiieieie ettt ettt rte st e see et e st e eseesbeeseesseeseeeseenseeneensesneeneeeneas 32
4.1.1 PaleoseiSmiC Data SOUICES ........ccuerieiriiieiriiniinie ettt sttt ettt ettt ettt ettt et ettt e s et e st eseeaeebeebeebesaesaeas 33

4.1.2 Surface-Faulting Earthquake HISTOTIES ... .couveiuiiieiiiieieeeit ettt ettt eeeens 34

4.1.3 Earthquake Recurrence and Coefficient of Variation..........ccoecueiieiiirieiiiniee e 34

4.1.4 Vertical Displacement and SHP RaAte........c.cooiiiiiiiiiiie ettt eee e 36

4.1.5 Rupture Models and GEOMEIIIES ........ccueeruiiierieiiieie ettt ettt et e et e e st esee st e eeeseeseeeseeteeneeteenseseeneeeseenes 38

4.1.6 Segment Boundary UNCEIAINTIES ..........eerutiiereiieieeiierteeiieste ettt ettt este et eeeeseeseesseeeeeseesseeseeseeneenseensenseeneeeseenes 40

4.1.7 Characteristic MAGNITUACS ........ccuiiuieiiieieie ettt ettt et e et e e eae e tesme e eeeseeseeseeseeneeseensesseeneenseenes 41

4.2 Wasatch Fault Zone End SEZIMENTS. ........oouiiiiiiiiiiieieiieie ettt ettt st et ettt et e s e eseeneeeaeenaeeneeneeeneas 42
4.2.1 PaleoseiSmiC Data SOUICES .....c..ccuerieiriiieiriiriirieeteetente sttt ettt et ettt eae sttt ettt e et et et eseeaeebeebeebesaesaeas 45

4.2.2 Earthquake Recurrence, Displacement, and SIp Rates .......c.coouiiieiiiieiiiiee e 45

4.2.3 Rupture Models and Characteristic Magnitid@S..........coeeeeruieieriieieeiieie ettt se e eeeenes 47

4.3 Oquirrh—Great Salt LaKe FaUlt ZOME ......cc.coouiiuiiiiiieie ettt ettt s et eeaeenteeneeneeeneas 48
4.3.1 PaleoseiSmiC Data SOUICES .....c..ccuerieiiiiiiieiinierie ettt sttt ettt et ettt ettt be e se et et se et et eseeaeebeeueebesaesaens 52

4.3.2 Analyses and Fault SOUICe Parameters ..........cccoiieriiiiiiiiieii ettt e e ene 57

4.4 ANtithetiC FAUIt PAITS......co.oiiiiiiiiiiii ettt ettt et ettt et ettt ebeebeebesbe e 59
O N 1 1 3 (RSP SPSRPP 62

A4.2 RESUILS ...ttt ettt ettt ettt et a et e h bt e h e e et bt ettt ettt ettt et bt ettt naenae 63

4.4.3 Model Parameters for Subsidiary Faults..........cooovoriiiiiiiii e e 65

4.5 Other MOdeled FAUILS .....c.ooiiiiiiiiiiiie ettt ettt e b ettt sttt e et ettt eae bt ebeebesbesaea 67
4.6 Estimated Surface-Faulting Earthquakes < 18 ka in the WGUEP Wasatch Front Region ............cccccovveiinieniiennnen. 70

5 Historical Seismicity Catalog and a Background Earthquake Model.............ccooiiiiiiiiiiiie e 82
ST OVETVIBW .ttt et b et b ettt et et et ea e bt e bt e bt bt ekt h e se et b et ettt en e e et eatent et e eaeebe et e benae e 82

5.2 Steps in Developing a Unified Earthquake Catalog...........ooveriiiieiiiieiieesieee et 82



5.2.1 Spatial EXtent 0f the Catalog ........c.coueoieiiiiiiiiiiiieer ettt ettt ettt 82

5.2.2 Data Sources for the Unified Catalog .........ccceceeiriririinininiteieeeet ettt ettt 83

5.3 Uniform Moment Magnitude and Magnitude UncCertainty ............cccouevieiriririniiininenenienteteneeteseer et 83
5.3.1 Uniform Moment Magnittide..........cc.coueiiiiiiiriiiniintieent ettt ettt sa ettt ettt ae bbb b e 83
5.3.2 Magnitude UNCETLAINLY ....cc.eeuertiiitiieieieeiteit ettt sttt ettt ettt et b et b e e bt et s b et et e st et e st ebeeaeebeeaeebenbenee 84
5.4 Best-Estimate Moment Magnitude (BEM) Catalog ........c.coevuiriiieiiiiieiiiiieieenencsteecse ettt e 84
5.4.1 Identification and Removal of Dependent Events (DeClUStering) .......c.ccccevereririnerenienenenieieieeeeeeee e 85
5.4.2 Periods Of COMPIEIEINESS ... ccvertiiiriieieiieiteitetete ettt ettt ettt ettt b e eb et be ettt ettt et ebeeae bt ebe st e ebe e 85

5.5 Estimation of Unbiased RecUrrence Parameters..........cocoviruiriiniiiiiiieiiiiieceeniese ettt ettt e 85
5.5.1 Methodology to Correct for Magnitude UnNCErtainty .........coeoveruerieieieieiiininiceiesene ettt 86
5.5.2 ROUNAING ..ottt ettt ettt ettt et ettt e b e bt bt e bt e b e e bt s et sttt et et et entebeeaeebeeueebeebenee 87

5.6 Seismicity Rate Parameters of the Background Earthquake Model ..........cccccooiiiiinininininininiiccceeecceeee 87
6 Comparison of Geodetic and Geological/Seismological Moment Rates............cccouriririnininiininineneneeceeeeeeeeeeese e 89
6.1 PTEVIOUS WOTK ...ttt ettt b bt h e bt bt s e bbbt ettt et ea s eateseebe e bt ebeebeebenbenaens 89
6.2 GEOAETIC DALA.....c.etiutiiienieietet ettt ettt ettt et b bbbt b e bt et b e ettt et ea st a et beebe bt be bt 92
6.3 MELROAOLOZY ...ttt ettt et e h bt bbbt bt bbb bt ettt et e et ea e st eb et e bttt be b nae 98
6.4 Geodetic MOMENTE RALES.....c..cuiiiiiiiiiiiieiceiete ettt ettt st b ettt ettt e st ebe e bt ebeebeebesbenaens 99
6.5 Geological/Seismological MOMENt RALES ......c..ccuirieiiiiiiiiiitiie ettt ettt ettt ebe s 100
6.6 Comparison of Geodetic and Geological/Seismological Moment Rates.........c..ccecueiririiinineninenenenecreeeceee 100
6.7 Discussion: The Moment Rate DISCTEPANCY ........coveieuiriiiriiiiiiiiietesientet ettt ettt sttt ettt ettt eveenes 102
6.7.1 The Levan and Fayette SEZMENLS .........ccocciiiiiiiiiiiiiiiterte ettt ettt sttt ettt eaeeaes 102
6.7.2 Faults Omitted From the WGUEP MOdEL........cccoociiiriiiiiiiiiiiiciccccncec ettt 104
6.7.3 The Sevier Desert DetaChment ... .....coueueiiiiiiiiiiiiere ettt sttt ettt eae s 106
6.7.4 Other Possible EXPIanations ...........cccoueieiiiiiiiiiiietieese sttt sttt sttt ettt eaeeaes 109

6.8 COMCIUSIONS ...ttt ettt ea bbbt e b e b sttt et et e st e st e st eb e ebeeb e eb e bt e bt st ettt et et et entebeebeeueebeenes 109
7 Calculating Earthquake ProbDabilities. ... ..c..coueiiieiiiiiiieiiiiie ettt sttt ettt ettt ebeeres 110
T 1 MEEROAOLOZY ...ttt sttt ettt et eh bt bbbt b e sttt st ettt et ettt ebe b 110
7.1.1 RUPLUTE SOUTCE RALES....c..eiuiiiiiiiiiiiiiii ettt et e st st ae e e sne s 110

T 1.2 Se@MENE RALES......eiiiiiiiiiiiiit ettt et sttt et a e st sae e s ne et 111
7.1.3 Magnitude Threshold for Probability Calculations............c.ceuerierieiiiiniiiiiiiicsese et 113
7.1.4 Magnitude-Frequency DISTITDULIONS ........ccceiiiiiiiriniinienentete ettt ettt ettt eaeeaes 113

T 1.5 ANLIRELIC FAUILS ...oouiitiitiitiitie ettt ettt sttt et et ettt et ebe b b 120
7.1.6 Segment MOMENTt RALES .......c..cooiiiiiiiiiiiiiie ettt et e st st 123

T 1.7 TMPLHE SIP RALES ...cviitiitiitiitirteitete ettt ettt ettt b e b sttt ettt et et ebe et eaeebeebes 123
7.1.8 Probability CalCUIAtIONS . ......c.coueriirririeieiieititeiteit ettt ettt ettt ettt s b ettt ettt et ebe et eae b eaes 127
7.1.9 Calculation SEQUEIICE. ......couertirtiriiteteteiteit ettt ettt ettt ettt sttt ettt et eb et ebeeb e e bt ebesae sttt et et et et et eneebteaeebeebeeaes 127

7.2 Probability MOMEIS. .....c.ooiiiiiiiiiiiiiiiiiet ettt ettt et b bt b e sttt sttt ettt et et beenes 127
7.2.1 Time-Independent — PoiSSON MOMEL ........cooiiiiiiiiiiiiiiiic ettt 130
7.2.2 Time-Dependent — BPT MOdEl.......cc.couiiiiiiiiiiiiiiiiesesee ettt ettt 131
7.2.3 Time-Independent versus Time-Dependent WeIghts .........cccceoirieiiiiiiiiiiiiiicieneseseeseeeee e 134

8 Earthquake PrODADILILIES ........coeiiiiriitiie ettt sttt ettt et ettt ebe b 135
8.1 Earthquake Probabilities in the Wasatch Front REZION.........cccoueiiiiiiiiiiiiiiiiiniecscceeeeeeee e 135
811 50-YEar PrODaDILILIES. ....coverviteteiiteieieitet ettt ettt s sttt ettt ettt eaeeaes 135
8.1.2 30-Year, 100-Year, and Background Seismicity Probabilities..........ccccoeruririririniinininineniecieeecieeeeceene 135

8.2 Probabilities for Individual Faults and Fault SEgments...........c.ccoeoiiiiiiiiiiiiiiiniicec e 137
8.3 Sensitivity of Results to Models and Parametric UnCEertainty ..........cccoueveieerininenenienenienenieseeseeeeseeteieeieee e 141
8.3.1 Fault RUPTUIE MOMEIS ......eouiiiieieciieie ettt ettt ettt e se et e e st et e eneeeseensesseensesneesesneesennnens 141
8.3.2 Probability MOAEIS. ....cc.ciuiriiitiiiiiieietcet ettt ettt sttt ettt ettt ettt eaeeaes 143
8.3.3 Magnitude RELATIONS .....couirtitiiiiiieiet ettt ettt ettt b e s b sttt ettt et ettt eaeeae b 146

9 Future Directions and LAMITATIONS ........couertiriitiiiieieiiteitet ettt et ettt ettt et et be e et ettt et et ese bt ebeeaeebeenes 148
9.1 Characteristic Earthquake Model and Fault Segmentation............ccccocririiriiniiieiiiiiiiincsesese et 148
9.2 FaUlt INETACTIONS ....viuieiieiietiiieiteet ettt ettt ettt ettt ettt et b ettt et eb e eb e e bt eb e bt s bt se ettt et et et eneebeebeeueebeenes 149
9.3 USE OF GEOAELIC DIAtA......euiiiiiiiiiiitiitiitet ettt ettt ettt e b et b e sttt b ettt et b e et eaeebeenes 149
9.4 Estimating Characteristic MagnitUdes ........c..coueoiirieieiiiiiiieeie ettt ettt sttt ettt ettt ebeeaes 149
0.5 OV ettt h bbbt h et h e bt bbbttt b et ettt ettt et et ebeeaes 149
9.6 Time-Dependent MOdel WEIZILS .......c..couiviriiiiiiieiiieiet ettt ettt sttt et ettt be e ebeenes 149
1O ACKNOWIEAZIMENLS ...ttt sttt ettt b bbbt bt e bttt b e bt ettt et et et enteneeaeebeebeebeeaeeee 150

T1 REEEIEIICES ..ttt e ettt e e e e et e e e e et st e e e e eeaesteeeeeeasaeeeeeeaaataseeesensaaeeeesennaaseeeseannaseeeeesenntaeeesennnaeeas 150



APPENDICES

Appendix A Moment-Magnitude Regressions Considered by the WGUEP

Appendix B Holocene Paleoseismology of the Central Segments of the Wasatch Fault Zone, Utah

Appendix C Oquirrh—Great Salt Lake Fault Zone

Appendix D Other Fault Parameter Database

Appendix E A Uniform Moment Magnitude Earthquake Catalog and Background Seismicity Rates for the Wasatch Front

and Surrounding Utah Region

FIGURES
ES-1 Probabilities of one or more earthquakes of M 6.0 and 6.75 or greater in the next 50 years in the Wasatch Front region ........ 3
ES-2 Probabilities of one or more earthquakes of M 6.75 or greater in the next 50 years for selected faults and fault segments.....5
1-1  Wasatch Front region as defined for this STUAY .........c.coiiiiiiiiiiiiiiiciecceeee ettt ees 7
1-2  Segments of the WFZ in southern Idaho and northern Utah............cccocoviviiiiiiiiiiiicccec e 8
3.1-1 Segmentation models for NOIMAL fAUILS.........c.occiiiiiiiiciiciice et sb et sae e sae s e s reensessaebessnens 17
3.2-1 Schematic diagram showing the non-linear increase in fault area with decreasing dip angles............cccevvvvevieveienncnns 18
3.3-1 Map of the Wasatch Front region showing the epicenters of 2523 earthquakes with well-constrained focal depths that
occurred in this region between October 1974 and September 2011 ........ccoovvieiiiiiiiiiieicceeie e 20
3.3-2 East-west cross sections of the hypocenters with well-constrained focal depths in Figure 3.3-1......cccccoviviiniiiieniennnnns 21
3.4-1 Maximum magnitude recurrence MOAEL.........ccciiiiieiiiiiiiiie ettt ettt e e te e beeseesaeesaesaeessesseessesseessesseens 23
3.4-2 DTGR magnitude recurrence MOUE] ............oouiiiiiiiiiiiiieiicie ettt ettt beete et e taesbeeseesseessesaeessesreessesssessessnens 23
3.5-1 An example of a continuous gamma probability distribution for mean recurrence rate and its discrete five-point
approximation calculated according to the CEUS-SSC IEPOTL ......ccvieviiriieiiirieiiereeie ettt sre s ereesseere e 24
3.5-2 An example of discretized five-point probability distributions of mean recurrence interval for the time-dependent BPT
model, calculated according to the CEUS-SSC TEPOIt........ccviiuiiieiieieieeieete ettt ettt st sae e sbe s sbeessesseesseeseenes 25
3.5-3 Examples of the effect of including uncertainty in the time interval over which past earthquakes have occurred............ 26
3.6-1 Average vertical displacement (D,,.) versus fault length (L; SRL or Lseg) for the central WFZ compared to historical
scaling relations developed by Wells and Coppersmith (1994), Stirling et al. (2002), and Wesnousky (2008).............. 27
3.6-2 M for single- and multi-segment ruptures on the central WFZ based on estimates of M, which compares well with the
censored-instrumental SRL-M regression of Stirling ez al. (2002).......ccuveviiieiiiieiieeeie ettt ese s 28
3.6-3 Comparison of several historical regressions on M with six historical large-magnitude normal-faulting earthquakes .... 30
4.1-1 Central segments of the WFZ showing paleoseiSmic reSEarch SItES .........c.ccuieverieriereerieiieiesieeieeeeseereeneeseesseereesaeennas 33
4.1-2 Single-segment rupture model for the central WEZ .........c.ccviiiiiiiiiieiiceee ettt et 40
4.1-3 Intermediate rupture models for the Central WEZ ...........ccooiiiiiiiiiiiiicie ettt et sae s 41
4.1-4 Multi-segment rupture model for the central WFZ consisting of single-segment ruptures and multi-segment ruptures..... 42
4.1-5 Rupture lengths and segment-boundary uncertainties for single-segment ruptures on the WFZ central segments......... 43
4.1-6 Segment-boundary uncertainties for multi-segment ruptures on the central WFZ ...........ccccovevieviiiieiiiiciiciee e, 44
4.2-1 Rupture lengths and segment-boundary uncertainties for single-segment ruptures on the WFZ end segments, and a LS-
FS MUItISEZMENTE TUPTUTE ...ttt ettt ettt ettt et ste e b e eteesbeeteesbeessesbeesseseesaesseessesseessesssessesssessesssesseesseseessenseeses 49
4.3-1 SegMENts OF the OGSLEZ .......ooiiiiiiiieiieie ettt ettt ettt e e ae e b e e ae e beesaesbeess e beesseseesseeseesseeseessesssenseeseesseeneas 51
4.4-1 Antithetic fault pairs in the Wasatch FTONt TEZION ........c.cccviiiiiiiiiiieieiectecte ettt ettt ereeseereesaeeneas 64
4.4-2 Graphical summary of antithetic-fault-pair MELIICS ........ccvivieriiiiiiicieie ettt be e s ereesaeeneas 65
5.2-1 Sketch map of Catalog AOMAINS .........cceeiieeieiieiiitiet ettt ettt et et e b et ebeete e b e essesbeessesbeeseeseessesseessesaeessesseensesseesseaseans 83
5.4-1 Epicenter maps of earthquakes in the BEM catalog, 1850 through September 2012.........ccoovveviieieriiiieniiiieieeieieens 84
5.5-1 Schematic frequency-magnitude diagram showing how unbiased (“true”) recurrence rates can be determined by
making appropriate corrections in either the x-direction in terms of magnitude or in the y-direction in terms of rate ..... 86
5.6-1 Background earthquake MOAEL...........ccueiuiiiiiiiiiiiieiete ettt b et et eete e beesaesaeessesaeessesreessesseesseeseens 87
6.1-1 Map of the Wasatch Front region showing surface traces of faults and fault segments considered in the earthquake
forecast and subregions for comparisons of geodetic and geological/seismological moment rates ............cccceevvereennenen. 90
6.1-2 Comparison of observed and predicted velocity vectors, relative to stable North America, for the Wasatch Front region
AN the SUITOUNAING ATCA ......ecveiviieiieiieiieie ettt ettt sttt te et e e bt et e eteebeese e beeseesaeessesseesseseessasseesseessesseeseessessseseeseesseeseas 91
6.1-3 Comparison of fault slip rates from geological data and from the geodetic inversion of Zeng and Shen (2014) for faults
10 the WaSAtCh FIONT TEEION.......c.uiitiiiiiiiiiticiieste ettt ettt ettt ettt et e e te et e ete e beeseesaeesbesseessesbeessassaesseeseesseeseessesssesseeseesseeneas 92
6.2-1 Color-coded map of maximum horizontal principal strain rate, €] (€XtenSion POSItIVE)......c.cevvervrrrieriereerieiierieeeerreeenens 95



6.2-2 Plot of N. 86° E. (mean ¢)-weighted ¢ azimuth) velocity versus distance east for GPS stations in the Wasatch Front
TEZIOL .ttt ettt ettt ettt et ettt eb e bt e bt ekt h e s et b bt s 4t et et et eh e et eh e e bbb 4 e bt bt e btk b e et E bttt et ea e eh e et e bt ebeebe e bt bt eneetes 97
6.2-3 Same as Figure 6.2-2, but for the subregions shown in Figure 6.1-1.....c..ccccceiiiiiiiiiinininininiececceeeeeeeceee e 97
6.3-1 Block diagram of @ normal fault...........cc.ooiiiiiiiiiiiiii ettt 99
6.7-1 Map of the west-central part Of the L-F SUDTE@ZION. .......ccciiiiiiiieiieiecieesee et 105
7.1-1 Calculation Of TUPTUTE SOUICE TALES. ...c..euveuteureuieiieiieiteteete sttt et sttt et et eateseebeete e bt sb e et ebesbe st e b et et e st essenteneebeebeeneebeanes 111
7.1-2 Mean and + 26 cumulative magnitude-frequency relationships for the WFZ, OGSLFZ, background seismicity, and
“other MOdEled FAULIS™ .......ocoiiiiic et 121
7.1-3 Cumulative magnitude-frequency relationships for the “other modeled faults™...........cccocvinininininininccee, 121
7.1-4 Mean incremental magnitude-frequency relationships for the WFZ, OGSLFZ, background seismicity, “other modeled
faults,” and tOtAl OF @11 SOUICES ........eiiuiieieeeee et e e e e e et e e et e e et eeeeaae e eenneeeenneeeeneeeenns 122
7.1-5 Mean incremental magnitude-frequency relationships for the “other modeled faults™ .........c..cococevinieninincncnncnene. 122
7.1-6 Segment moment rates for the WFZ central segments and the single-segment rupture fault model............cccccceceenenee. 124
7.1-7 Segment moment rates for the WFZ central segments and all fault rupture models ..........c.ccoceveninincnininiiinnicnene. 124
7.1-8 Distribution of moment to segments from the unsegmented rupture model for the WFZ ..., 125
7.1-9 Segment moment rates fOr the WEZ .......cc.ccoiiiiiiiiii ettt ettt 125
7.1-10 Segment moment rates for the OGSLEZ ..........cc.ooiiiiiiii ettt st e et nse s enes 126
7.1-11 Distribution of moment to segments from the unsegmented rupture model for the OGSLFZ. .........cccccccoviviiinnnnne. 126
7.2-1 Illustration of the calculation of conditional probability from a PDF ..........cccccoiiiiiiininiinininiieneceeeee e 131
722 BPT IOAEL......oiiiiiiiii et 132
8.1-1 Probabilities of one or more earthquakes of M 6.0 and 6.75 or greater in the next 50 years in the Wasatch Front region .... 136

8.2-1

Probabilities of one or more earthquakes of M 6.75 or greater in the next 50 years for selected faults and fault segments .. 139

TABLES
2-1  WGUEDP fault MOdel COMPONEINLS .......cueeiiiiieieiiieieeiieste ettt et et et et et e st ete s eesesseesseesseseensenseenseaseensesseenseeneansesneenseeneas 13
3.2-1 Change in fault area for varying values of fault dip calculated for a fault length of 30 km and a seismogenic crustal
thICKNESS OF 15 KIM .ttt et a ettt b et e et et a et ettt et beebeebesbesbenae 18
3.3-1 FOCal dePth PEICENTIIES....c..iotirtirtitetitet ettt ettt et b et b e sttt be sttt et et et ebeebeebeebeebe b e 22
3.6-1 Average displacement per fault Iength relations ..........cccociiiiiiiriniiin ettt e 28
3.6-2 Moment-magnitude regressions and weights for Wasatch Front faults ............ccccocvnininininiininicce 30
4.1-1 Summary of earthquake timing data for the central WEZ .......c..ccccoiiiiiiiiiiiiiiieceete et 35
4.1-2 Mean recurrence intervals for the central WEZ ..ottt 35
4.1-3 Summary of displacement per rupture source on the central WEFZ.........cc.cccciiiiiiiiiiiiiiniceceeeceeese s 37
4.1-4 Summary of vertical slip rates for the central WEZ ...........cocooiiiiiiiiiiiir ettt 37
4.1-5 Summary of rupture models and weights for the central WEZ .........c.cccooiiiiiiiiiiiiiiiiceececec e 39
4.1-6 M, distributions for central WEZ TUPTUIE SOUICES ......ecuviruieiieiieiieiieieeierieeteste e steeeesteestesseensesseenseeseensesneensesneesseeneas 44
4.2-1 Displacement, slip rate, and recurrence for the WFZ end Segments............ccoooveririeriiienieiesiee et 46
4.2-2 Slip-rate model distributions for the WFZ end SeZMEeNts.........c..ccuerieiiiiiiiiiiiiincnienesesteteer ettt 47
4.2-3 Rupture lengths for the WFZ end SEZIMENLS.........cciiiiiiieiiiieieeiieie ettt ettt te et e e eseenteeneeseeneenneeneas 50
4.2-4 Mo distributions for WFZ end-segment TUPTUIE SOUICTES .......ccueevierierereierieeienteeeesteeeesseesesseesesseensesseesseeseensesseessesnees 50
4.3-1 Paleoearthquake times and estimated earthquake recurrence intervals for the Great Salt Lake fault ...........cccccceceeinin. 54
4.3-2 Timing of surface-faulting earthquakes on segments of the OGSLEZ ...........cccocivininiinininininicceceeeceeeese s 57
4.3-3 Rupture models for the OGSLEZ..........ooui ittt ettt ettt et e et e beesae et e ense et e enseeseenseeneenseeneenneeneas 58
4.3-4 Lengths for the OGSLEZ TUPLUIE SOUICES .....c.eeutrtirtirteriirtirtententetetetet et et ettt ettt st sbe e st et te e et et et esteseeseereebeebesbesaens 59
4.3-5 Modeled vertical displacement distributions for selected rupture sources of the OGSLFZ .........ccccocevieiiiiiiiiiinincnns 59
4.3-6 Characteristic magnitude distributions for the OGSLEFZ rupture SOUICES..........ccveueruerrieriieieniieieeiieieeeeeneeeneeneesneeseeennes 60
4.3-7 Poisson rate distributions for OGSLEFZ TUPLUIE SOUTCES ....c..coveveuriieuieieiieiieieeiinieste sttt sttt ettt et ebe e sbesbe e 60
4.3-8 Brownian Passage Time recurrence interval distributions for the Antelope Island and Fremont Island rupture sources of
THE OGSLEZ. ...ttt b ettt ettt a bbbt bt e bbbt s bttt b ettt et ent bt e bt bt bbb e 62
4.4-1 Summary of antithetiC-fault-Pair METIICS .......coetririririiitiierert ettt ettt ettt ettt ebe bt sbe e 66
4.4-2 Model parameters for subsidiary antithetic fAULLS ...........cocevviriiiiiiniiii et 66
4.5-1 Quaternary-active faults/fault segments in the Wasatch Front region removed from further consideration in the
WGUEP €arthqUake fOTECAST .......ccuiiiieiieiieiieit ettt ettt et e e re e st esaesseensesseesesseenseessenseenaenseeneanseenes 68
4.5-2 Other modeled faults—Quaternary-active faults/fault segments in the Wasatch Front region, other than the WFZ and

OGSLEFZ, retained in the WGUEP fault MOAEL..........ccooiiiiiiiii e 69



4.5-3 Fault/fault segment parameters from USGS (2013)..c.ciuiiiiiiriniiiiiieietetetettre ettt ettt 69

4.6-1 Estimated surface-faulting earthquakes < 18 ka for the WGUEP Wasatch Front region...........ccccccevevievievincinccnincncnnns 71
5.2-1 Boundaries of catalog domains (INCIUSIVE) ......c.eeiuieiiriieieiieie ettt ettt e see e saeenaesseensesseensesneens 83
5.4-1 Data for seismicity rate calculations, WGUEP Region (BEM catalog, declustered) .........c.ccocevverenenenenencncnncnennenn. 85
5.6-1 Cumulative rates of independent background earthquakes...........ccccouerieriiiiiiiiiiiniii e 88
6.2-1 GPS velocity vectors for the Wasatch FTONt TEZION .......cc.coeviiiiiinininiiiiecccceee ettt e 93
6.2-2 Average strain rates for the Wasatch Front region and Subregions............cccoeoiiiiiiiiiiiiiniiininneccceeeeeeeeeee e 96
6.5-1 Geological/seismological moment rates for Wasatch Front region S€iSmic SOUICES...........cccevererieriererenenieneeecnennes 101
6.5-2 Geological/seismological moment rates for the Wasatch Front region and subregions.........c..c.ccocceeverenenencnncnenne. 102
6.6-1 Comparison of geodetic and geological/seismological MOMENT TALES ......cc.evveveiiieieiiiiieieiee e 102
6.7-1 Faults in the L-F subregion that are not included in the WGUEP fault model ..........ccccccovviriniiniininninnneicccee, 104
7.1-1 Recurrence intervals of characteristic events for the WFZ central segment models ..........ccccocevverininicninincnncncnene. 112
7.1-2 Rupture source rates (Poisson) for the WFZ end segment and unsegmented fault models .........c..coccocenenincncncnnene. 113
7.1-3 Recurrence intervals for characteristic events and rupture source rates (Poisson) for OGSLFZ fault models.............. 114
7.1-4 Rupture source rates (Poisson) for “other modeled faults” included in Wasatch Front region fault models................. 116
7.1-5 Segment rupture rates (Poisson) for the WFZ central segment fault models............ccocooviniininininininininiicnceee, 117
7.1-6 Segment rupture rates (Poisson) for the WFZ end segment fault models..........cccecevvivininiininincnincnicececceceee, 117
7.1-7 Segment rupture rates (Poisson) for the WFZ unsegmented fault model ............cccocovininiininininininiicccceee, 118
7.1-8 Segment rupture rates (Poisson) for the WEZ .........ccocoiiiiiiiiinc ettt 118
7.1-9 Segment rupture rates (Poisson) for OGSLFZ fault models .........cccoueviiiiiiiiiiiiiiiiinrseseeeceeeeeeeee e 119
7.1-10 Segment rupture rates (Poisson) for the OGSLEZ ........ccccoiviiiiiiiiiiiitteet sttt 120
7.1-11 Segment rupture rates (Poisson) for other segmented faults in the Wasatch Front region...........c.ccoceevevenievecnccnccnenne. 120
7.1-12 SegMENt MOMENTE TALES .....c.eeiuiiiiiiieiieiiete ettt ettt ettt et ettt et e et e e s et e easeeteeseeebeesaesaee st eaeenaeeanesueean e beeaneebeenseeseenee 128
7.1-13 Implied slip rates for the WFZ central segments using a single-segment rupture model ............cocooeveveniiiciinencnnnne. 130
7.1-14 COTTEIAtION OF IIPULS.....eiuirtietiitirtit ettt ettt sttt et ee et es e bt bt e bt sb et e bt sa e st et et et et et eneebeebeebeeaeebeabes 130
7.2-1 Recurrence intervals for time-dependent (BPT) calculations for the WFZ central segments............cccceeveveieiecnnenne. 133
7.2-2 Recurrence intervals for time-dependent (BPT) calculations for the OGSLFZ..........cccccovivinininininininciccceceee, 133
7.2-3 Equivalent Poisson rupture rates for time-dependent (BPT) rupture sources of the WFZ ..........ccccoevieiiiniiiininicnene. 133
7.2-4 Equivalent Poisson rupture rates for time-dependent (BPT) rupture sources of the OGSLFZ..........cccocevivviviinieinenne. 133
8.1-1 Wasatch Front region 50-year Probabilities ...........cceciririririririntiieceetet ettt ettt ettt ettt ereenes 137
8.1-2 Wasatch Front region 30-year Probabilities ..........cceiriririririnintiieceetet ettt ettt ettt eaeenes 137
8.1-3 Wasatch Front region 100-year probabilities ...........ccceviririririniniiiiicieie ettt 137
8.1-4 Background seismiCity PrODADILILIES .......ccueoueiiiiiiiiiiiiie ittt sttt ettt eae s 137
8.2-1 WFZ segment 50-year ProDaDILILIES ........ccueoieuieiiiiiiriiitiic ittt ettt ettt ettt ebeenes 138
8.2-2 OGSLFZ segment 50-year PrODADIIILIES .......c.ccveiiiririiiiiniinienet ettt sttt ettt ebe e 138
8.2-3 “Other modeled fault” 50-year ProbabIlITIES .......c..ccvetririririrererteet ettt sttt ettt ebeeres 140
8.2-4 WFZ segment 30-year PrODaDIIIEIES .....c..cueieuiiiiiiiiitiitiie ettt sttt ettt ettt ebe b 141
8.2-5 OGSLFZ segment 30-year PrODADIIILIES .......c.ccveiiiririiiiintinienertcte ettt sttt ettt ettt e eae s 141
8.2-6 “Other modeled fault” 30-year ProbabIIITIES .......c.ccveiriririririerert ettt sttt ettt eaeeres 142
8.2-7 WEFZ 100-year PrODADILILIES ..c..evivitiiiiieitiiieiieiieitetet ettt ettt ettt st b e bbbt ettt et ebe bt eaeebeenes 143
8.2-8 OGSLFZ segment 100-year ProbabIlItIes ........ccccuiiriririiirinieretciet ettt sttt ettt ettt sbeeres 143
8.2-9 “Other modeled fault” 100-year Probabilities..........ccceeviiiririiiriniiii ettt 144
8.3-1 Sensitivity to fault rupture models of the WFZ central segments, M > 6.75 in 50-year probabilities..........cccccccecenenne. 145
8.3-2 Sensitivity to fault rupture models of the OGSLFZ segments, M > 6.75 in 50-year probabilities..........c.cccecurvrcnnenne. 145
8.3-3 WFZ central segments, all fault models, M > 6.75 probabilities ...........cccccueviririririninineneneeecceeeeee e 145
8.3-4 WFZ central segments, single-segment rupture model, M > 6.75 probabilities ...........cccevererinenininicnienieieiiceceee, 145
8.3-5 Sensitivity to COV: WFZ central segments, single-segment rupture model, M > 6.75 in 50-year probabilities .......... 146
8.3-6 OGSLFZ, single-segment rupture model, M > 6.75 probabilities .........c.cccuecuriririiinininienineecceeeeeeee e 146
8.3-7 Sensitivity to COV: OGSLFZ, single-segment rupture model, M > 6.75 in 50-year probabilities ...........ccccccevverenuenne. 146
8.3-8 Sensitivity to magnitude relations: WFZ central segments, M > 6.75 in 50-year probabilities...........cccceoverervrercnnenne. 147
8.3-9 Sensitivity to magnitude relations: OGSLFZ, M > 6.75 in 50-year probabilities............ccccvererenenenienienieinirenceene, 147

8.3-10 Sensitivity to magnitude relations: East Cache and Eastern Bear Lake faults, M > 6.75 in 50-year probabilities........ 147



Xii

ACRONYMS AND ABBREVIATIONS

A

AF
AFP
Al
A-M
AMRT
AMS

Ay, Ay, Ayp, and Ay

BC

BCS

BEC

BEM

B.P.

BPT

BRP
BRPEWG
BRPEWGII
14C

CEUS
CMS

COV

CR

CRC

CS

D
Dmax
DC
DEM
DOE
DTGR
EBR
ECFZ
E[M]
EO
EPRI
ERZ
ET
ETMF
FA

FI

FS

GC
GEM
GPS
GSLFZ
HC
IRSL

ave

ISB

ka
KC
K-S
kyr
LCC

rupture area

American Fork

antithetic fault pairs

Antelope Island segment
area—magnitude

apparent mean residence time
accelerator mass spectrometry

area shaken at or greater than MMI IV, V, VI, and VII

Bowden Canyon

Brigham City segment

Box Elder Canyon

best-estimate moment magnitude
before present (1950)

Brownian Passage Time

Basin and Range Province

Basin and Range Province Earthquake Working Group

Basin and Range Province Earthquake Working Group I1

radiocarbon

central and eastern U.S.

Clarkston Mountain segment

coefficient of variation

conversion relationship

cumulative recurrence curve

Collinston segment

average displacement

maximum displacement

Deep Creek

digital elevation model

U.S. Department of Energy

doubly truncated Gutenberg-Richter

extended border region

East Cache fault zone

uniform estimate of moment magnitude

East Ogden

Electric Power Research Institute

standard vertical hypocentral error

East Tintic segment

East Tintic Mountains fault

total felt arca

Fremont Island segment

Fayette segment

Garner Canyon

Global Earthquake Model

Global Positioning Satellite

Great Salt Lake fault zone

Hansen Canyon

infrared stimulated luminescence

intensity at the epicenter

Intermountain Seismic Belt

Kaysville

thousand years ago

Kotter Canyon

Kolmogorov-Smirnov

thousand years

Little Cottonwood Canyon



MSR

N*
NASA
NC
NEHRP
NEPEC
NO
NRC
NS
NSHM
nstr/yr
NVTD
OFZ
OGSLFZ
OSL
P(a)

PC

PD
PDF

PP

PS
PSHA
PY

RC
REC
ROC

SFDC
SLCS
SO
SOMFZ
SP

SQ

SR
SRL
SRL-M
SSC

Levan segment

linear segment length

linear subsurface rupture length
Levan and Fayette segments
moment magnitude

million years ago

body-wave magnitude

coda magnitude

characteristic magnitude

Malad City segment

duration magnitude

Richter local magnitude
millimeters per year

Modified Mercalli Intensity
Mapleton North

seismic moment

observed moment magnitude

most recent earthquake

Mapleton South

multi-segment rupture

threshold magnitude

effective number of earthquakes
National Aeronautics and Space Administration
North Creek

National Earthquake Hazards Reduction Program
National Earthquake Prediction Evaluation Council
Northern Oquirrh segment
Nuclear Regulatory Commission
Nephi segment

National Seismic Hazard Maps
nanostrains per year

net vertical tectonic displacement
Oquirrh fault zone

Oquirrh-Great Salt Lake fault zone
optically stimulated luminescence
probability of activity

Pearsons Canyon

Penrose Drive

probability density function

Pole Patch

Provo segment

probabilistic seismic hazard analysis
Promontory segment

Rice Creek

Red Canyon

Rock Canyon

Rozelle segment

South Fork Dry Creek

Salt Lake City segment

Southern Oquirrh segment
Southern Oquirrh Mountains fault zone
Skinner Peaks

Santaquin

slip rate

surface-rupture length

surface rupture length—magnitude
seismic source characterization

xiii



X1V

SSR
TH

THFZ
UCERF
UGS
ULFF
UQFPWG
USGS
UTR
UTREXT
uu
UUSS
wC

WFZ
WGCEP
WGUEP
WVFZ

single-segment rupture

Topliff Hill segment

Topliff Hills fault zone

Unified California Earthquake Rupture Forecast

Utah Geological Survey

Utah Lake faults and folds

Utah Quaternary Fault Parameters Working Group

U.S. Geological Survey

Utah Region

Extended Utah Region

University of Utah

University of Utah Seismograph Stations

Willow Creek

Wasatch fault zone

Working Groups on California Earthquake Probabilities
Working Group on Utah Earthquake Probabilities West
Valley fault zone



EARTHQUAKE PROBABILITIES FOR THE WASATCH FRONT
REGION IN UTAH, IDAHO, AND WYOMING

by Working Group on Utah Earthquake Probabilities

EXECUTIVE SUMMARY

In a letter to The Salt Lake Daily Tribune in September 1883,
U.S. Geological Survey (USGS) geologist G.K. Gilbert warned
local residents about the implications of observable fault scarps
along the western base of the Wasatch Range. The scarps were
evidence that large surface-rupturing earthquakes had occurred
in the past and more would likely occur in the future. The main
actor in this drama is the 350-km-long Wasatch fault zone (WFZ),
which extends from central Utah to southernmost Idaho. The
modern Wasatch Front urban corridor, which follows the valleys
on the WFZ’s hanging wall between Brigham City and Nephi, is
home to nearly 80% of Utah’s population of 3 million. Adding to
this circumstance of “lots of eggs in one basket,” more than 75%
of Utah’s economy is concentrated along the Wasatch Front in
Utah’s four largest counties, literally astride the five central and
most active segments of the WFZ.

Since the late 1960s, abundant paleoseismic data on the
timing and size of prehistoric surface-rupturing earthquakes
have been collected on the WFZ and other faults in Utah’s
Wasatch Front region, which extends into southeastern Idaho
and southwestern Wyoming (Figure ES-1). Motivated in part
by the recent development of improved methods to analyze
paleoseismic data, the Working Group on Utah Earthquake
Probabilities (WGUEP) was formed in January 2010, under
the auspices of the Utah Geological Survey (UGS) and the
USGS, to evaluate the probabilities of future occurrence of
moderate-to-large earthquakes in the Wasatch Front region.
The working group consisted of 14 geologists, seismologists,
and engineers affiliated with diverse Federal, State, academic,
and consulting organizations.

The WGUEP’s goal was to develop probabilistic earthquake
forecasts for the Wasatch Front region that include: (1)
combined time-dependent and time-independent probabilities
of large earthquakes for the five central segments of the WFZ
and two segments of the Great Salt Lake fault zone, (2) time-
independent probabilities for less well-studied faults, and (3)
estimates of the time-independent probabilities of background
earthquakes not associated with known or mapped faults in
the moment magnitude (M) 5.0 to 6.75 range.

The WGUEP provides these forecasts with the hope that they
will help heighten the public’s awareness and understanding
of the region’s seismic hazards, just as the forecasts of the
Working Groups on California Earthquake Probabilities
(WGCEP) have successfully done. Our consensus-based time-

dependent and time-independent earthquake probabilities
in the Wasatch Front region are not only useful for regional
hazard analyses, they also provide a robust basis for site-
specific probabilistic seismic hazard analyses (PSHAs) for the
safe design and evaluation of critical structures and facilities.
Further, our time-dependent probabilities for fault ruptures
can be incorporated into the PSHAs that will underpin urban
seismic hazard maps planned by the USGS for the Wasatch
Front region. Additionally, our earthquake forecasts can aid in
developing public policies leading to more effective, sustained
earthquake mitigation efforts in the Wasatch Front region.

Similar to the approach used by the 2008 WGCEP, the
WGUEP methodology relies on four basic model components:
a seismic source model, a deformation model, an earthquake
rate model, and a probability model. In general, the seismic
source model characterizes the physical geometry of the
known faults; the deformation model gives recurrence
intervals and/or slip rates for each fault segment and/or fault;
the earthquake rate model gives the long-term rate of all
earthquakes throughout the region above a specified threshold
(in this case M 5.0 and greater); and the probability model
gives a probability for earthquakes of different size over a
specified time period. However, some significant differences
exist between the WGUEP and the 2008 WGCEP model
components; the WGUEP counterparts are much simpler due
in large part to the availability of robust paleoseismic data for
the WFZ and other faults in the Wasatch Front region.

Our probability model describes how earthquakes are
distributed in time. The simplest version is the time-
independent Poisson (memoryless) model, which assumes
that each earthquake is completely independent of the timing
of all other events. For example, with this model it makes
no difference in the forecast for the Salt Lake City segment
whether its last rupture occurred yesterday or 1000 years
ago. Following the lead of the 2008 WGCEP, we have used
only one time-dependent model, the Brownian Passage Time
(BPT) model. The BPT model is a stress-renewal model
that computes the probability of each segment rupturing
conditioned on the length of time since the last event.

The WGUEP seismic source model consists of six groups
of seismic sources: (1) the five central segments of the
WFZ, (2) the end segments of the WFZ, (3) the combined
Oquirrh—Great Salt Lake fault zone (OGSLFZ), (4) antithetic
fault pairs (two faults that intersect each other at depth
and may rupture coseismically), (5) significant other faults



in the Wasatch Front region, and (6) crustal background
earthquakes. Background earthquakes are defined as those
events less than M 6.75 £ 0.25 that cannot be associated with
a known fault. A classic example of a background earthquake
within the Wasatch Front region is the 1975 M 6.0 Pocatello
Valley, Idaho, earthquake.

The 350-km-long WFZ consists of 10 segments that are
thought to have ruptured repeatedly and independently in
large magnitude (M > 6.75) earthquakes. The five central
segments from north to south are the Brigham City, Weber,
Salt Lake City, Provo, and Nephi segments (Figure ES-
1). These central segments are thought to be the most
hazardous, because each segment has had multiple large
Holocene (past 11,700 yrs) earthquakes that have produced
surface rupture. Detailed geologic investigations at 23
paleoseismic sites on these segments have yielded data
on the timing of past earthquakes and/or measured single-
event fault displacements. The resulting data show that at
least four to five earthquakes large enough to cause surface
rupture have occurred on each central segment in the past
~6000 years. Despite the abundant paleoseismic data, a
number of important questions needed to be considered in
the WGUEP forecast. For example, although the paleoseismic
data generally support the prevailing segmentation model for
the WFZ, is it possible that adjacent segments have ruptured
together, in whole or part, during a single large earthquake?
To address the questions and reduce uncertainties in the sizes
and timing of past events, we extensively and systematically
reviewed and analyzed all of the available paleoseismic data
for the five central segments.

At least 22 surface-faulting earthquakes have ruptured the
central segments of the WFZ since about 6000 years ago,
based on our analysis of all of the paleoseismic data and
assuming that each earthquake ruptured a single segment of
the fault zone. Using our revised surface-faulting earthquake
histories for each segment, we calculated inter-event and mean
recurrence intervals, which indicate a moderately periodic
pattern of earthquake recurrence on the central WFZ as a
whole: inter-event times for the segments range from 700 to
2700 years, and mean recurrence intervals range from 900 to
1500 years, similar to a composite mean recurrence interval
for the central WFZ of about 1200 years.

Although we favor single-segment ruptures as the dominant
earthquake process on the WFZ, we addressed uncertainties
in the model by constructing rupture models that include
both single- and multi-segment ruptures and by defining
spatial uncertainties in the segment-boundary locations. We
developed the models following our evaluation of possible
multi-segment ruptures, which relied mostly on per-segment
earthquake timing and displacement data. A companion
unsegmented model allows potential “floating” ruptures along
the WFZ that ignore the location of segment boundaries, thus
complementing the range of possible ruptures included in
the segmented models. The single-segment rupture model

Utah Geological Survey

received more weight than those including multi-segment
ruptures based on the significant timing differences in the
youngest and best-constrained earthquakes along the fault,
unique surface-faulting histories per segment, displacement-
per-event data, and the presence of prominent bends or
stepovers in the fault trace and/or basin depth changes at
the segment boundaries. Characteristic magnitudes for the
central WFZ segments range from a best-estimate M 7.1 for
the Brigham City segment to M 7.3 for the Provo segment.

In addition to examining the central WFZ segments, we
reviewed and evaluated paleoseismic data for other faults
in the region to develop rupture models, characteristic
earthquake, and rate information (earthquake timing and/or
fault slip rates) for input into the WGUEP forecasts. These
other faults included: (1) the end segments of the WFZ; (2)
the OGSLFZ, particularly the Antelope Island and Fremont
Island segments of the Great Salt Lake fault; (3) antithetic
fault pairs such as the West Valley fault zone and the Salt
Lake City segment of the WFZ; and (4) 45 other faults and
fault segments in the Wasatch Front region.

Paleoseismic data for the five central segments of the WFZ
as well as the Antelope Island and Fremont Island segments
of the Great Salt Lake fault zone are sufficiently robust
that we analyzed them in both a time-dependent and time-
independent manner. The WFZ end segments, the Oquirrh
fault zone, and all other faults were treated solely in the
traditional time-independent manner due to insufficient
information for a time-dependent analysis.

The background earthquake model depicts the fraction
of future mainshocks in the Wasatch Front region that are
expected to occur on seismic sources other than faults
identified in the WGUEP fault model. For purposes of the
WGUERP forecast, the background earthquake model provides
rates for future mainshocks of M 5.0 or greater up to a
maximum of M 6.75 + 0.25. The probabilities for background
earthquakes were treated only in a time-independent manner.

We compiled and processed an up-to-date historical and
instrumental earthquake catalog for the background earthquake
model that meets the needs of state-of-practice seismic hazard
analysis, namely a catalog that: (1) is complete in terms of
accounting for all known earthquakes in the magnitude
range of interest; (2) assigns a uniform moment magnitude
to each event; (3) identifies “dependent” events (foreshocks,
aftershocks, and the smaller events of earthquake swarms) in
earthquake clusters that can be removed for statistical analysis
of mainshock recurrence parameters; (4) excludes non-tectonic
seismic events such as blasts and mining-induced seismicity;
and (5) quantifies the uncertainty and rounding error associated
with the assigned magnitude of each earthquake.

Geodetic data were used in the most recent WGCEP forecasts
and are increasingly being used in probabilistic seismic
hazard analyses to estimate fault slip rates. Because of
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discrepancies observed in previous studies between geodetic
moment rates and geological/seismological moment rates in
the Wasatch Front region, we compared these rates for both
the Wasatch Front region as a whole and four subregions.
The geodetic moment rates for the Wasatch Front region,
and for three of its four subregions, are consistent with the
geological/seismological moment rates calculated for the
WGUEP earthquake rate model. The geodetic moment rates
are not consistent with the WGUEP earthquake rate model
in the fourth subregion, an area that encompasses the Levan
and Fayette segments of the WFZ. Further work is needed to
identify the cause of this moment rate discrepancy; however,
regardless of the cause of the discrepancy, we do not expect
it to significantly affect the WGUEP forecast for the Wasatch
Front region as a whole.

Based on the inputs summarized above, Figures ES-1 and
ES-2 summarize earthquake probabilities in the Wasatch
Front region in the next 50 years. The probability of one
or more large (M > 6.75) earthquakes occurring in the
Wasatch Front region in the time period of 2014 to 2063 is
43%. This regional probability is for earthquakes on all of
the characterized faults and the background seismicity. The
probability of one or more earthquakes of M 6.0 or larger in
the Wasatch Front region in the next 50 years is 57% (Figure
ES-1). In addition to the probabilities shown on Figures ES-1
ans ES-2, the probability of one or more earthquakes of M
5.0 or larger in the Wasatch Front region in the next 50 years
18 93%.

A significant contribution to these total probabilities comes
from the WFZ and OGSLFZ. The total probability of at least
one earthquake of M 6.75 or larger on either of these two fault
zones is 23% in the next 50 years. The total probability from
the other modeled faults is 25% due in part to some significant
contributions from faults with higher slip rates such as the
Eastern Bear Lake and Stansbury fault zones (Figure ES-1).
The Eastern Bear Lake fault has a probability of 6.3% for
one or more earthquakes of M 6.75 or larger in the next 50
years (Figure ES-1). For one or more earthquakes of M 6.0
or larger on the other faults, the 50-year probability is 34%.
For background earthquakes of M 6.0 or larger on buried or
unknown faults, the 50-year probability is 14%.

Figure ES-2 shows the 50-year probabilities for earthquakes of
M 6.75 or larger on selected fault segments. For example, the
probabilities on the Salt Lake City, Brigham City, Provo, and
Weber segments are 5.8%, 5.6%, 3.9%, and 3.2%, respectively.
The 50-year probability on the Nephi segment is relatively low
at only 1.8% because its most recent rupture occurred only
about 300 years ago. Although these individual probabilities
might seem small, the total probability for an earthquake of M
6.75 or larger somewhere on the WFZ in the next 50 years is
18%. In the next 100 years, the probability increases to 33%.
Such a large earthquake occurring anywhere along the WFZ
will result in significant damage to communities in the Wasatch
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Front region and to the economy of the region as a whole (e.g.,
see Earthquake Engineering Research Institute, 2015).

Considering that the average age of Utah’s citizens is the youngest
in the nation with a median age of 29.2 years, there is a realistic
chance that many current residents of the Wasatch Front region
will experience a large earthquake in their lifetimes. Preparing
for earthquakes requires an awareness that even earthquakes
in the M 5 range can cause significant localized damage in
urbanized areas, and the probability of earthquakes of this size
occurring in the coming decades is very high.
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1 INTRODUCTION

On July 24, 1847, when Mormon pioneers first viewed the
Salt Lake Valley, Brigham Young famously pronounced,
“This is the right place”—the place of destiny and refuge
they had been seeking. By the time of Young’s death in 1877,
Mormon pioneers had extensively colonized most of what we
now recognize as Utah’s main seismic belt, notably along the
Wasatch Front, the western escarpment of the Wasatch Range
that forms the eastern topographic boundary of the Basin and
Range Province (BRP). The dramatic topographic expression
of the Wasatch Front signals active tectonic forces inexorably
at work.

In his classic letter to The Salt Lake Daily Tribune in
September 1883, G.K. Gilbert, then a senior geologist with
the newly formed U.S. Geological Survey (USGS), warned
local residents about the implications of observable fault
scarps along the western base of the Wasatch Range—
large surface-rupturing earthquakes had occurred before
Mormon settlement and more would occur in the future.
The main actor in this drama of course is the 350-km-long
Wasatch fault zone (WFZ), which extends from central Utah
to southernmost Idaho (Figure 1-1). The modern Wasatch
Front urban corridor, which follows the valleys on the WFZ
hanging wall between Brigham City and Nephi, is home to
nearly 80% of Utah’s population of 3 million. Adding to this
circumstance of “lots of eggs in one basket,” more than 75%
of Utah’s economy is concentrated along the Wasatch Front in
Utah’s four largest counties, literally astride the five central
and most active segments of the WFZ.

In the past two decades, estimates of the probabilities of large
earthquakes occurring in a specified time period in California
have been developed by special working groups. Studies have
been done for the San Francisco Bay area (Working Group
on California Earthquake Probabilities [WGCEP], 1988,
1990, 1999, 2003), for southern California (WGCEP, 1995),
and most recently, for California statewide as part of the
Unified California Earthquake Rupture Forecast (UCERF)
(WGCEP, 2008, 2014). The purpose of these studies was to
calculate time-dependent probabilities of large earthquakes
on major faults where requisite information was available on
the expected mean frequency of earthquakes and the elapsed
time since the most recent large earthquake (MRE). Where
such information was lacking on less well-studied faults,
time-independent probabilities were estimated. The key to
making reliable earthquake probabilistic forecasts has been
the availability of the requisite data.

The WGCEP reports have found a broad audience. Their
probabilities have been successfully used to heighten public
awareness of earthquake hazards, as a basis for lifeline
infrastructure agencies to set priorities for retrofitting their
systems, as motivation for municipalities toadoptunreinforced
masonry retrofit ordinances, and for setting earthquake
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insurance rates. The characterization of earthquake sources
has also provided the seismic source characterization input
for California in the USGS National Seismic Hazard Maps
(NSHMs). Similar to what has occurred in California,
an authoritative consensus-based estimate of earthquake
probabilities, developed and reviewed by the earth science
community, can be incorporated into public policies in the
Wasatch Front region that can help drive greater and more
sustained earthquake mitigation efforts.

The level of information on past earthquakes on the WFZ and
to a lesser extent on other regional faults, along with available
information on regional seismicity, is now sufficiently
robust to provide the requisite data for making probabilistic
estimates of future large earthquakes along the WFZ and
within the Wasatch Front region as defined on Figure 1-1. The
methodologies necessary to estimate such probabilities have
been developed and refined by the various California working
groups and can now be applied in Utah. Previous estimates of
WFZ earthquake probabilities, using information available at
the time, have been made by Nishenko and Schwartz (1990),
McCalpin and Nishenko (1996), McCalpin (2002) (Salt Lake
City segment only), and Wong et al. (2002). The updated
probabilities in this report supersede estimates made in these
earlier studies.

A consensus-based earthquake forecast for the Wasatch
Front region can have varied practical value beyond raising
earthquake awareness and influencing public policy-making.
The authoritative model components of the forecast provide a
robust foundation for up-to-date probabilistic seismic hazard
analyses (PSHA), both regional and site-specific. A principal
regional application will be the incorporation of the model
components into the next generation of NSHMs, which are the
basis for building code provisions of the National Earthquake
Hazards Reduction Program (NEHRP). On a finer scale, our
time-dependent earthquake probabilities can be an important
element of the PSHAs that will underpin urban seismic hazard
maps for parts of the Wasatch Front region that are planned by
the USGS for the Wasatch Front region. Site-specific PSHAs
for critical structures and facilities can directly build upon
the model components of the forecast.

1.1 Background

The WFZ is the most studied Quaternary normal fault in the
world (e.g., Swan et al., 1980; Lund et al., 1991; Machette
et al., 1991, 1992; Black et al., 1996; Lund and Black, 1998;
Lund, 2005; Nelson et al., 2006; Olig et al., 2006; Machette
et al.,2007; DuRoss et al., 2008, 2009, 2012; Personius et al.,
2012). Paleoseismic evidence indicates that the fault is sep-
arated into seismogenic segments with relatively persistent
boundaries between prehistoric surface ruptures (Schwartz
and Coppersmith, 1984; Machette et al., 1991; DuRoss, 2008)
(Figure 1-2). Repeated Holocene surface-faulting earth-
quakes are well documented along the five central segments,
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Figure 1-1. Wasatch Front region as defined for this study, which extends from 39.0° to 42.5°N latitude and 110.75° to 113.25°W longitude.
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Aeronautics and Space Administration (NASA) (http:/imagery.arcgisonline.com).
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which bound the valleys where most of Utah’s population re-
sides, and recurrence intervals are typically between one and
a few thousand years (Machette et al., 1992; Lund, 2005). For
the central segments, the Utah Quaternary Fault Parameters
Working Group (UQFPWG) assigned consensus recurrence
rates based on paleoseismic trenching information available
up to 2005 (Lund, 2005). Since 2005, new data have become
available for the Provo segment (Olig ef al., 2006), the Ne-
phi segment (DuRoss ef al., 2008; Machette et al., 2007;
Crone et al., 2014), the Weber segment (Nelson et al., 2006;
DuRoss et al., 2009), and the Brigham City segment (DuRoss
et al., 2012; Personius et al., 2012). Additionally, detailed
paleoseismic trenching studies have been completed for the
northern part of the Salt Lake City segment (DuRoss et al.,
2014), the subparallel West Valley fault zone (Hylland et al.,
2014), and the Nephi segment (DuRoss, 2014). The Salt Lake
City segment and the Brigham City segment have the high-
est time-dependent hazard of the WFZ segments based on
the long elapsed times since their most recent earthquakes
(Wong et al., 2002).

Using then-available data and methods, McCalpin and
Nishenko (1996) calculated both time-dependent and time-in-
dependent probabilities for the central WFZ. For the WFZ as
a whole, they calculated Poisson (time-independent) proba-
bilities of an earthquake of moment magnitude (M) 7.0 and
larger to be 13% for 50 years and 25% for 100 years. Their
time-dependent estimates for the Brigham City and Salt Lake
City segments range up to 26% and 25%, respectively, in a
50-year period, and 46% and 57%, respectively, in a 100-year
period. Time-dependent probabilities for the Weber, Provo,
and Nephi segments were low (< 0.03) because each of those
segments produced a large earthquake fairly recently (Mc-
Calpin and Nishenko, 1996). Wong et al. (2002), following
the approach of the WGCEP (1999), calculated time-depen-
dent probabilities and equivalent Poisson recurrence intervals
(Section 7.2.2) that could be incorporated into hazard analy-
ses for the Salt Lake City and Brigham City segments. They
assumed a log-normal renewal model to calculate time-de-
pendent probabilities for the next 50 years. The Brigham City
segment is characterized by relatively short equivalent Pois-
son recurrence intervals due to its long elapsed time of 2,100
years compared to the mean recurrence interval of 1280 years
over the past approximately 9,000 yr B.P. (Wong et al., 2002).
The elapsed time on the Salt Lake City segment is close to the
mean recurrence over the past 6,000 yr B.P., so its equivalent
Poisson intervals are also relatively short. The time-depen-
dent hazard along the Wasatch Front has been continually up-
dated since 2002 by URS Corporation (URS), and the results
have been presented at professional meetings although not
published (Olig ef al., 2005; Wong et al., 2007, 2009).

1.2 Scope of Study

In response to the need for a forecast of earthquake prob-
abilities in the Wasatch Front region, 14 selected expert

geologists, seismologists, and engineers from Federal
and State organizations, academia, and the private sector
joined together under the auspices of the Utah Geological
Survey (UGS) and the USGS to form the Working Group
on Utah Earthquake Probabilities (WGUEP). The WGUEP
members are:

Ivan Wong (Chair) URS Corporation
(now at Lettis
Consultants
International, Inc.)

William Lund (Coordinator) UGS

Walter Arabasz University of Utah
Seismograph Stations
(UUSS)

Anthony Crone (USGS liaison) ~ USGS

Christopher DuRoss UGS (now at USGS)

Michael Hylland UGS

Nicolas Luco USGS

Susan Olig URS Corporation

(now at Olig Seismic
Geology, Inc.)

James Pechmann UUSS

Steve Personius USGS

Mark Petersen (NSHM liaison) ~ USGS

David Schwartz USGS

Robert Smith University of Utah
(UU)

Patricia Thomas URS Corporation
(now AECOM)

The goal of the WGUEP was to develop an earthquake fore-
cast for the Wasatch Front region (Figure 1-1) that includes
the following earthquake probability estimates:

* Segment-specific time-dependent and time-indepen-
dent probabilities of characteristic earthquakes on the
five central segments of the WFZ.

* Time-dependent and time-independent probabilities
for the whole WFZ for earthquakes of M > 6.0 and
M > 6.75.

» Segment-specific and fault-specific time-dependent
and time-independent probabilities for earthquakes of
M > 6.0 and M > 6.75 on the two southern segments of
the Great Salt Lake fault zone.

» Time-independent probabilities for earthquakes of M
> 6.0 and M > 6.75 on other significant faults in the
Wasatch Front region.

* Time-independent probabilities for background earth-
quakes in the Wasatch Front region for a range of mag-
nitudes starting at M > 5.0.

* Time-dependent and time-independent probabilities
for all earthquake sources in the Wasatch Front region
for a range of magnitudes starting at M > 5.0.
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Note that in the WGCEP approach, no fault was assigned a
time-dependent model with a weight of 1.0. Some weight was
always given to a time-independent model.

In addition to the WFZ and the Oquirrh—Great Salt Lake fault
zone (OGSLFZ), 45 other faults and fault segments in the
Wasatch Front region (Figure 1-1) were systematically treated
as part of the earthquake forecast for this study (Section 4.5).
The quantity and quality of available paleoseismic information
for these other modeled faults is highly variable (see for in-
stance Black et al., 2003; Lund, 2005), and many have no pale-
oseismic trenching data. Available data were only sufficient to
make a time-independent earthquake forecast for these faults.

The WGCEP emphasized 30-year probabilities, which is an
appropriate time interval given the high fault slip rates along
the San Andreas transform plate boundary. In contrast, defor-
mation rates in the Wasatch Front region are an order of mag-
nitude lower than in California. Consequently, the WGUEP
calculated the probabilities for a range of intervals ranging
from 30 to 100 years although we emphasize the 50-year val-
ues (Section ).

The WGUEP employed a methodology (Section 7) that
is similar in some respects to that used in the UCERF
process (WGCEP, 2008). Four model components were
implemented in our effort (Section 2): a fault model, a de-
formation model, an earthquake rate model, and a proba-
bility model. We computed probabilities using two prob-
ability models: Poisson (time-independent) and Brownian
Passage Time (BPT; time-dependent), which were also
employed by the various WGCEPs (Section 2.4). We ex-
plicitly addressed epistemic (lack-of-knowledge) uncer-
tainties in all input parameters through the use of logic
trees (Section 2.5). We chose an approach similar to that
taken by the WGCEPs; that is, we convened a series of
meetings to review and develop model components. The
WGUEP meetings are listed below.

Meeting Date Main Topic
1 1011 February 2010

2 21-22 July 2010

3 1-2 December 2010

4 16—17 February 2011

5 28-29 June 2011

6 17-18 November 2011 Final data needs
7 16—17 February 2012

8 8-9 August 2012

9 13—14 February 2013

10 12-13 September 2013 Final results

—_—
—_

5-6 February 2014
12 11 February 2015
*Basin and Range Province Earthquake Working Group
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Summaries of the WGUEP meetings are available on the UGS
website (http:/geology.utah.gov/hazards/earthquakes-faults/
utah-earthquake-working-groups/utah-earthquake-probabil-
ities/). The WGUEP extensively discussed and reviewed all
the model components to arrive at a consensus. Limitations
in the probability forecast were clearly defined.

1.3 Review Process

Because this report is a product of USGS and UGS support
and was coauthored by members of both organizations, it was
internally reviewed by both organizations and by the Nation-
al Earthquake Prediction Evaluation Council (NEPEC). Re-
viewers are acknowledged in Section 10.

1.4 Key Products

Central to this report is a summary of the earthquake prob-
abilities calculated for the Wasatch Front region by the
WGUEP. Other key products include:

(I) A revised chronology of large surface-faulting
earthquakes that have occurred along the central
segments of the WFZ in the middle to late Holo-
cene (past ~7000 years).

(2) Estimates of mean recurrence intervals, vertical
displacements, and slip rates for rupture sources on
the WFZ central segments.

(3) Models of single and multi-segment rupture behav-
ior for the WFZ central segments.

(4) Estimates of the characteristic earthquake magni-
tudes and their uncertainties for the WFZ central
segments.

(5) Estimates of characteristic magnitudes and slip
rates for other significant faults in the Wasatch

Front region.

WGUEP formation and development of scope and methods

Develop approach for characterization of the WFZ fault central segments
Characterization of WFZ and other faults

BRPEWG* Il recommendations

Strawman characterization of WFZ central segments

Preliminary results version 1
Preliminary results version 2

Preliminary results version 3

Review of draft final report

Discussion on final report, rollout, and by-products
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(6) Anupdated historical and instrumental earthquake
catalog for the Wasatch Front region (M > 2.85)
with uniform moment magnitude and quantified
magnitude uncertainty together with a derivative
catalog of independent earthquakes.

(7) Recurrence estimates for background earthquakes
(M < 6.75) in the Wasatch Front region based on the
catalog of independent earthquakes and corrected
for bias due to magnitude uncertainty.

(8) A comparison of historical seismicity, geologic,
and geodetic moment rates across the Wasatch
Front region.

1.5 Report Organization

This report is divided into nine main sections, followed by
acknowledgments, a list of references, and five appendices.
In this introduction (Section 1) we have provided the back-
ground, objectives, scope of work, and key products of this
study. Section 2 outlines the methodology that was used and
the model components that were developed for the Wasatch
Front region; the treatment of epistemic and aleatory uncer-
tainties is also described. Section 3 describes the framework
for the seismic source characterization of faults in the Wasatch
Front region, including segmentation, depth of seismogenic
faulting, recurrence models, calculation of recurrence inter-
vals, and calculation of magnitudes. The characterization of
specific faults in the Wasatch Front region is then described
in Section 4, wherein the faults are divided into five groups,
based on their treatment in this study: the WFZ central seg-
ments, the end segments of the WFZ, the OGSLFZ, antithetic
fault pairs, and other significant faults. Section 5 describes
the development of the earthquake catalog for the Wasatch
Front region and its analysis to develop a background earth-
quake model. The evaluation of geodetic data in the Wasatch
Front region and how the data were considered in this study
is described in Section 6. Section 7 explains how earthquake
probabilities were calculated using both a time-independent
Poisson model and a time-dependent BPT model. Section 8
presents the earthquake probability results for the Wasatch
Front region, both for the region as a whole and separately
for the WFZ, the OGSLFZ, other modeled faults, and back-
ground earthquakes. Finally, in Section 9 we discuss the lim-
itations of this study and suggest targets for future research in
the Wasatch Front region.

11
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2 METHODOLOGY AND MODELS

Similar to the approach used by the WGCEP (2008), the
WGUEP methodology relies on four basic model compo-
nents: a seismic source model, deformation model, earth-
quake rate model, and probability model. In general, the seis-
mic source model gives the physical geometry of the known
faults; the deformation model gives slip rates for each fault
segment and/or fault segment; the earthquake rate model
gives the long-term rate of all earthquakes throughout the re-
gion above a selected threshold (in this case M 5.0 and great-
er); and the probability model gives a probability for each
event over a specified time period. There are some significant
differences between the WGUEP and the WGCEP (2008)
model components, with the WGUEP counterparts being
much simpler in concept. The following section describes
each model component of the methodology. Acronyms and
abbreviations are defined on pages xii to xiv.

2.1 Wasatch Front Seismic Source Model

The Wasatch Front seismic source model consists of six
groups of seismic sources (Section 4): the central WFZ, the
end segments of the WFZ, the OGSLFZ, antithetic fault pairs,
other significant faults, and crustal background earthquakes.
Background earthquakes are defined as those events less than
M 6.75 £ 0.25 that cannot be associated with known faults. A
classic example of a background earthquake is the 1975 M 6.0
Pocatello Valley, Idaho, earthquake (Arabasz et al., 1981).

211 Fault Model

The Wasatch Front fault model is fundamentally a geologic
model in that both fault geometry and long-term behavior
are defined and constrained by geologic observations. The
model incorporates complexity that leads to a wide spectrum
of earthquake sizes and includes fault-specific constraints on
the frequency of occurrence of those earthquakes. We adopt
the basic elements and terminology of WGCEP (2003) in the
fault model as shown in Table 2-1.

Several fault characteristics are described in more detail in
Section 3. All faults are dominantly normal-slip faults that
were modeled as planes. Some faults (e.g., the WFZ) have
paleoseismic data in support of segmentation, where struc-
tural segment boundaries have likely served as relatively
persistent rupture boundaries, confining prehistoric surface
ruptures to particular sections of the faults (Section 3.1) (e.g.,
Machette et al., 1992; Lund, 2005). These faults lack known
prehistoric rupture boundaries, and thus we used structural
segment boundaries and available paleoseismic data to de-
fine their surface rupture characteristics. For these faults, we
address epistemic uncertainties in rupture length by defining
single- and multi-segment fault models and segment bound-
ary uncertainties. Low weight was also given to an unseg-
mented model where ruptures were allowed to “float” along
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the fault regardless of segment boundaries. For other faults,
the evidence is more ambiguous as to whether persistent
rupture segment boundaries exist (e.g., Stansbury fault).
For these faults, we gave higher weight to the unsegmented
model. Most faults are included as single, independent (un-
segmented) planar sources, unless the available data suggest
otherwise. We note that the rupture behavior of many of the
faults in this region is poorly understood and may actually be
more complex than our simplistic assumptions. Alternatives
to the single-plane, independent fault model are segmented
faults and linked faults. Potentially linked faults may experi-
ence coseismic rupture along strike; individual segments of
potentially segmented faults may rupture independently of
each other.

We modeled faults as planar sources that extend the full
depth of the seismogenic crust, with the exception of sub-
sidiary faults in antithetic pairs. For subsidiary faults, which
are truncated at depth by the master fault, maximum depth is
a function of the dips of both faults and separation distance
between the faults. Fault dips for all of these rupture models
are averages estimated over the full depth of the seismogenic
crust. For most typical range-bounding normal faults, we as-
sumed preferred dips to be 50° with a range in uncertainty of
+ 15° (Section 3.2).

In assigning probabilities of activity, P(a), for each fault
source, we considered both the likelihood that the structure
is capable of independently generating earthquakes (i.e., is
seismogenic), and the likelihood that it is still active within
the modern stress field. We incorporated many factors in as-
sessing these likelihoods, such as: orientation in the modern
stress field, fault geometry (length, continuity, depth extent,
and dip), relation to other faults, age of youngest movement,
geomorphic expression, amount of cumulative offset, rates
of activity, and any evidence for a non-tectonic origin. We
generally assigned faults with definitive evidence for repeat-
ed Quaternary activity a P(a) of 1.0 (Section 4.5). Exceptions
include faults that may be secondary and dependent on other
faults (e.g., the Utah Lake faults), or fault features that may
have a non-seismogenic origin, and faults that may be too
short (< 10 km) to independently generate significant earth-
quakes. The P(a) for faults that do not show definitive ev-
idence for repeated Quaternary activity was individually
judged based on the available data and the criteria explained
above. Resulting values range from 0.5 to 1.0 (Section 4.5).

2.1.2 Background Earthquake Model

In most of the western U.S., particularly the BRP, the maxi-
mum magnitude for earthquakes not associated with known
faults usually ranges from M 6 to 6.75. Repeated events larger
than these magnitudes probably produce recognizable fault-
or fold-related features at the earth’s surface (e.g., Doser,
1985; dePolo, 1994). In this study, the WGUEP adopted a val-
ue of M 6.75 + 0.25 after considerable discussion. The issue at
hand was the completeness of the inventory of faults, which
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Table 2-1. WGUEP fault model components.

Fault Segments

Some faults in the WGUEP model are segmented. Segments are based on prominent structural complexities along the fault
and paleoseismic data, if available. These segments are the basic building blocks for earthquake ruptures on each fault.
Each fault segment has length L, width ¥, dip, and slip rate and/or recurrence interval.

Rupture Sources

Individual faults or segments serve as rupture sources. For models including the simultaneous rupture of two or more
adjacent segments, each possible combination of segments is a rupture source. However, some combinations of adjacent
segments are deemed unlikely and are not modeled. A characteristic magnitude (M,,,) is computed for each rupture source
based on its rupture length L and rupture area 4, and for some faults, average event displacement.

Floating Earthquakes

To address the uncertainty in fault segmentation, floating earthquakes of some specified magnitude or rupture length, with-
out a fixed location, are used. Floating earthquakes, which allow for the fact that some earthquakes may not be constrained

Fault Rupture Models

by fault segmentation, are also classified and treated as rupture sources.

A fault rupture model is a combination of the rupture sources for a fault, each combination representing one possibility
for the long-term behavior of the fault. Logic tree weights are determined by expert judgment.

have a surficial signature. The WGUEP judged that repeated
occurrences of M 6.75 + 0.25 earthquakes on a fault would be
identifiable in the surface geology and that all such faults are
known within the Wasatch Front region. The best-estimate
value and uncertainties were weighted in a logic tree simi-
lar to M, for the faults. The background earthquake model
depicts the frequency-magnitude distribution of mainshocks
from M 5.0 to 6.75 expected to occur on seismic sources other
than the faults included in the Wasatch Front fault model.

We calculated the rate of background seismicity from the his-
torical seismicity catalog (Section 5). Typically, the seismici-
ty associated with faults already included in the analysis was
removed. However, in the case of the Wasatch Front region,
few historical or instrumentally located earthquakes can be
definitively associated with mapped surface faults—includ-
ing the WFZ (e.g., Arabasz et al., 1992, 2007). Most back-
ground earthquakes appear to reflect seismicity on buried or
unmapped secondary faults.

2.2 Deformation Model

In the WGCEP (2008) forecast, the deformation model as-
signs a slip rate and an aseismic slip factor plus their uncer-
tainties to each fault segment or fault. The slip rates estimat-
ed by WGCEP (2008) were generally based on geologic data,
but in some cases, geodetic data were used to constrain slip
rates. In the Wasatch Front region, there is no evidence for
aseismic slip (interseismic fault creep) and so no aseismic slip
factor was used for any of the faults. WGUEP evaluated, but
did not consider, geodetic data to constrain fault slip rates
because of differences in geodetically-derived moment rates
and rates based on geology and the historical seismicity re-
cord (Section 6).

Depending on the available data, we used recurrence inter-
vals and/or slip rates to characterize rates of activity, gen-
erally preferring the former based on arguments in Wong
and Olig (1998). For some faults, including the WFZ and
OGSLFZ, we used both recurrence intervals and slip rates
in the forecast (Section 4). For other faults, which generally
lack individual earthquake times and robust mean recurrence
estimates, we used slip rates in the forecast. All recurrence
intervals and slip rates were depicted as distributions on logic
trees with associated weights. We incorporated all available
long- (< 1.6 Ma) and short-term (< 130 ka) data in developing
slip rate or recurrence distributions, but we generally pre-
ferred short-term data when they were available. In addition
to the time period, we also considered the type and quality
of data in determining slip or recurrence rates. We converted
vertical slip rates to net slip rates for most faults by assuming
100% dip-slip and using the preferred fault dips. For a typi-
cal range-bounding normal fault with a preferred dip of 50°,
this results in a 30% increase when converting vertical slip
rates to dip slip rates. Variations in displacement along strike
can significantly affect the calculation of slip rates (Wong and
Olig, 1998), but unfortunately there are very few faults for
which we have enough data to calculate average rates for the
entire fault. More typically there are only a few data points at
one or two sites along the fault or no fault-specific data at all.

2.3 Earthquake Rate Model

The earthquake rate model consists of rates on faults (fault
rupture model) and the background earthquakes. A fault-rup-
ture model gives the long-term rate of all possible earthquakes
above a selected threshold. The primary challenge in devel-
oping such a model is to satisfy all available constraints with
full recognition of the uncertainties (Section 2.5): slip rate
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data, paleoseismic event-rate constraints at particular loca-
tions, event-date correlations between sites, magnitude-area
relationships, how slip varies along the length of each rupture,
and any other geologic insight into what features might influ-
ence the distribution of ruptures (WGCEP, 2008). Similar to
the WGCEP (2008), WGUEP rupture models were developed
for the WFZ and OGSLFZ. Each rupture model consists of
single-segment, multi-segment, and floating earthquake rup-
tures. The number of models ranged from two to five.

An integral part of the earthquake rate model is the choice of
recurrence models and their weights. Both the maximum mag-
nitude (truncated Gaussian) and truncated exponential mod-
els were used for faults. A truncated exponential model was
used for the background earthquakes. The models used by the
WGUERP are discussed in detail in the appropriate sections.

2.4 Probability Models

A probability model describes how events are distributed in
time. The simplest model is the time-independent Poisson
(memoryless) model that has been assumed appropriate in
PSHA for decades (McGuire, 2004). The Poisson model as-
sumes that each earthquake is completely independent of the
timing of all other events. Hence with this model, it does not
make a difference in the forecast for the Salt Lake City seg-
ment whether the most recent earthquake occurred yesterday
or 1400 years ago.

Following the lead of WGCEP (2008), we have used only one
time-dependent model, the BPT model. Other models were
evaluated by WGCEP (2008), including the suite of models
used by WGCEP (2003) and the traditional lognormal model
and Weibull distribution, but they were found to be deficient
in one or more aspects. The BPT model is a stress-renewal
model that computes the probability of each segment ruptur-
ing conditioned on the date of the last event. Details on the
probability models can be found in Section 7.

We treated the five central segments of the WFZ, as well as
the Antelope Island and Fremont Island segments of the Great
Salt Lake fault zone, in both a time-dependent and time-inde-
pendent manner. The WFZ end segments, the Oquirrh fault
zone, and all other faults were treated solely in the traditional
time-independent manner due to lack of sufficient informa-
tion for a time-dependent approach. We treated the probabil-
ities for background earthquakes only in a time-independent
manner (Section 5).

2.5 Treatment of Epistemic Uncertainties

WGUEP devoted considerable effort to defining uncertain-
ties in the data, models, and parameters and tracking them
throughout the calculations. Any model may have two types
of uncertainty: aleatory uncertainty (variability) and epis-
temic uncertainty (unknowns). Aleatory uncertainty refers
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to the random variability that occurs in the natural world.
The throwing of dice is the classic example. Epistemic un-
certainty refers to what we do not know about the natural
world, for example our ignorance of how the Earth works to
produce earthquakes of a certain size at a certain place and
time. To the extent a process is knowable, its epistemic uncer-
tainty is reducible. Aleatory uncertainty, on the other hand,
although quantifiable through direct observation, is irreduc-
ible. WGUEP used models to calculate quantities, and these
models are defined by parameters that must be estimated.
Both the choice of models and the estimation of their param-
eters have uncertainty associated with them. These model
uncertainties and parameter uncertainties are, in general, of
both the aleatory and epistemic types. Finally, WGUEP used
expert judgment to decide a number of issues in this study,
particularly the weighting of alternative interpretations or
estimates. Differing expert judgment also represents uncer-
tainty. Insofar as such differences arise from differing evalu-
ations or perceptions of available but incomplete knowledge,
this uncertainty is epistemic.

We treated almost all of the uncertainty considered in this
study, including that arising from diverse expert judgment,
as epistemic uncertainty. The only exceptions were the
event-to-event variability that we associated with magnitude
distributions and the aleatory component of the uncertainty
in our time-dependent probability models. Confronted with
a range of possibilities for a parameter (for example, the
length of a fault segment) or a relation (for example, the rela-
tion between segment area and earthquake magnitude) or a
probability model, WGUEP used logic trees with alternative
interpretations or estimates with weights assigned to reflect
the uncertainty. From the calculations of all possible alter-
natives at the ends of the logic tree branches, a distribution
results that has mean values (for example, long-term rupture
rates or 50-year earthquake probabilities) and their 5% and
95% confidence intervals.

In general, three values for each parameter were weighted
and used in the analysis. Statistical analyses by Keefer and
Bodily (1983) indicated that a three-point distribution of 5th,
50th, and 95th percentiles weighted 0.185, 0.63, and 0.185
(rounded to 0.2, 0.6, and 0.2), respectively, is the best discrete
approximation of a continuous distribution. Alternatively,
they found that the 10th, 50th, and 90th percentiles weighted
0.3, 0.4, and 0.3, respectively, can be used when limited avail-
able data make it difficult to determine the extreme tails (i.e.,
the 5th and 95th percentiles) of a distribution. Asymmetric
distributions were also used when judged appropriate to do
so. Note that the weights associated with the percentiles are
not equivalent to probabilities for these values, but rather are
weights assigned to define the distribution. We generally ap-
plied these guidelines in developing distributions for seismic
source parameters with continuous distributions unless the
available data suggested otherwise. Estimating the Sth, 95th,
or even 50th percentiles is typically challenging and involves
subjective judgment given limited available data.
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3 FAULT CHARACTERIZATION

The following describes the parameters used in the fault
models considered in the WGUEP forecast: segmentation,
fault dips, depth of seismogenic faulting, recurrence models,
recurrence intervals, and magnitudes. Acronyms and abbre-
viations are defined on pages xii to xiv.

3.1 Segmentation

From a perspective of historical worldwide surface faulting,
an updated catalog of historical ruptures in shallow continen-
tal crust (Wells, 2013) lists 65 normal and normal-oblique
surface ruptures out of a set of 267 total ruptures (all fault
types). Rupture lengths for the normal and normal-oblique
ruptures are typically 15 to 40 km. The longest is 95 to 101
km for the 1887 Sonora, Mexico (Pitaycachi, Tevas, and Otate
faults) earthquake (Suter, 2008; 2015). In the BRP, the longest
historical surface rupture is 62 km for the 1915 Pleasant Val-
ley, Nevada, event (Wallace, 1984). The idea that long normal
fault zones can be subdivided into rupture segments shorter
than the full fault length is supported by the 1983 Borah Peak,
Idaho, earthquake, in which a section of the 120-km long Lost
River fault zone in Idaho, now called the Double Springs Pass
segment, ruptured for 34 km (Crone et al., 1987). A similar
interpretation was reached regarding the late Quaternary rup-
ture histories of the adjacent Lemhi, Beaverhead, and Tendoy
ranges (Crone and Haller, 1991). The WFZ, which has not
ruptured historically, is 350 km long with a continuous 260
km central section. Given both worldwide and BRP observa-
tions, the expectation is that the next event or events along the
WFZ will occur on identifiable shorter sections of the fault,
which are termed rupture segments. These rupture segments
are the principal sources of future WFZ earthquakes. The
lengths of individual rupture segments along the WFZ in our
analysis vary from 40 to 65 km. These lengths are consistent
with, and toward the higher end of, historical normal fault
surface ruptures. Fault segmentation is a primary assumption
in characterization of the 350-km-long WFZ and associated
faults of the Wasatch Front region, and in the quantification
of earthquake probability.

The concept of fault segmentation has developed as an im-
portant component of fault characterization and seismic-haz-
ard analysis, particularly for estimating rupture location and
the magnitude of future earthquakes on a fault or fault zone
(Schwartz, 1988). The concept is based, in part, on the ob-
servation from historical ruptures that fault zones, especially
long ones such as the WFZ, have not ruptured along their
entire length during an individual earthquake (Schwartz and
Coppersmith, 1986; Schwartz, 1989). From a paleoseismic
perspective, a combination of rupture timing, information on
slip per event, and the location of timing variability relative
to physical features such as major geometric changes, play
key roles in developing an understanding of fault-specific
segmentation. These earthquake-timing differences typically
occur across prominent structural segment boundaries, which

serve to arrest or significantly modulate fault slip (e.g., Crone
et al., 1987; Personius et al., 2012). Although event timing is
the most common type of paleoseismic information, analy-
sis of historical and paleoseismic records of faults in shallow
continental crust has provided examples of repeated similar
amounts of displacement at a point or points on a fault (e.g.,
Klinger et al., 2011, and a summary of worldwide observa-
tions by Hecker et al., 2013). This suggests that the extent
of many repeated ruptures may be similar. An implication is
that there are physical features in a fault zone that control the
length of a rupture and can divide a fault into distinct rupture
segments. These rupture barriers may persist through repeat-
ed earthquake cycles (Aki, 1979, 1984; Elliott et al., 2015).
While faults in all tectonic settings are segmented to varying
degrees, paleoseismic observations (Schwartz and Copper-
smith, 1984; Schwartz, 1988; Machette et al., 1992; Benedetti
et al., 2013) suggest that segmented rupture behavior may be
better developed and more persistent on normal faults than
strike-slip faults (Biasi and Weldon, 2009; Schwartz et al.,
2012; Scharer et al., 2014). In the absence of defined fault-rup-
ture termination data, previously defined fault segmentation
models provide the basis for characterizing potential earth-
quake ruptures and quantifying earthquake probabilities for
segmented faults in the study region.

Fault segmentation models have been used in probabilistic
forecasts dating back to the first regional probabilistic esti-
mates for California in 1988 (WGCEP, 1988). The WGCEP
(1988) developed segmentation models for the San Andreas
fault and a limited number of major branches in northern and
southern California. The model for the San Francisco Bay
Area was modified following the 1989 Loma Prieta earth-
quake to include the Rodgers Creek fault and revise segmen-
tation of the San Andreas fault (WGCEP, 1990). The WG-
CEP (1995) focused on southern California, maintaining the
WGCEP (1988) San Andreas segmentation model and adding
segmentation models for other strike-slip faults in southern
California including the San Jacinto and Elsinore faults.
The segmentation in each of these early probability models
was relatively simple and was based primarily on the loca-
tion along a fault where a historical rupture had occurred (or
was believed to have occurred), locations where the amount
of slip was considered to have changed during a historical
rupture (this was the basis for segmenting both the 1906 and
1857 San Andreas rupture of the San Andreas fault), and
general changes in fault geometry (particularly changes in
strike). The WGCEP (1990) report was the first to include
uncertainty in rupture segment end points.

More recent segmentation models, such as those for the San
Andreas fault system in the San Francisco Bay Region (WG-
CEP, 1999 and particularly WGCEP, 2003), and for faults
throughout California with high slip rates and substantial
geologic information associated with them (called A-faults
in UCERF2) by the WGCEP (2008), have improved segmen-
tation modeling. In these probability studies, segments are
sections of faults that are considered to be capable of failing
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independently to produce an earthquake (for example, the
southern Hayward fault segment is the source of the 1868
rupture) or join in multi-segment ruptures such as those of
the 1857 and 1906 ruptures on the San Andreas fault. These
rupture segments and their extent (surface length and crust-
al width) were developed on each fault from behavioral and
kinematic observations. The behavioral considerations, pri-
marily the difference in timing of events on adjacent parts of
a fault either from paleoseismic observations or the extent of
historical surface rupture, provide the strongest basis for seg-
mentation. Locations of changes in slip rate (common at fault
branches), the transition from locked to creeping sections of
a fault or changes in the rate of creep along a fault, and the
distribution of microearthquake activity provide additional
behavioral bases for segmentation. Kinematic considerations
are related to aspects of fault geometry that could affect
rupture propagation. These considerations include changes
in strike, bends and steps, branching or intersection points,
changes in fault trace complexity, and variation in lithology
along a fault. The WGCEP (2003) recognized that ruptures
may not stop at preferred segment end points, and therefore
defined zones of uncertainty based on the range of avail-
able observations. The zones of uncertainty were sometimes
asymmetric and typically 10 to 20 km in length. The bound-
aries provide mean, maximum, and minimum fault segment
rupture lengths. In contrast, the WGCEP (2008) defined spe-
cific segment endpoints with no uncertainty.

The segmentation models noted above were developed by
groups of experts with specific knowledge of the faults they
were analyzing. In the most recent fault characterization
study for California (UCERF3), Field et al. (2013) adopted
a different approach. In order to develop rupture models for
all faults in California, as opposed to prescribing segmen-
tation for a limited subset of faults for which there are fault
behavioral data, they generated fault ruptures using an algo-
rithm guided by a set of geometrically-based rules. The algo-
rithm includes distances between fault endpoints (no rupture
propagation beyond a separation distance of 5 km), limiting
angular relations between faults (no rupture propagation
across an intersection angle larger than 60 degrees), and a
Coulomb stress analysis to eliminate rupture propagation in
an unfavorable direction. This approach produced fault-to-
fault jumps, multiple fault ruptures, and a range of rupture
lengths for all faults in the model. A mathematical inversion
with a set of seven equations, including constraining slip rate
and paleoevent information, was then used to set the long-
term rates of each rupture. To some degree, segmentation was
developed in the UCERF3 inversion where slip-rate changes
occur along strike, but it was not used explicitly in the Cali-
fornia fault characterization. From the WGUEP perspective,
the UCERF3 approach was developed largely from data and
behavior of strike-slip faults, and its applicability for nor-
mal faulting is uncertain. Also, in the formulation of rupture
lengths, it does not employ the paleoseismic observations on
timing and slip from paleoearthquakes that are available for
the WFZ and associated faults.
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For the WFZ, as well as for other normal faults in the Wasatch
Front region and in the broader BRP, the primary basis for
defining potential rupture segments is the difference in the
timing of paleoearthquakes along the length of the fault. Clear
differences in earthquake timing, especially for the best con-
strained most recent earthquakes (Appendix B), occur across
prominent structural segment boundaries (e.g., figure B-3 in
Appendix B). There is very little microseismicity or fault creep,
which are two behavioral features of many faults in California.
Where changes in timing of past events can be associated with
structural or geometric changes along range fronts (salients,
re-entrants, complex fault branching, and gaps in surface rup-
ture), the WGUEP considers the case for identification of a
rupture segment boundary to be strengthened. Measurements
of net displacement during individual paleoearthquakes along
the WFZ add additional information for interpreting past fault
rupture length and, therefore, segment length.

Many of the basic concepts regarding fault segmentation, in
general and on normal faults in particular, developed from
early paleoseismic studies on the WFZ. The segmentation
model used by the WGUEP for the WFZ in the present anal-
ysis has been developed and refined over the past 30 years.
Schwartz and Coppersmith (1984) initially suggested six seg-
ments, each a seismogenic source, based on differences in
timing of the most recent rupture at a limited number of sites
and on general structural changes along the Wasatch Range
front. With additional paleoseismic investigation along the
length of the WFZ (Section 4), the initial segmentation model
was modified and the present model of 10 segments, each an
independent seismogenic source, was developed (Machette et
al., 1992). Since then, additional paleoseismic investigations
(summarized by Lund, 2005; DuRoss, 2008; and the present
report) have led to the development of a chronology of sur-
face-faulting earthquakes for the central five segments that is
considered complete for the past approximately 6000 years.
The interpretation of this paleoseismic chronology provides
the support for the segmentation model. However, consistent
with Chang and Smith (2002) and DuRoss (2008), we con-
structed rupture scenarios that include two- to three-segment
ruptures and also defined segment-boundary uncertainties
that allow for both partial and spillover ruptures. The five
central segments (Nephi, Provo, Salt Lake City, Weber, and
Brigham City) (Figure 1-1) are the focus of the probability
estimates presented here. The end segments (the Malad City,
Collinston, and Clarkston Mountain segments to the north
and the Levan and Fayette segments to the south) are dis-
cussed in Section 4.2.

The repeated difference in timing is a basis for independently
rupturing segments (Figure 3.1-1a). Figure 3.1-1b shows in-
dependent segments having events that are closely spaced in
time, making the distinction of separate events difficult with-
in the resolution of common dating techniques (e.g., radiocar-
bon and luminescence). Overlapping earthquake time ranges
permit the interpretation of multi-segment ruptures (Figure
3.1-1c), similar to those developed for strike-slip faults in the
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California probability reports (e.g., WGCEP, 2008). In con-
trast, a subsegment may occasionally fail as an independent
event (Figure 3.1-1d). Figure 3.1-1e shows that rupture on one
segment may extend into or trigger slip on an adjacent seg-
ment, which itself fails independently at a later time. Typical-
ly, locations of low slip, especially near segment boundaries,
do not fill in during subsequent events; thus, cumulative dis-
placement and long-term slip rates vary along strike and are
frequently lowest near segment boundaries (often coincident
with the ends of mountain ranges).

For the five central segments of the WFZ (Brigham City to
Nephi; Section 4), which have paleoseismic evidence of re-
peated Holocene surface-faulting earthquakes, unique earth-
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Figure 3.1-1. Segmentation models for normal faults: (a) independent, (b) independent (but adjacent segments rupture within uncertainties of

quake chronologies per segment support independent rupture
(Machette et al., 1992; Section 4.1; Figure 3.1-1a). Prominent
structural segment boundaries, which bound separate hang-
ing-wall basins along the trace of the fault (e.g., Salt Lake
and Utah Valleys), provide further evidence for segmenta-
tion of the WFZ. These boundaries consist of complex (e.g.,
diffuse) faulting and/or decreased structural throw across
the fault compared to the segment. Despite evidence for sin-
gle-segment ruptures on the WFZ, overlapping earthquake
times on adjacent segments permit multi-segment ruptures.
Alternative rupture models, which include multi-segment
ruptures involving two to as many as four segments and hav-
ing combined lengths of 90 to 200 km, and their weights are
described in Section 4.1 and Appendix B.
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3.2 Dips of Normal Faults

Models of fault sources require information about fault seg-
mentation to estimate the length of fault ruptures (Section
3.1) and the downward extension of the fault to develop a
geometric model of the potential rupture area on the fault
plane. In these models, the dip assigned to a fault is a critical
parameter because, for a given thickness of the seismogenic
crust (Section 3.3), the change from a steep to shallower dip
results in a non-linear increase in the fault area. Because the
fault relationship between fault dip and area is a trigonomet-
ric function, this non-linear effect becomes more pronounced
as the fault dips decrease to progressively shallower angles
(Figure 3.2-1, Table 3.2-1).
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The dip of normal-slip, Quaternary faults in the BRP has
been the subject of considerable discussion (Lund, 2006,
2012) particularly because of the impact that fault dip has on
the calculated hazard. Seismological data from large histor-
ical earthquakes on normal faults are the source of much of
the information regarding the dip of active Quaternary faults.
The 1983 Borah Peak earthquake is a representative model of
a large earthquake that could occur on the WFZ. This M 6.9
earthquake produced 36.4 km of surface rupture on the Lost
River fault zone (Crone et al., 1987). The well-defined pattern
of aftershocks and geodetic data indicates that the earthquake
occurred on a planar fault dipping about 45° to 47° through
the seismogenic crust (Stein and Barrientos, 1985; Richins
et al., 1987). In August 1984, a late aftershock (Richter local

Table 3.2-1. Change in fault area for varying values of fault dip calculated for a fault length of 30 km and a seismogenic crustal thickness

of 15 km.

Dip anale Fault area Change in fault Increase in area Change in fault Increase in area
(d(Fe) regs) (km?) area (km?) from from prior dip area (km?) from from 60° dip (%)
g prior dip angle angle (%) 60° dip P
60 519.6 — — — —
50 5874 67.8 13.0 67.8 13.0
40 700.1 112.7 19.2 180.5 347
30 900.0 199.9 28.6 380.4 73.2
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Figure 3.2-1. Schematic diagram showing the non-linear increase in fault area with decreasing dip angles.
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magnitude [M;] 5.8) occurred to the northwest of the main-
shock, and the locations of 237 additional aftershocks suggest
that this section of the Lost River fault zone has a dip of about
75° and the adjacent antithetic Lone Pine fault has a dip of
about 58° (Payne et al., 2004).

The 1959 M 7.3 Hebgen Lake, Montana, earthquake was the
largest historical earthquake in the Intermountain West and
produced a complex rupture pattern on two faults. The anal-
ysis of P-waves indicated a preferred fault plane that dipped
54° £ 8° (Ryall, 1962), and the analysis of subevents of the
mainshock and three significant aftershocks indicated that
the earthquake may have first ruptured faults dipping 60° £
5° (Doser, 1985). Barrientos ef al. (1987) modeled the surface
deformation caused by the earthquake and showed that faults
with dips of 45° to 50° provide the best statistical fit to the
deformation data.

Studies of other historical earthquakes and Quaternary nor-
mal faults in the BRP also indicated the faults have dips
in the range of about 40° to 70°. Romney (1957) analyzed
P-wave, first motions from the 1954 Fairview Peak, Nevada,
earthquake and concluded that the causative fault had a dip
of 62°. Slemmons (1957) reported that bedrock faults that
slipped during the 1954 Dixie-Valley-Fairview Peak earth-
quakes had dips of 55° to 75°. Arabasz et al. (1981) ana-
lyzed data from the mainshock and 587 aftershocks of the
M, 6.0 Pocatello Valley, Idaho, earthquake and noted that
the mainshock nodal plane had a dip of 39°, cross sections
of the aftershock hypocenters suggest a dip of about 50°,
and dislocation modeling indicated a fault dip of 60°. They
noted that all of these data illustrate the uncertainty in de-
fining the fault at depth and observed that their data do not
preclude the possibility that the fault might be listric, that is,
it flattens with depth.

Several studies have attempted to define the dip of the WFZ
at depth. Zoback (1992) combined data from surface geology,
gravity measurements, and petroleum exploration wells with
a 30-km-long seismic-reflection profile near Nephi, Utah, and
concluded that the WFZ in this area is a relatively planar fea-
ture with a dip of 50° to 55°. Bruhn et al. (1987) conducted
a detailed structural analysis of the Salt Lake City segment
based on slickenside data and details of the fault’s orientation.
They concluded that dip values along this part of the fault
range from 35° to 65° Smith and Bruhn (1984) examined
more than 1500 km of seismic-reflection data across the WFZ
and in adjacent parts of the BRP. They concluded that their
data show steep to low angles and that low-angle and listric
faulting may be associated with movement on pre-existing
(reactivated) low-angle thrust faults. More recently, Chang
and Smith (2002) and Chang et al. (2006) used geodetic data
to analyze contemporary deformation and the associated seis-
mic hazard along the Wasatch Front. They concluded that a
dip of 55° yielded the best results for their stress modeling
and provided the best agreement between geodetic and geo-
logic deformation rates.

Doser and Smith (1989) evaluated source parameters for 50
earthquakes that have occurred throughout the Western Cor-
dillera of the United States in the mainly extensional domain
that exists between the San Andreas fault system on the west
and the Great Plains on the east. In addition to normal-slip
earthquakes, their regional analysis included earthquakes
that had a large amount of strike-slip motion. From this anal-
ysis, they concluded that earthquakes in the region are likely
to occur on planar faults that dip between 40° and 70°.

In a more global analysis of normal faulting in areas of con-
tinental extension, Jackson and White (1989) and Collettini
and Sibson (2001) analyzed seismological data from more
than 125 historical earthquakes. Jackson and White (1989)
concluded that the vast majority of normal fault dips range
between 30° and 60°. Collettini and Sibson (2001) updated
the work of Jackson and White (1989) to include 13 addition-
al intracontinental normal-slip ruptures. They concluded that
these normal-slip ruptures unambiguously occurred on faults
that have dips between 30° and 65° and that the distribution
of fault angles has a clear peak at 45°. They also stated that no
normal-slip earthquakes of M 5.5 or greater have occurred on
faults dipping less than 30°.

The range of dips for normal faults summarized above em-
phasized that the WGUEP analysis needed to consider a wide
range of fault dips. Based on the evaluation of these published
studies and the recommendations of the BRPEWG (Lund,
2012), we used a value of 50° + 15° for the preferred dip of
range-bounding normal faults in the Wasatch Front fault
model. For simplicity, following Bruhn and Schultz (1996),
we also modeled antithetic faults (e.g., the West Valley fault
zone, which is antithetic to the WFZ in Salt Lake Valley) us-
ing the same preferred dip value and associated uncertainty.

3.3 Depth of Seismogenic Faulting

We calculated the fault widths in the Wasatch Front fault
model using the assumed dips, 50° + 15° for most faults, and
an estimated maximum depth of seismogenic faulting. For
the maximum faulting depths, we used a weighted distribu-
tion based on consideration of maximum earthquake focal
depths in the Wasatch Front region and also the maximum
rupture depths for two large historical earthquakes elsewhere
in the Intermountain West.

To analyze maximum earthquake focal depths in the Wasatch
Front region, we used earthquakes in the UUSS catalog that
meet the following criteria for focal depth quality: (1) epicen-
tral distance to the nearest station less than or equal to the
focal depth or 5 km, whichever is larger, and (2) standard ver-
tical hypocentral error (ERZ) of 2 km or less, as calculated
by the location program. Figure 3.3-1 is a map of the Wasatch
Front region showing the epicenters of all of the earthquakes
that meet these criteria and occurred between October 1974
and September 2011. The start of the time period corresponds
to the start of telemetered seismic network recording at the
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UUSS, which enabled a large increase in the number of sta-
tions (Arabasz et al., 1992). All of the seismic events in the
dashed polygon at the lower right of Figure 3.3-1 were exclud-
ed from our analysis, because nearly all of the events in this
area appear to be coal-mining related. The remaining 2523
events with good quality focal depths are primarily within a
75- to 100-km-wide zone roughly centered on the WFZ. This
uneven distribution of events within the Wasatch Front re-
gion reflects the concentration of seismicity along the north-
south trending Intermountain Seismic Belt ([ISB]; Smith and
Arabasz, 1991; Pankow et al., 2009), but is partially a con-
sequence of the focal depth criteria and the distribution of
seismic stations in the region. The station distribution mimics

e
-113°

Utah Geological Survey

the earthquake distribution, since most of the stations are lo-
cated along the ISB in the central part of the study area and
relatively few stations are in the eastern and western parts of
the Wasatch Front region (Arabasz et al., 1992, 2010).

Figure 3.3-2 shows four east-west, ~210-km-long cross sec-
tions of the hypocenters in Figure 3.3-1. Each cross section
is centered on an even degree of latitude and includes hypo-
centers within £0.5 degrees latitude. For reference, we show
on each cross section the locations of the surface trace of the
WEFZ and longitude 111° 50" W (vertical dashed line). This
longitude approximates the general east-west location of the
WEFZ surface trace (Figure 3.3-1). As best seen in cross sec-

Figure 3.3-1. Map of the Wasatch Front region showing the epicenters of 2523 earthquakes with well-constrained focal depths that
occurred in this region between October 1974 and September 2011. All seismic events in the blue dashed polygon at the lower right were
excluded as probable mining-induced events. Blue lines and letters show areas of cross sections in Figure 3.3-2. Note that the earthquake
magnitudes used for plotting this map and the cross sections are not the same as the magnitudes used for the recurrence analysis (Section
5). Shaded relief map constructed from USGS digital elevation data (http:/nationalmap.gov).
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Figure 3.3-2. East-west cross sections of the hypocenters with well-constrained focal depths in Figure 3.3-1. The latitude range of the
events and the locations of the Wasatch fault zone (WFZ) and longitude 111° 50’ W (vertical dashed line) are indicated on each cross
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tions A-A’, B-B’, and D-D’, maximum focal depths appear to
be systematically greater by about 5 to 6 km to the east of
the WFZ than to the west of it, and the change occurs over
a distance of 20 km or more in the vicinity of the WFZ. The
WEFZ marks the eastern physiographic boundary of the BRP.
The eastward increase in maximum focal depths across this
boundary is at least qualitatively consistent with the well-
known increase in crustal thickness and decrease in heat
flow moving eastward from the BRP into the adjoining Mid-
dle Rocky Mountains and Colorado Plateau Provinces (e.g.,
Smith et al., 1989; Lowry and Perez-Gussinye, 2011).

Apparent variations in focal depths observed on hypocentral
cross sections can be artifacts of sampling, because a larger
sample of earthquakes is more likely to contain extreme focal
depth values. To test the validity of the apparent eastward
increase in focal depths observed on the cross sections in Fig-
ure 3.3-2, we computed 90th and 95th percentile focal depths
for the parts of the Wasatch Front region to the east and west
of 111° 50" (Table 3.3-1). The results confirm the observations
from the cross sections that the maximum focal depths are
greater to the east of this line than to the west of it. Depend-
ing on whether the 90th or 95th percentile focal depth is cho-
sen, the maximum focal depths increase from 11-12 km in
the western part of the Wasatch Front region, to 16—18 km in
the eastern part, with most of the change occurring near the
WFZ at the eastern edge of the BRP. The average maximum
focal depth for the region as a whole is 14 to 16 km.

In addition to the earthquake focal depth analysis presented
here, detailed studies of two large, surface-faulting earth-
quakes in the ISB provide information on the expected max-
imum depth of seismogenic faulting in the Wasatch Front
region. The 1959 M 7.3 Hebgen Lake, Montana, earthquake
consisted of two subevents that nucleated at depths of 10 and
15 km, as indicated by the teleseismic body wave modeling
of Doser (1985). The second subevent was the main event and
had the deeper hypocenter. Barrientos et al. (1987) modeled
the geodetic data from the Hebgen Lake earthquake with two
en echelon fault planes of comparable seismic moment, ex-
tending to depths of 8.5 = 2.5 km and 11 + 3 km. The 1983
M 6.9 Borah Peak, Idaho, earthquake nucleated at a depth of
16 = 4 km, as determined by modeling of teleseismic body
waves by Doser and Smith (1985) and Barrientos et al. (1985).
The fault break is inferred to have propagated unilaterally
northwestward and upward from the hypocenter based on the

Table 3.3-1. Focal depth percentiles.
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aftershock distribution (Richins ez al., 1987) and inversions
of leveling data, which show slip on a 49°-dipping planar
fault extending to a depth of 14 km (Barrientos et al., 1987).
These studies suggest that the faulting in both the Borah Peak
and Hebgen Lake earthquakes extended to a depth of around
15 km (Smith and Arabasz, 1991).

Considering all of the available information, the WGUEP de-
cided to use a seismogenic depth of 15 + 3 km for the Wasatch
Front fault model and to apply location-dependent weights
as follows. For the WFZ and faults to the west, the assigned
weighting is 12 km (0.2), 15 km (0.7), and 18 km (0.1). For
faults to the east of the WFZ, the weighting is 12 km (0.1), 15
km (0.7), and 18 km (0.2). The preferred seismogenic depth
of 15 km is based primarily on the maximum rupture depths
of the Hebgen Lake and Borah Peak earthquakes, but is also
consistent with the 90th and 95th percentile focal depths of
14.1 and 16.0 km, respectively, for the Wasatch Front region
as a whole (Table 3.3-1). The uncertainty limits of 12 and 18
km and their location-dependent weights are based mostly
on the 95th percentile focal depths for the regions east and
west of 111° 50" W, but also account reasonably well for the
uncertainties in the maximum rupture depths of the Borah
Peak and Hebgen Lake earthquakes.

3.4 Recurrence Models

We modeled the magnitude-frequency relationships for the
Wasatch Front region faults using the maximum magnitude
and Gutenberg-Richter truncated exponential recurrence
models, similar to the approach used by the USGS in the
NSHMs (Petersen et al., 2008) (Figure 3.4-1). We weighted
these models to represent our judgment on their applicabili-
ty to the fault. For the background earthquakes, we assumed
that only a Gutenberg-Richter truncated exponential recur-
rence relationship is appropriate.

The maximum magnitude model can be regarded as an ex-
treme version of the traditional “characteristic” model. We
adopted the model proposed by Wesnousky (1986). In the
maximum magnitude model, there is no exponential portion
of the recurrence curve and the characteristic magnitude
(M¢har) 1s distributed using a normal distribution defined by
the mean magnitude and standard deviation of 0.12 magni-
tude unit (Frankel ef al., 2002; Figure 3.4-1). The normal dis-
tribution is truncated at + 2c.

West of 111° 50’ East of 111° 50’ Entire Region
Number of Events 1505 1018 2523
90th Percentile Depth (km) 11.1 16.2 14.1
95th Percentile Depth (km) 12.4 18.0 16.0
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The recurrence rates for the fault sources are defined by ei-
ther the slip rate or the average recurrence interval for the
characteristic event. The slip rate is used to calculate the mo-
ment rate on the fault using the following equation defining
the seismic moment:

My=pAD 3-1
where M, is the seismic moment, p is the shear modulus (3.0
x 10" dyne/cm?), A is the area of the rupture plane, and D is
the slip on the plane. Dividing both sides of the equation by
time results in the moment rate as a function of slip rate:

My=pAS (3-2)
where M, is the moment rate and S is the slip rate. M, has
been related to moment magnitude, M, by Hanks and Kana-
mori (1979):

M = 2/3 log M, - 10.7 (3-3)

Using this relationship and the relative frequency of differ-
ent magnitude events from the recurrence model, the slip rate

can be used to estimate the absolute frequency of different
magnitude events.

We used the general approach of Molnar (1979) and Anderson
(1979) to arrive at the recurrence for the Gutenberg-Richter
truncated exponential model. The number of events exceed-
ing a given magnitude, N(m), for the truncated exponential
relationship is

~b(m-m°) ~b(m"-m°)
10 - 10

Nim) = a(m) 10— 05

(3-4)

where a(m®) is the annual frequency of occurrence of earth-
quakes greater than the minimum magnitude, m?; b is the
Gutenberg-Richter parameter defining the slope of the recur-
rence curve; and m" is the upper-bound magnitude event that
can occur on the source.

The m? for the faults is M 6.75, which is the maximum magni-
tude for background earthquakes. We use a distribution that
extends from M 6.75 to M, with a b-value of either 0.0 or
1.0 (Figure 3.4-2). For the remainder of this report, we re-
fer to this model as the doubly truncated Gutenberg-Richter
(DTGR) magnitude recurrence model. This model is essen-
tially a characteristic model similar to the model used by the
USGS in the NSHM (Frankel et al., 2002). For segmented
faults, the maximum magnitude model is used for the seg-
mented rupture models and the DTGR model is used for the
unsegmented rupture models. The absence of historical and
instrumental seismicity that can be associated with the WFZ,
particularly M 5.0 and greater (Arabasz et al., 1992) is consis-
tent with the maximum magnitude model. All other faults in
the Wasatch Front region are less well studied in terms of as-
sociating contemporary seismicity, but the pattern observed

for the WFZ is probably true for those faults as well. For all
simple, unsegmented faults, we weighted the maximum mag-
nitude and DTGR models 0.7 and 0.3, respectively. For the
DTGR model, b-values of 0.0 and 1.0 are equally weighted for
these simple faults. If M,,, is less than M 6.75, we assigned
the maximum magnitude recurrence model a weight of 1.0
allowing magnitudes of M, £ 0.24. For the background
earthquakes, we used a truncated exponential model with a
b-value that is derived from the historical seismicity record
(Section 5.7).
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3.5 Calculating Mean Recurrence Intervals
and Rates

For faults with paleoseismic data (namely the WFZ central
segments and the OGSLFZ), we calculated mean recurrence
intervals/rates via the approaches described in the Central
and Eastern U.S. (CEUS) Seismic Source Characterization
(SSC) for Nuclear Facilities (EPRI/DOE/NRC, 2012). The
CEUS-SSC approaches resulted in discrete five-point ap-
proximations to continuous probability distributions of mean
recurrence intervals and rates that define weighted branches
of the WGUEP logic tree. As discussed in the CEUS-SSC
report and below, these probability distributions quantify the
uncertainty in the mean recurrence intervals/rates that arise
from relatively small samples sizes (i.e., small numbers) of
past earthquakes. As an example, the five-point approxima-
tion for the Southern Oquirrh segment of the OGSLFZ is
shown in Figure 3.5-1.

3.5.1 Time-Independent Poisson Mean
Recurrence Rates

More specifically, to calculate mean recurrence rates for the
time-independent Poisson model, denoted A, we applied the
approaches described in Sections 5.3.3.1.1 (Earthquake Count
in a Time Interval) and 5.3.3.1.2 (Earthquake Recurrence
Intervals) of the CEUS-SSC report. The latter was followed

x 10°

=
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Utah Geological Survey

for the faults with paleoseismic data that include estimated
occurrence times of past earthquakes, whereas the former
was followed when the only available information is an es-
timated number of past earthquakes in an estimated time
interval. Among the faults with paleoseismic data, all ex-
cept the Southern Oquirrh segment of the OGSLFZ include
estimated occurrence times of past earthquakes. Hence, we
followed the approach of Section 5.3.3.1.2 of the CEUS-SSC
report for all of the faults except the Southern Oquirrh seg-
ment. As mentioned in the CEUS-SSC report, for both types
of paleoseismic data the continuous probability distribution of
A is a gamma distribution. In the case that the only available
information is an estimated number of earthquakes, », in an
estimated time interval, 7, the gamma distribution is that with
a mean of (N+1)/T and a mode of N/T (i.e., a shape parameter
of N+1 and a rate parameter of 1/7). In the case that estimated
occurrence times are available (including the open interval of
time since the most recent earthquake), as well as any estimat-
ed open interval of time before the oldest earthquake during
which no other earthquake occurred, for a total estimated time
interval of 7, the gamma distribution is that with a mean of
N/T and a mode of (N-1)/T (i.e., a shape parameter of N and
a rate parameter of 1/7). Note that the availability of an open
time interval before the oldest earthquake is not considered
in the CEUS-SSC report (Section 5.3.3.1.2), but its inclusion
here does not change the aforementioned gamma distribution.
For either type of paleoseismic data, the continuous gamma
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Figure 3.5-1. An example of a continuous gamma probability distribution for mean recurrence rate (top panel) and its discrete five-point
approximation (bottom panel) calculated according to the CEUS-SSC report (EPRI/DOE/NRC, 2012, Section 5.3.3.1.1). This example is
for the Southern Oquirrh segment of the OGSLFZ, assuming that there have been seven earthquakes in 89,011 years.
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distribution was discretized into a five-point approximation
like that shown in Figure 3.5-1, following Section 5.3.3.1.3 of
the CEUS-SSC report. The five cumulative probabilities from
the continuous distribution used to obtain mean recurrence
rates/intervals for the discretized distribution are 0.034893,
0.211702, 0.5, 1-0.211702=0.788298, and 1-0.034893=0.965107.
The five probability weights for the discrete approximation are
0.101, 0.244, 0.310, 0.244, and 0.101.

3.5.2 Time-Dependent BPT Mean Recurrence
Intervals

To calculate mean recurrence intervals for the time-dependent
BPT model, denoted x, we applied the approach described in
Section 5.3.3.2 (Estimation of Occurrence Rates for a Renew-
al Model) of the CEUS-SSC report. In addition to the required
estimates of occurrence times, we considered any estimate
of time before the oldest earthquake during which no other
earthquakes occurred, as we did for the time-independent
Poisson model discussed in the preceding paragraph. We did
so in the same manner that the CEUS-SSC included the esti-
mated open interval of time since the most recent earthquake
(which we also considered). The results are five-point approx-
imations to continuous probability distributions of x for each

of the three coefficients of variation of recurrence intervals
(or aperiodicity coefficients) considered, namely 0.3, 0.5, and
0.7. As an example, the five-point approximation for the Salt
Lake City segment of the WFZ is shown in Figure 3.5-2.

3.5.3 Impact of Paleoseismic Data Uncertainty

In our calculations of mean recurrence rates/intervals, we did
not incorporate (with one exception described below) the in-
put uncertainties discussed in Section 5.3.3.3 (Incorporating
Uncertainty in the Input) of the CEUS-SSC report—namely
uncertainties in the time interval 7 over which past earth-
quakes have occurred or in the earthquake occurrence times.
We find the impacts of incorporating these uncertainties on
the probability distributions of mean recurrence rates/inter-
vals to be negligible in comparison to the uncertainty arising
from the relatively small sample sizes of past earthquakes.
For example, Figure 3.5-3(a) shows a comparison of the prob-
ability distributions of Poisson mean recurrence rates with
and without incorporation of uncertainty in 7, for the Weber
segment of the WFZ, where both the uncertainty in 7" and
the sample size of past earthquakes is relatively large (see
Table 4.1-2). For the other fault segments with paleoseismic
data, the differences between the probability distributions
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Figure 3.5-2. An example of discretized five-point probability distributions of mean recurrence interval for the time-dependent BPT model,
calculated according to the CEUS-SSC report (Section 5.3.3.2). The three probability distributions correspond to the three aperiodicity
coefficients (a’s) considered. This example is for the Salt Lake City segment of the WFZ, assuming that it ruptured 1343, 2160, 4147, and
5250 years before 1950.
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Figure 3.5-3. Examples of the effect of including uncertainty in the time interval, 7, over which past earthquakes have occurred or in
the earthquake occurrence times. The panel (a) example is for the Weber segment of the WFZ, where the effect of including uncertainty
in 7 is largest relative to the other fault segments with paleoseismic data. The panel (b) example is for the Fremont Island segment of the
OGSLFZ, where the effect of including relatively large uncertainty in the time of the oldest earthquake is incorporated. The changes in the
time-independent Poisson mean recurrence rates illustrated in panel (a) are less than 3%, whereas those in the time-dependent BPT mean

recurrence intervals of panel (b) are up to 12%.

with and without input uncertainty are even smaller, with the
following exception illustrated in Figure 3.5-3(b): for the Fre-
mont Island segment of the OGSLFZ, the uncertainty in the
time of the oldest earthquake is 1000-5015 years before the
penultimate event, with a uniform probability distribution.
We incorporated this uncertainty by calculating a continuous
probability distribution of BPT mean recurrence interval for
each of the possible times of the oldest earthquake, and then
applying the total probability theorem to calculate a continu-
ous distribution (for each aperiodicity coefficient) that incor-
porates this timing uncertainty, in addition to the uncertainty
arising from a small sample size of past earthquakes.

3.6 Calculating Characteristic Magnitudes

To calculate M, for faults in the Wasatch Front region, we
evaluated 19 historical regressions on M (Appendix A). These
regressions relate M to one (or more) of many fault param-
eters, including linear surface-rupture length (SRL), linear
segment length (L), linear subsurface rupture length (Lgyy),
average displacement (D,,.), maximum displacement (D,,,),
rupture area (A; product of down-dip rupture width [W] and
Lgup), seismic moment (M), and slip rate (SR). For segmented
faults, we consider L, to be a reasonable estimate of SRL,



Earthquake probabilities for the Wasatch Front region in Utah, Idaho, and Wyoming

although SRL may exceed L, in some cases (e.g., Carpen-
ter et al., 2012; discussed below). For calculating A, we used
Ly, or SRL in place of Ly, which is the average subsurface
rupture length over the depth of the rupture, typically defined
using historical aftershock data (e.g., Wells and Coppersmith,
1994). For segmented faults, we calculated A using:

A=Le, W (3-5)
and for unsegmented faults, we use A equal to:
A=SRLW (3-6)

Although Wells and Coppersmith (1994) show that SRL is on
average about 75% of Ly, we use Ly, or SRL as a proxy for
Ly because (1) there is considerable scatter in the Wells and
Coppersmith (1994) plot of SRL versus Ly, (their Figure 3),
and (2) at larger magnitudes, the ratio of SRL to L, increas-
es, making SRL a more reliable estimator of Ly, (Wells and
Coppersmith, 1994). Finally, on the WFZ, decreased throw at
prominent segment boundaries (forming fault salients) sug-
gests that Ly, does not greatly exceed Ly, when averaged
over several earthquake cycles. M is defined by the equation:
MO Bl Dave A (3'7)
(Hanks and Kanamori, 1979), where p is crustal rigidity (3
x 10" dyne/cm?), D, is the average fault-parallel displace-
ment over the surface of the fault rupture, and A is defined by
the fault length (L) and down-dip width (W), assuming a 50°
fault dip and maximum rupture depth of 15 km. However, for
consistency with SRL regressions, we assume a planar fault
in the M, calculation (equations 3-5 and 3-6) and thus, calcu-
lated M, as follows:

MO = Dave Lseg W (3'8)

M, =D, SRL W (3-9
We did not consider regressions based on earthquake catalogs
predating Wells and Coppersmith (1994) (e.g., Bonilla ef al.,
1984) or regressions calculated using only strike-slip- or re-
verse-faulting earthquakes.

For segmented faults lacking detailed paleoseismic displace-
ment data, and thus, estimates of D,,, necessary for calculat-
ing My, we estimated D, using an L-D,. linear regression
calculated for the central WFZ (Figure 3.6-1), where:
D,..=0.044 L (3-10)
Equation 3-10 is based on L, and the mean vertical displace-
ment for each of the central five segments (Appendix A). The
mean displacement per segment is the mean of several mod-

eled displacement profiles calculated for individual ruptures
(Table B-9). Although the minimum and maximum displace-

ment ranges show considerable scatter in the data, the mean
values show a consistent scaling of D, with Ly, at the seg-
ment lengths considered (35 to 59 km). Our L-D,,, relation
predicts larger D, per fault length than relations by Wells
and Coppersmith (1994; all fault types) and Wesnousky (2008;
normal faults), and similar D,,, to the censored-instrumental
SRL-D,,. relation of Stirling et al. (2002), although the Stir-
ling et al. (2002) relation predicts larger D, at more moderate
(35 to 45-km-long) SRLs (Figure 3.6-1; Table 3.6-1).

3.6.1 Fault Length- Versus Displacement-
Based Magnitudes

Significant epistemic uncertainties complicate the deter-
mination of M for BRP normal faults. For example, for the
central WFZ, a discrepancy exists where M based on D,
or M, exceeds that based on SRL or A (average difference
of 0.2 M units for single-segment ruptures using M, and
SRL regressions; Figure 3.6-2). This M discrepancy affects
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Figure 3.6-1. Average vertical displacement (D,,.) versus fault
length (L; SRL or L) for the central WFZ compared to historical
scaling relations developed by Wells and Coppersmith (1994),
Stirling et al. (2002), and Wesnousky (2008). Red dashed line
indicates the linear fit to the D,,, per segment (mean of several
modeled displacement profiles calculated for individual ruptures),
where D, = 0.044*L (see Section 4 for discussion). Error bars
indicate range in individual rupture displacements per segment.
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Table 3.6-1. Average displacement per fault length relations.

SRL or Wells and Coppersmith Stirling et al. Wesnousky (2008) This study — D,
Leo! (1994) — D, (SRL)? (2002) — D, (SRL-censored)? —D,,. (SRL)* (Lgeg for central WFZ)
(km) (m) (m) (m) (m)

25 0.6 2.0 0.8 1.1
35 0.8 2.2 1.1 1.5
59 1.3 24 1.8 2.6
100 2.1 2.6 3.0 4.4
128 2.7 2.7 3.8 5.6

I'SRL values correspond with central WFZ segment median rupture lengths: 25 km is included as a possible partial-segment rupture, based
on 50% of the mean segment length (L) for the central WFZ (about 50 km); 35 km for Brigham City segment (shortest central segment);
59 km for Provo segment (longest central segment); 100 km for a possible two-segment rupture (mean 2xLy,), and 128 km for the longest
(three-segment) rupture considered on the WFZ, based on paleoseismic data.

2 Log(average vertical displacement [D,,.]) = 0.88log(SRL) — 1.43, based on an all-fault-type dataset (n = 66; Wells and Coppersmith, 1994).

3 Log(Dyye) = 0.18log(SRL) + 0.06, based on censored-instrumental all-fault-type data (n = 50; Stirling et al., 2002).

4 Dyye = 0.03*SRL, based on a normal fault dataset (n = 7, Wesnousky, 2008).

SDyye = 0.044*L,,, based on central WFZ data (n = 6 for single-segment ruptures; this study). D,y values for multi-segment ruptures (100

and 128 km SRLs) are less well constrained because our D, relation is based on Ly, rather than SRL.

7.6 estimates of M, release on the central WFZ, and thus, mo-
ment-balanced models of earthquake recurrence. For exam-

75 | 4 /X//',' ple, smaller magnitudes predicted by SRL and A regressions

/ /./ % yield moment-balanced recurrence intervals that are signifi-

74 | o cantly less than (about one-third of) those calculated using

o 0o/’ //'x//,/ Mj-based magnitudes or the extensive WFZ paleoseismic
S 73 o) Y /;,," data (Section 4). This discrepancy in M is possibly related to:
= // /.i /i / (1) consistently larger vertical displacements (and thus mo-
g 72 ] / s ment release) per segment rupture length than expected from
= /5 /-; 4 the empirical regressions (high stress drop earthquakes?),
g 71 ] ‘0o // (2) rupture lengths extending beyond the mapped segment
g " O /~//’, boundaries (e.g., Hemphill Haley and Weldon, 1999; Carpen-
/ ter et al., 2012; DuRoss et al., 2012; Personius ef al., 2012), (3)

01 // i an incorrect bias in regressions because the datasets are dom-
/ inated by strike-slip, reverse, and megathrust earthquakes in

6.9 1 / plate-boundary tectonic environments, and/or (4) different
scaling relations for different strain-rate environments (An-

6.8 10 '160 derson et al., 1996) or large versus small to moderate earth-

Surface Rupture Length (SRL)

O Hanks and Kanamori (1979) - M(Mo) (single-segment ruptures)
Hanks and Kanamori (1979) - M(Mo) (multi-segment ruptures)

—-—-—Wells and Coppersmith (1994) - M(SRL) (all fault types)
--------- Wells and Coppersmith (1994) - M(A) (all fault types)
- Stirling et al. (2002) - M(SRL-censored) (all fault types)
- Wesnousky (2008) - M(SRL) (all fault types)
Figure 3.6-2. M for single- and multi-segment ruptures on the
central WFZ based on estimates of M, (using regression of Hanks
and Kanamori, 1979), which compares well with the censored-
instrumental SRL-M regression of Stirling et al. (2002). For single-
segment ruptures, these M estimates are on average about 0.2 units

greater than those based on SRL-M and A-M regressions developed
by Wells and Coppersmith (1994) and Wesnousky (2008).

quakes (Stirling et al., 2002).

The possibility that large, prehistoric earthquakes may have a
SRL-M scaling relation different than that for small to mod-
erate historical earthquakes stems from Stirling et al. (2002),
who recognized a small-earthquake bias inherent in the Wells
and Coppersmith (1994) SRL-M and A-M regressions. Stir-
ling et al. (2002) addressed this bias by censoring an updat-
ed version of the Wells and Coppersmith (1994) earthquake
dataset for SRL < 10 km, A <200 km?, D, <2 m, and M
<6.5. Regressions generated from the censored-instrumental
data of Stirling et al. (2002) predict larger M per SRL or A
than Wells and Coppersmith (1994) (Figure 3.6-1), consistent
with regressions based on the Stirling ef al. (2002) preinstru-
mental data (which consist of large historical earthquakes
predating 1900 and paleoseismic data). On the central WFZ,
the censored-instrumental SRL-M regression predicts mag-
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nitudes that are very similar to those based on M, (average
difference of 0.04 M units for single-segment ruptures; Fig-
ure 3.6-2) and yields moment-balanced recurrence intervals
consistent with paleoseismic data. Although, not originally
intended for source-modeling applications, the Stirling ef al.
(2002) regressions fit the central WFZ data exceptionally well
and are of particular interest to other segmented faults in the
Wasatch Front region that lack D, information necessary to
calculate M as a function of M. Thus, we applied the Stirling
et al. (2002) SRL-M (censored instrumental) regression to
these faults with the assumption that they have similar dis-
placement-length scaling relations as the central WFZ, and
thus, a similar amount of moment release per SRL.

Hemphill-Haley and Weldon (1999) and Carpenter et al. (2012)
at least partially explain the discrepancy in displacement ver-
sus length-based M on limitations in measuring prehistoric
SRL. Hemphill-Haley and Weldon (1999) suggested that dis-
placement is a better indicator of prehistoric earthquake M
than SRL. Using displacement profiles from 14 historical rup-
tures (multiple fault types), they developed parameters for scal-
ing D, for use in the Wells and Coppersmith (1994) D,,.-M
regression. Their D,,.-scaling parameters are based on the
number of paleoseismic displacement observations available
and the percent of the fault length that they cover; however,
they recommended that at least five to ten displacement obser-
vations be used, which limit the practical application of their
relations. Carpenter et al. (2012) cited examples of historical
earthquake SRL in excess of Ly, and used seven historical
earthquakes (multiple fault types) to generate Ly.,-M regres-
sions. For the WFZ, Lost River, and Lemhi fault segments,
the Ly,-M relations predicted larger magnitudes that are more
consistent with displacement-based estimates. Importantly,
the Hemphill-Haley and Weldon (1999) and Carpenter et al.
(2012) regressions help explain the displacement versus length
discrepancy in M, while taking different approaches to ad-
dress it. These regressions yield larger M than SRL regres-
sions (e.g., Wells and Coppersmith, 1994), and thus, lend sup-
port to the Stirling et al. (2002) censored-instrumental SRL
regression. We prefer the Stirling ez al. (2002) SRL regression
over displacement-based regressions because it (1) is based on
a more statistically robust earthquake dataset, (2) agrees with
the central WFZ paleoseismic data but avoids D,,.-calculation
issues, such as the number and type (e.g., fault-parallel versus
vertical, horizontal, or net) of displacement observations nec-
essary to calculate M, and (3) can be applied to all faults in the
Wasatch Front region.

3.6.2 Magnitude Regressions

Of the 19 M regressions evaluated (Appendix A), we selected
six to characterize earthquake magnitudes for Wasatch Front
faults (Table 3.6-2). In evaluating and selecting regressions,
our primary goal was to adequately represent epistemic un-
certainties in M while logically and consistently using the
best available and most up-to-date regressions. We found
that M estimates (as a function of SRL) span about 0.3 to

0.4 units (Figure 3.6-3) owing to differences in the fault pa-
rameter used; age, quality, and size of historical earthquake
databases; and fault type and region considered. We selected
M regressions that (1) estimate M and characterize the up-
per and lower bounds of the M uncertainty (Figure 3.6-2), (2)
are based on the fundamental definition of Mo (e.g., Hanks
and Kanamori, 1979), (3) are widely accepted and commonly
used for BRP faults (e.g., SRL and A regressions of Wells
and Coppersmith, 1994), (4) include the most up-to-date and
well-vetted earthquake datasets (Stirling et al., 2002; SRL re-
gression of Wesnousky, 2008), and (5) yield relatively large
magnitudes consistent with the central WFZ paleoseismic
data (Hanks and Kanamori, 1979; Stirling et al., 2002). Al-
though the Wells and Coppersmith (1994) regressions are
arguably out of date, we included the regressions (albeit with
low weight) considering their common use in the BRP. Fur-
ther, updated versions of the regressions (unpublished, but
presented by Wells, 2015) have similar regression trends and
statistical results to Wells and Coppersmith (1994) results.
We had less confidence in regressions that (1) are based on
limited earthquake datasets (N < 20), such as the normal-
fault-type regressions of Wells and Coppersmith (1994) and
Wesnousky (2008), and also Carpenter et al. (2012), (2) use
fault parameters such as Dy, Dyax, Or slip rate (SR) (Wells
and Coppersmith, 1994; Anderson ef al., 1996; Mason, 1996;
Hemphill-Haley and Weldon, 1999), which are not well re-
solved for most BRP faults, or (3) include earthquake types
(e.g., megathrust events; Leonard, 2010) that are not applica-
ble to the BRP. As a result, our preference was for the most
statistically robust regressions stemming from global, all-
fault-type earthquake data (Table 3.6-2).

3.6.3 Regression Weights

We weighted our preferred M regressions according to fault
type (Table 3.6-2). For 4, B, and C faults, we used two SRL
regressions that yield smaller M per length, the Wells and
Coppersmith (1994) and Wesnousky (2008) SRL-M regres-
sions, and two that yield larger M per length, the SRL regres-
sion based on the censored instrumental data of Stirling ef al.
(2002) (herein SRL-censored) and the M, relation of Hanks
and Kanamori (1979). For antithetic faults, which include a
secondary fault truncated at depth by a master fault (e.g., the
West Valley fault zone), we used the A regressions of Wells and
Coppersmith (1994) and Stirling et al. (2002) weighted equally.

A faults include the central WFZ (Section 4.1) and the North-
ern and Oquirrh segments of the OGSLFZ (Section 4.3).
These faults are segmented and have sufficient modeled dis-
placement information (e.g., Table A-9) for calculating M as
a function of M,. Because sensitivity studies showed that M,
and SRL-censored regressions yield moment-balanced re-
currence intervals that are generally consistent with paleo-
seismic earthquake-timing and recurrence data, we heavily
weighted (0.9, divided equally) these regressions. To account
for epistemic uncertainties in M, we included SRL regres-
sions, but gave them low weight (0.1, divided equally). These
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Table 3.6-2. Moment-magnitude regressions and weights for Wasatch Front faults.

Regression Wasatch Front fault
Magnitude regression? parameters? category?®
N R c A B C AFP
Hanks and Kanamori (1979) M, all 2/3log(My)—10.7 NR NA NA (045 04 O -

Stirling et al. (2002)

(censored instrumental) SRL,all  5.88+0.80log(SRL) 50 NR 03 045 04 034 -

Wesnousky (2008) SRL,all  530+L02Iog(SRL) |27 081 028 |005 01 033 -
X;élj)and Coppersmith SRL,all  5.08+L16log(SRL) |77 089 028 |005 01 033 -
Stirling et.al. (2002) A, all 5.09+0.7310g(A) 47 NR 026 |- _ - 0.5
(censored instrumental) S K S

Wells and Coppersmith A, all 4.07+0.98l0g(A) 148 095 024 |- ; - 0.5

(1994)

M, — seismic moment (W*L*W*D,,.), A — rupture area (SRL*W; see text for discussion), SRL — linear surface rupture length. All — implies
regressions based on strike-slip, normal, and reverse faulting earthquakes.

2N is number of earthquakes; R is regression coefficient; 6 is standard deviation in magnitude. NA — not applicable. NR — not reported.

3 Wasatch Front fault categories: 4 — segmented with good displacement data, B — segmented with limited displacement data, C — unseg-
mented with limited displacement data, AFP — antithetic fault pairs where the down-dip width of the secondary fault is truncated by the
primary (master) fault at a relatively shallow seismogenic depth.
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Figure 3.6-3. Comparison of several historical regressions on M with six historical large-magnitude normal-faulting earthquakes. The
M-M curve of Hanks and Kanamori (1979) uses the Ly,-D,y. scaling relation developed for the central WFZ (this study; Figure 3.6-1).
The M regressions based on both SRL and SR of Anderson ef al. (1996) assumes SR values of 0.1, 1.0, and 2.0 mm/yr. For the L.,-M
regressions (Carpenter et al., 2012), both weighted (wt.) and unweighted (unwt.) curves are shown. SRL and L, regressions are based on
all-fault-type data. SRLs and Ms for the historical earthquakes are based on values reported in Wells and Coppersmith (1994), Stirling et
al. (2002), and Wesnousky (2008).
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regressions and weights apply to both single- and multi-seg-
ment rupture models (Section 4).

B faults include five segmented faults that are generally less
well studied, such as the end segments of the WFZ (Section
4.2) and the East and West Cache fault zones (Table D-1). B
faults have total lengths ranging from about 45 to 86 km, in-
cluding faults along the western edge of Scipio Valley and the
eastern base of the Pavant Range that we include in a linked,
45-km long fault zone. Some B faults have limited displace-
ment data, but additional analyses (e.g, constructing modeled
displacement profiles) were not conducted for this study, and
thus, we did not calculate D, or M. We considered using
historical earthquake scaling relations (e.g., by Stirling et al.,
2002 and Wesnousky, 2008) to determine D, for use in the
M calculation, but ultimately used our L-D,,, relation based
on the central WFZ data, which corresponds reasonably well
with the historical regressions (Figure 3.6-1). Although the
central WFZ L-D,,, relation is based on limited data, we
used this relation for B faults because we consider it like-
ly that these long, segmented faults behave similarly to the
WFZ, and have similar displacement-length scaling relations
and M, release per SRL. Thus, similar to 4 faults, we gave
substantial weight (0.8, divided equally) to the Stirling et al.
(2002) SRL-censored and Hanks and Kanamori (1979) M,
regressions. As B faults have generally received less paleo-
seismic study than 4 faults, we weighted the SRL regressions
0.2 total (0.1 each), which is slightly greater than that for 4
faults (0.1 total).

C faults include 17 unsegmented faults that generally lack
paleoseismic displacement information (Table D-1). C faults
range from 10 to 42 km long and include some relatively short,
linked faults, such as those defining the 17-km long Morgan
fault. The Joes Valley fault zone and Snow Lake graben are
considered C faults in their deep-penetration models. In gen-
eral, C faults have broadly constrained or unknown earth-
quake recurrence intervals and poorly constrained slip rates.
Because C faults are relatively short and unsegmented and
have very limited paleoseismic data, we are less confident
that their rupture behavior (e.g., M, release and M per SRL)
is similar to that for 4 faults such as the WFZ. As a result,
we chose not to estimate D, using our central WFZ L-D,,
relation, and thus, did not include the Hanks and Kanamori
(1979) M, regression. We weighted the remaining regressions
equally (Stirling et al. (2002) 0.34 weight; Wells and Cop-
persmith (1994) 0.33 weight; Wesnousky (2008) 0.33 weight)
because of uncertainty in whether regressions yielding larger
or smaller M are more applicable to C faults, and to adequate-
ly bracket larger epistemic uncertainties in estimating M for
these less well understood faults.

Antithetic faults include the Hansel Valley, West Valley,
Western Bear Lake, and Utah Lake faults, all of which inter-
sect master faults at relatively shallow depths (i.e., less than
the seismogenic depth of about 12 to 18 km described in Sec-
tion 3.2). For example, the West Valley fault zone, which is

antithetic to the Salt Lake City segment of the WFZ, is likely
truncated by the WFZ at a relatively shallow depth of about 7
km (depending on both the master and antithetic fault dips).
This group also includes the Joes Valley fault zone and Snow
Lake graben when modeled at shallow-penetration depths. To
account for the reduced surface area relative to the length of
these antithetic faults, we used the A regressions of Wells and
Coppersmith (1994) and Stirling et al. (2002) weighted equally.
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4 CHARACTERIZATION OF WASATCH
FRONT REGION FAULTS

The following describes the characterization of the faults
considered in the WGUEP forecast. Much of the forecast re-
gion was occupied by pluvial Lake Bonneville, which pro-
duced numerous shoreline features in the latest Pleistocene
that provide datums useful for characterizing the amounts
and timing of prehistoric earthquakes. The two most promi-
nent features are the Bonneville highstand shoreline, which
was abandoned following the Bonneville Flood about 18 ka
(Oviatt, 1997; Benson et al., 2011; Janecke and Oaks, 2011;
Miller et al., 2013; Reheis et al., 2014) after which the lake
stabilized about 100 m lower at the Provo shoreline. The age
of the Provo phase is still the focus of ongoing research, but
the most recent published estimates of the timing of retreat
from the Provo level are ~16.5-15 ka (Godsey et al., 2011;
Miller et al., 2013). Both of these features are used in our
analysis of long-term slip rates along the central segments
of the WFZ (Section 4.1.4; Appendix B) and the timing of
paleoearthquakes on the Oquirrh—Great Salt Lake fault zone
(Section 4.3). Acronyms and abbreviations are defined on
pages xii to Xiv.

4.1 Wasatch Fault Zone Central Segments

The WFZ is Utah’s longest and most active normal-slip fault,
extending about 350 km from southern Idaho to central Utah,
and forming a prominent structural boundary between the
BRP to the west and the relatively more stable Middle Rocky
Mountain and Colorado Plateau provinces to the east. The
WFZ has a complex trace that comprises ten segments (Fig-
ure 1-2) thought to generally rupture as seismogenically in-
dependent parts of the fault zone (Machette ef al., 1992). This
segmentation model is supported by (1) well-defined fault
salients, marked by complex and diffuse faulting and shal-
low bedrock (indicating decreased fault displacement), which
separate adjacent hanging-wall basins, and (2) along-strike
changes in fault geometry and range-front morphology, and
timing of most recent surface faulting (Swan et al., 1980;
Schwartz and Coppersmith, 1984; Machette et al., 1992;
Wheeler and Krystinik, 1992). For the five central segments
(Brigham City to Nephi; Figure 4.1-1), which have paleoseis-
mic evidence of repeated Holocene surface-faulting earth-
quakes, unique earthquake chronologies per segment sup-
port independent rupture (Machette ef al., 1992; Lund, 2005;
DuRoss, 2008; DuRoss et al., 2016). Thus, in the absence of
well-defined rupture boundaries for prehistoric ruptures of
the WFZ, we used the structural boundaries, together with
paleoseismic earthquake timing and displacement data, as
the basis for defining the fault’s surface rupture character-
istics and uncertainties. Additional discussion of paleoseis-
mic data in the context of structural complexities along the
WFZ is included in DuRoss ef al. (2016). The central WFZ
segments are the focus of this section; the end segments, in-
cluding the Malad City, Collinston, and Clarkston Mountain
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segments to the north and the Levan and Fayette segments to
the south (Figure 1-2), are discussed in Section 4.2.

The central segments of the WFZ are characterized by prom-
inent fault scarps displacing late Holocene to latest Pleisto-
cene geomorphic surfaces, and have been the focus of nu-
merous paleoseismic fault-trench investigations. To date, 23
research trench sites (excluding those for pre-development
fault-setback and educational purposes that have not culmi-
nated in peer-reviewed trench logs or papers) have yielded
earthquake timing and/or displacement data. These data in-
dicate that at least four to five Holocene earthquakes have oc-
curred on each central segment (Machette ef al., 1992; Lund,
2005; DuRoss, 2008), yielding mean recurrence times of ~1.3
to 2.5 thousand years (kyr) (post ~6 thousand years ago [ka])
per segment (Lund, 2005), a mean per-event vertical dis-
placement of about 2 m for the central WFZ (DuRoss, 2008),
and mean vertical slip rates for the segments of ~0.5 to 2.2
mm/yr (Machette ef al., 1992; Friedrich et al., 2003; Lund,
2005). However, despite these paleoseismic data, important
questions remained regarding earthquakes on the central seg-
ments at the time of this analysis. For example, should origi-
nal paleoseismic data be superseded by or integrated with the
results of more recent paleoseismic studies, which have gen-
erally yielded smaller earthquake-timing uncertainties due to
improved sampling and dating methods? How complete are
the paleoseismic data for each segment, and what methods
should be used to calculate earthquake recurrence values and
fault slip rates? Finally, how robust is the segmentation model
for the fault? Although paleoseismic data generally support
the segmentation model of Machette et al. (1992), should al-
ternative (e.g., multi-segment-rupture) models permitted by
uncertainties in the earthquake-timing and displacement data
(e.g., Chang and Smith, 2002; DuRoss, 2008) be included?

To address these questions, we systematically examined
previous paleoseismic data for the WFZ central segments to
characterize their surface-faulting earthquake histories and
rates of activity. For each segment, we reviewed and compiled
published paleoseismic data from each trench site (generally
excluding incomplete and unpublished data), and constructed
time-stratigraphic OxCal models (e.g., Bronk Ramsey, 2008;
Lienkaemper and Bronk Ramsey, 2009), which yielded earth-
quake-timing probability density functions (PDFs) for each
site. We used the revised site PDF data to construct earth-
quake histories for each segment by correlating and combin-
ing the per-site earthquake-timing PDFs along the segment
(after DuRoss et al., 2011). Because of the detailed nature of
this work, discussions of the paleoseismic data, OxCal mod-
els, and segment-wide earthquake chronologies (and methods
used to derive them) are included in Appendix B. These data
are also discussed by DuRoss et al. (2011), Personius ef al.
(2012), and Crone et al. (2014). Using the revised earthquake
histories per segment, we calculated inter-event and mean
earthquake recurrence intervals, coefficients of variation
(COVs) on recurrence, and vertical slip rates, which use per-
event displacements and the recurrence-interval data. Final-
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ly, we constructed several fault-rupture models that address
epistemic uncertainties in fault segmentation and earthquake
rupture extent. The fault and earthquake parameters and rup-
ture models are summarized here; expanded discussions, in-
cluding detailed descriptions of our methods and results, are
included in Appendix B.

In this analysis, we compared and combined site-earth-
quake data (i.e., paleoseismic trench data) for each segment
separately. That is, we did not systematically compare site
earthquakes along the fault (i.e., on adjacent segments) to ex-
haustively allow for all possible rupture combinations (e.g.,
Biasi and Weldon, 2009). The assumption of single-segment
ruptures on the central WFZ is consistent with Machette et
al. (1992), Lund (2005), and DuRoss (2008), but affects the
determination of the segment chronologies and recurrence
intervals. Ultimately, we considered the potential for rupture
beyond the segment boundaries and defined rupture uncer-
tainties to account for more flexibility in the segmentation of
the fault, but considered the treatment of the fault in a fully
unsegmented manner outside the scope of this work.

411 Paleoseismic Data Sources

The central segments of the WFZ consist of (north to south)
the Brigham City segment (BCS), Weber segment (WS), Salt
Lake City segment (SLCS), Provo segment (PS), and Nephi
segment (NS) (Figure 4.1-1). Most segments comprise two to
three subsections, which we define as separate fault strands
or continuous zones of faulting along the segment identified
on the basis of along-strike changes in fault geometry, such as
fault step-overs, gaps, or changes in orientation. These seg-
ments have been the subject of numerous paleoseismic inves-
tigations, which have yielded estimates of surface-faulting
earthquake timing and displacement (Appendix B).

The 35-km-long (all length measurements in this section are
straight-line, end-to-end) BCS is the northernmost segment
of the central WFZ that has evidence of Holocene surface
rupture (Figure 4.1-1). Paleoseismic data for the BCS are
from the north-central part of the segment at Bowden Can-
yon (BC; Personius, 1991a), Box Elder Canyon (BEC; Mc-
Calpin and Forman, 2002), Hansen Canyon (HC; DuRoss e?
al., 2012), and Kotter Canyon (KC; DuRoss et al., 2012), and
the southern part at Pole Patch (PP; Personius, 1991b) and
Pearsons Canyon (PC; DuRoss et al., 2012) (paleoseismic site
abbreviations in this section correspond with Figure 4.1-1 and
Appendix B). Personius et al. (2012) used paleoseismic data
from these sites to constrain the timing of four late Holocene
earthquakes on the BCS (Appendix B).

The 56-km-long WS is the second longest WFZ segment
(Figure 4.1-1). Paleoseismic data for the WS are from trench
investigations on the south-central part of the segment at the
Kaysville (K) site (Swan et al., 1980, 1981; later reoccupied
by McCalpin ef al., 1994), and the northern part of the WS at
the East Ogden (EO; Nelson, 1988; Nelson et al., 2006) and

41°N

40°N

Figure 4.1-1. Central segments of the WFZ (from Black et al.,
2003) showing paleoseismic research sites (yellow triangles; see
Appendix A for site abbreviations). ECFZ — East Cache fault zone,
ETMF — East Tintic Mountains fault, OGSLFZ — Oquirrh—Great
Salt Lake fault zone, ULFF — Utah Lake faults and folds, WVFZ
— West Valley fault zone. Shaded topography generated from 10-m
digital elevation data (https:/Ita.cr.usgs.gov/NED).
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Rice Creek (RC; DuRoss et al., 2009) sites. Additional paleo-
seismic data are from a cut-slope excavation near East Ogden
at the Garner Canyon (GC) site (Nelson, 1988; Forman et al.,
1991; Nelson et al., 2006). Paleoseismic data from these sites
contribute to the timing of five mid- to late Holocene earth-
quakes on the WS (DuRoss et al., 2011) (Appendix B).

The 40-km-long SLCS (Figure 4.1-1) comprises three subsec-
tions (separate fault strands) that are separated by prominent
left steps: the Warm Springs, East Bench, and Cottonwood
faults. Paleoseismic data for the SLCS are from fault-trench
investigations at the Little Cottonwood Canyon (LCC; Swan
et al., 1981; later reoccupied by McCalpin, 2002) and South
Fork Dry Creek (SFDC; Schwartz and Lund, 1988; Black et
al., 1996) sites, both on the Cottonwood fault. Paleoseismic
data for the Penrose Drive (PD) site on the East Bench fault
(DuRoss et al., 2014) were not available at the time of our anal-
ysis. Paleoseismic data from LCC and SFDC provide evidence
of four late Holocene earthquakes on the SLCS (Appendix B).

The PS is the longest segment on the WFZ, which consists
of three distinct subsections that have a total length of 59 km
(Figure 4.1-1). Seven paleoseismic trench sites have been in-
vestigated along the PS, but only four of these sites had suf-
ficient timing data available to be included in this analysis:
the American Fork (AF) site (Forman ef al., 1989; Machette
et al., 1992) on the northern subsection, the Rock Canyon/
Rock Creek (ROC) site (Lund and Black, 1998) on the central
subsection, and the Mapleton South (MS; Lund et al., 1991)
and Mapleton North (MN; Lund et al., 1991; later trenched
by Olig et al., 2011) sites on the southern subsection. Based
on data from these sites, at least five mid- to late Holocene
earthquakes have occurred on the PS (Appendix B).

The NS is the southernmost segment of the central WFZ that
has evidence of multiple Holocene surface-faulting earthquakes
(Figure 4.1-1). The NS extends 43 km and comprises two subsec-
tions—a 17-km-long northern strand and a 25-km-long southern
strand——which are separated by a 4 to 5-km-wide right step in
bedrock. Paleoseismic data for the NS are from three trench sites
on the southern strand at North Creek (NC; Hanson ef al., 1981,
1982), Red Canyon (REC; Jackson, 1991), Willow Creek (WC;
Machette et al., 2007; Crone et al., 2014), and one site on the
northern strand near Santaquin (SQ; DuRoss et al., 2008). Crone
et al. (2014) report four late Holocene earthquakes on the NS
using data from these sites (Appendix B).

4.1.2 Surface-Faulting Earthquake Histories

At least 22 surface-faulting earthquakes have ruptured the
central segments of the WFZ since about 6.0 ka (Table 4.1-1;
Appendix B). Our revised surface-faulting earthquake histo-
ries per segment reflect important analytical steps, including
the systematic analysis of previous paleoseismic data, OxCal
modeling, and the correlation of site earthquakes along each
segment. Although we summarize the data here, important
and detailed discussions in Appendix B address (1) assump-
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tions regarding the quality and completeness of the previous
data, (2) the methods by which we combined the probabilistic
earthquake timing data from OxCal into segment-wide earth-
quake chronologies, and (3) remaining uncertainties in the
per-segment paleoseismic data and earthquake histories.

41.3 Earthquake Recurrence and Coefficient
of Variation

We calculated individual (inter-event, e.g., B4—B3) and closed
and open mean recurrence intervals for the central WFZ seg-
ments (Tables 4.1-1 and 4.1-2) by sampling our revised earth-
quake times (segment PDFs summarized in Table 4.1-1) in a
Monte Carlo model (see Appendix B for discussion). Closed
mean recurrence is the total elapsed time between the oldest
and youngest earthquakes divided by the number of closed
intervals between them (e.g., B4—B1 time divided by 3). Open
mean recurrence intervals, or the number of events per unit
time (N-in-T), use the total elapsed time from the maximum
age constraint on the oldest event to the present (time of analy-
sis, 2011) divided by the number of earthquakes that occurred
in that period (e.g., 5.9 + 0.4 ka divided by 4). Because the
central segments have limited earthquake records, but simi-
lar mean recurrence estimates (Table 4.1-2), we grouped the
individual recurrence intervals and calculated a composite
mean recurrence interval for the central WFZ (using a Monte
Carlo model discussed in Appendix B). The composite mean
recurrence is a more statistically robust estimate because the
inter-event recurrence sample size increases from 2 to 4 per
segment to 16 for the central WFZ. These recurrence esti-
mates do not account for sample-size uncertainties, which are
discussed in Section 3.5.

The COV on recurrence, the standard deviation of inter-event
recurrence intervals divided by their mean, is a measure of the
periodicity of earthquakes on a fault, where smaller values in-
dicate more periodic recurrence and a COV of 1.0 represents
random timing. The WGCEP (2003, 2008) used a COV of 0.5 +
0.2 based on a global dataset of repeating earthquake sequenc-
es (Ellsworth et al., 1999). To test the suitability of the global
COV to the central WFZ, we calculated a composite COV for
the central WFZ using grouped (composite) inter-event recur-
rence data. The basis for the composite COV is similar mean
recurrence parameters for the individual segments. Similar to
the composite mean recurrence interval, the composite COV is
a more statistically robust estimate; however, the estimate does
account for sample-size uncertainties (e.g., Section 3.5).

Inter-event intervals for the central WFZ segments show
moderate variability (Table 4.1-1; Appendix B). For example,
the youngest four earthquakes (B4 to Bl) on the BCS yield
consistent inter-event intervals of 1.0 to 1.1 kyr; however,
about 2.5 kyr have elapsed since the most recent BCS earth-
quake, B1. Inter-event intervals for the WS, SLCS, PS, and
NS are also irregular, ranging from about 0.7 kyr to 2.7 kyr,
and varying by a factor of 2.4 to 3.5 per segment. For ex-
ample, although two inter-event intervals for the WS are ~1.4
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Table 4.1-1. Summary of earthquake timing data for the central WFZ.

Earthquake Timing? (ka)

Inter-event recurrence?

Rupture!
Mean + 26 5th—50th—95th [mode] (kyr)

BI 2403 2224-26[24] -
B2 35402 34-3.5-37[34] 1.1 (B2-BI)
B3 45405 41-4.5-5.0 [4.5] 1.0 (B3-B2)
B4 56+0.6 5.0-5.6-6.1 [5.6] 1.1 (B4-B3)
wi 0.6+0.1 0.5-0.6-0.6 [0.5] ~
W2 11+0.6 07-1.2-1.7 [1.3] 0.7 (W2-W1)
W3 31403 29-3.1-33 [3.1] 1.9 (W3-W2)
Wi 45403 42-4.5-47 [4.5] 1.4 (W4-W3)
w5 59+0.5 5.6-5.9-6.4 [5.6] 1.4 (W5-W4)
Sl 13402 1.2-13-1.5 [1.3] -
2 22402 20-22-23[22] 0.8 (S2-S1)
S3 41403 3.9-4.1-4.4 [4.1] 2.0 (S3-S2)
s4 53202 5.1-5.2-5.5[5.2] 1.1 (S4-S3)
P1 0.6+ 0.05 0.5-0.6-0.6 [0.6] -
P2 15404 12-1.5-1.8 [1.7] 0.9 (P2-P1)
P3 22404 1.9-23-2.6 [2.3] 0.8 (P3-P2)
P4 47403 45-47-4.9 [47] 2.5 (P4-P3)
Ps 59+ 1.0 5.2-5.8-6.9 [5.6] 1.2 (P5-P4)
NI 02+0.1 0.1-0.2-0.3 [0.2] -
N2 12401 12-12-13[1.2] 1.0 (N2-N1)
N3 2004 17-2.0-2.3 [2.0] 0.8 (N3-N2)
N4 47+18 3.3-47-6.1 [5.8] 2.7 (N4-N3)

! Numerical values indicate youngest (e.g., B1) and progressively older earthquakes (e.g., B2-B4).

2 Summary statistics based on integration of per-site earthquake-timing PDFs (derived from OxCal models; Appendix B) following the
method of DuRoss ef al. (2011). See Appendix B for PDF integration method and site PDFs contributing to the segment-wide rupture
times. Earthquake times are in thousands of years before 1950.

3 Individual recurrence interval (RI) is mean recurrence time between earthquakes (e.g., B4-B3 time); see Appendix B for uncertainties.

Table 4.1-2. Mean recurrence intervals for the central WFZ.
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Segment Closed mean RI! (kyr) Open mean RI (N-in-T)! (kyr) Time since MRE? (kyr)
BCS 1.1 £0.2 (B4-Bl) 1.5+0.1; 4 events <59+ 0.4 ka 25+03

WS 1.3+ 0.1 (W5-WI) 1.4+0.3; Sevents <7.1 £ 1.4 ka 0.6 £ 0.07

SLCS 1.3+ 0.1 (S4-S1) 1.3 £0.09; 4 events < 5.2 + 0.4 ka 1.4+£0.2

PS 1.3+ 0.2 (P5-PI) 1.2 £ 0.03; 5 events < 6.1 = 0.2 ka 0.6 +£0.05

NS 0.9 £ 0.2 (N3-NI) 1.1 £0.04; 3 events <3.2 £ 0.1 ka 0.3 +0.09

! Closed mean recurrence is elapsed time between oldest and youngest earthquakes per segment (e.g., B4-B1) divided by the number of
closed intervals. Open mean recurrence is the time from the maximum constraining age on the oldest event (e.g., 5.9 = 0.4 ka for B4) to
the present (2011) divided by number of events. Recurrence values do not account for sample-size uncertainties (see Section 3.5). See text
and Appendix B for additional discussion.

2 Time (to the present; 2011) since the most recent earthquake (MRE).
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kyr (W5-W4 and W4-W3), the longest interval of 1.9 kyr for
W3-W2 is 2.9 times greater than the 0.7-kyr interval for W2—
WI. These inter-event intervals are useful for understanding
and comparing the variability in earthquake recurrence on
the central WFZ, but they do not necessarily represent the
longer-term mean recurrence for the segments.

Estimates of closed mean recurrence are similar for the five
central segments (Table 4.1-2). With the exception of the NS,
the mean intervals range from 1.1 kyr (BCS) to 1.3 kyr (WS,
SLCS, and PS). These similar mean intervals reflect the most
current earthquake data per segment and form the basis for
our composite (grouped) central WFZ recurrence estimate.
The NS has a shorter mean interval of 0.9 kyr, but this value
is based on only two intervals between N3 and N1. The closed
mean recurrence for the NS is 1.5 kyr if calculated using the
N4-N1 time. However, we are not confident in this recur-
rence value because of the large uncertainty in the timing of
N4 and concerns about the completeness of the earthquake
record between N3 and N4 (Appendix B).

Open mean (N-in-T') recurrence intervals are very similar to
the closed mean intervals (Table 4.1-2); differences are relat-
ed to the elapsed time since the MRE or the time between the
oldest earthquake and its maximum age constraint. The open
mean recurrence values for the WS, SLCS, and PS are within
about 0.1 kyr of the closed mean values. The BCS has the larg-
est difference between the two values (~1.1 kyr—closed mean,
~1.5 kyr—open mean) because of the long elapsed time since
its MRE (2.5 kyr). The NS has an intermediate (~0.2-kyr) dif-
ference in the recurrence values (~0.9 kyr—closed mean, ~1.1
kyr—open mean), which stems from the 1.2-kyr elapsed time
between N3 (~2.0 kyr) and its maximum limiting age (~3.2 kyr).

The composite mean recurrence for the central WFZ is 1.2 +
0.1 kyr (20), which represents the distribution of mean inter-
vals calculated from 16 closed inter-event recurrence PDFs
sampled in multiple simulations. We used the grouped inter-
event recurrence data to calculate a composite COV for the
central WFZ of 0.5 £ 0.1 (20), with a minimum—maximum
range of about 0.3 to 0.7. Similar to the composite recurrence,
the composite COV limits the variability in the per-segment
COVs, which are based on only two to three inter-event re-
currence estimates and range from 0.3 + 0.4 (NS) to 0.6 + 0.3
(PS) (Appendix B). Ultimately, we used the composite COV
for the WFZ as a plausibility test of the global COV of 0.5 +
0.2 used by the WGCEP (2003; 2008). The consensus of the
WGUEP was to use a central WFZ COV of 0.5 + 0.2 based on
the global COV (Ellsworth ef al., 1999), but supported by the
composite COV mean (0.5) and possible range of uncertainty
(= ~0.2) calculated here.

4.1.4 Vertical Displacement and Slip Rate

We compiled vertical displacement data per trench site to es-
timate mean vertical displacement per rupture and rupture
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source (e.g., individual segments; Table 2-1) on the central
WFZ. Rupture sources include single-segment ruptures
(e.g., the BCS or WS) and multi-segment ruptures (e.g., the
BCS+WS), which are discussed in Section 4.1.5 and Appen-
dix B. These data are derived from the original paleoseismic-
data sources listed in Appendix B.

Using our correlation of site events along the segments (Ta-
bles B-1 to B-5), we combined individual vertical displace-
ments per site into mean and minimum—maximum range dis-
placements per rupture (e.g., earthquake B1). We modeled the
mean displacement (and range) per rupture by fitting analyti-
cal (ellipse-shaped) displacement curves to the site data (after
Chang and Smith, 2002; and Biasi and Weldon, 2009) based
on the well-documented observation that displacement tapers
toward the ends of a surface rupture (Hemphill-Haley and
Weldon, 1999; Biasi and Weldon, 2006; Wesnousky, 2008).
These per-rupture displacements were then used to calculate
mean vertical displacement per rupture source (e.g., for the
BCS; Table 4.1-3). The resulting source displacements are
limited by assumptions regarding the position of the displace-
ment observations along the individual ruptures (the WFZ
segmentation model). For example, different results could be
expected for ruptures having lengths significantly shorter or
longer than the segment lengths used. Further, several rup-
tures are constrained by limited (e.g., one to two) point dis-
placement observations. However, despite these limitations,
per-rupture displacements are similar for each rupture source
(Appendix B). Additional discussion of our displacement-
modeling methods and results for both single- and multiple-
segment ruptures is included in Appendix B.

We used the mean displacements per earthquake rupture and
per single-segment rupture source, the individual earthquake
times, and the open and closed mean recurrence intervals
to calculate vertical slip rates for the central WFZ segments
(Table 4.1-4; Appendix B) and for the central WFZ as a whole
(composite slip rates). For each segment, we determined (1)
a closed-interval slip rate using the modeled mean displace-
ment for the segment (Table 4.1-3) divided by the segment’s
closed mean recurrence interval (Table 4.1-2), (2) an open-in-
terval slip rate for which we used the total displacement (Ap-
pendix B) in the time period defined by the maximum limit-
ing age for the oldest earthquake (Table 4.1-1) to the present,
and (3) long-term rates based on the vertical offset of geo-
morphic surfaces related to the latest Pleistocene-age Provo
phase (~15-18 ka) and highstand (~18 ka) of Lake Bonneville
(Appendix B). We calculated composite slip rates comprising
(1) a composite, long-term slip rate based on eight long-term
(latest Pleistocene) slip rates (Appendix B), and (2) a com-
posite, closed-interval, mean slip rate for which we used the
mean of the average displacements per segment divided by
the closed-interval mean composite recurrence interval for
the central WFZ. We report a weighted mean slip rate per
segment that uses these slip rates and a weighting scheme
shown in Table 4.1-4 and discussed in Appendix B.
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Table 4.1-3. Summary of displacement per rupture source on the central WFZ.

Obs. D2 (m) Modeled D (displacement curves)? (m)
Rupture Source! " " - — EQs obs.* Disp. obs.*
BCS 2.0 1.7 1.2 2.1 4 6
WS 2.1 2.4 1.1 4.1 5 16
SLCS 1.7 1.7 1.2 2.2 4 8
PS 2.5 2.6 1.3 3.6 4 6
NS 1.8 2.0 1.5 2.7 3 5-6
BCSHWS 122 2.0 17 24 3 13
WS+SLCS 1.9 2.7 2.4 2.9 1 6
SLCS+PS+NS E2.1 | 1.7 | 1.6 | 1.9 | 1 | 3
SLCS+PS 2.0 16 13 2.0 2 6
PS+NS | 2.1 | 2.8 | 1.2 | 4.2 | 2 | 4

! Vertical displacement (D) for single-segment rupture sources, e.g., the BCS or WS, and multiple-segment rupture sources, e.g., the BCS
and WS combined (BCS+WS). Multi-segment rupture sources are discussed in Section 4.1.5; see Appendix B for additional discussion.

2 Mean () of observed displacement per earthquake on the source (Appendix B). For example, mean observed displacement for BCS is
mean of displacement estimates for B, B2, B3, and B4 (Appendix B).

3 Mean (p) and minimum-maximum range of modeled displacement per earthquake on the source, using analytical displacement curves
(Appendix B).

4 EQs. obs. is total number of earthquakes on the source. Disp. obs. is the total number of site observations of displacement for the source.

Table 4.1-4. Summary of vertical slip rates for the central WFZ.

) BCS WS SLCS PS NS
Slip Rate (SR):
mm/yr [wt.] mm/yr [wt.] mm/yr [wt.] mm/yr [wt.] mm/yr [wt.]
1.6 (1.0-2.4) 1.9 (1.1-2.9) 1.3 (1.0-1.8) 2.0 (1.2-3.0) 1.7 (1.1-3.2)
1
Closed mean SR per segment 02] [0.35] [0.35] [0.35] 02]
1.2 (0.9-1.3) 1.7 (1.2-2.3) 1.3 (1.0-1.6) 2.1(1.9-2.4) 1.5 (1.3-1.8)
Open mean SR per segment?
P persee [0.2] [0] [0] [0] [0.2]
. 1.7 (0.9-2.7) 1.7 (0.9-2.7) 1.7 (0.9-2.7) 1.7 (0.9-2.7) 1.7 (0.9-2.7)
3
Composite closed mean SR 03] [0.35] [0.35] [0.35] 03]
. 1.0 (0.6-1.4) 1.0 (0.6-1.4) 1.0 (0.6-1.4) 1.0 (0.6-1.4) 1.0 (0.6-1.4)
_ 4
Composite long-term SR 03] 03] 03] 03] 03]
Weighted mean SR ° 1.3(0.8-2.0) 1.5(0.9-2.4) 1.3(0.8-2.0) 1.6 (0.9-2.4) 1.4 (0.9-2.2)

! Closed-interval slip rate (SRs) are the average of mean, minimum, and maximum SRs based on (1) average displacement and recurrence
and (2) elapsed time and total displacement.

2 Open-interval SRs are based on the total displacement since the maximum limiting age for the oldest earthquake on the segment.

3 The composite closed mean SR is based on the mean displacement per event and the composite closed recurrence interval for the central
WEZ. See text and Appendix B for discussion.

4 The composite long-term SR is based on long-term SRs per segment, which are based on the total net vertical tectonic displacement of
latest Pleistocene-age geomorphic surfaces related to the Provo phase and highstand of Lake Bonneville and reported in Appendix B.

> Weighted mean SRs per segment are based on weighting scheme for per-segment and composite SRs (weights shown in brackets); see
Appendix B for discussion.
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The modeled mean displacements per source range from 1.7
m for the BCS and SLCS to 2.6 m for the PS. These yield a
mean displacement for the central WFZ of 2.1 m, which is
similar to the unmodeled mean of 2.0 m, and a mean of 2.2 m
reported by DuRoss (2008).

The weighted mean slip rates are very similar for each seg-
ment ranging from 1.3 mm/yr for the BCS and SLCS (the
shortest segments), to 1.5 and 1.6 mm/yr for the WS and PS,
respectively (the longest segments) (Table 4.1-4). The similar-
ity in these rates reflects the fairly consistent closed-interval
slip rates (1.3 to 2.0 mm/yr) and open-interval slip rates (1.2
to 2.1 mm/yr), as well as the composite rates, which are in-
cluded in the weighted-mean calculation for each segment.
The composite long-term slip rate is 1.0 mm/yr (0.6 to 1.4
mm/yr range) based on both measured displacements across
Provo-phase and Bonneville highstand surfaces of the Bonn-
eville lake cycle. The composite closed-interval slip rate is 1.7
mm/yr (0.9 to 2.7 mm/yr range) using the mean of the mean
displacements per segment (2.1 m) divided by the composite
mean recurrence interval (1.2 + 0.1 kyr).

41.5 Rupture Models and Geometries

Prominent structural segment boundaries along the central
WEFZ represent persistent (long-term) features that may act as
barriers to lateral propagation of surface faulting (Machette
et al., 1992). Support for the seismogenic independence of the
segments stems from their unique late Holocene earthquake
histories as well as significant differences in most recent
earthquake timing across these complex structural boundar-
ies (Schwartz and Coppersmith, 1984; Machette ef al., 1992;
Lund, 2005; DuRoss, 2008). However, similar to Machette
et al. (1992), we cannot rule out the simultaneous rupture of
adjacent segments (e.g., Chang and Smith, 2002) consider-
ing moderate to large uncertainties in earthquake timing and
limited mid-Holocene earthquake records for the segments.
Thus, we used the refined earthquake chronologies and dis-
placement estimates per segment to identify possible and
probable multi-segment ruptures on the central WFZ. These
ruptures are included in rupture models (Table 4.1-5; Figures
4.1-2 to 4.1-5) that capture the range of possible earthquake
rupture behavior on the central WFZ.

We constructed both single- and multi-segment rupture mod-
els for the central WFZ (Table 4.1-5; Figures 4.1-2 to 4.1-5)
following an evaluation of possible multi-segment ruptures
on the central WFZ (Appendix B). Our analyses relied most-
ly on the per-segment earthquake timing, using the degree
of overlap in the segment PDFs (PDF overlap of Biasi and
Weldon, 2009) and displacement data. Our analysis focused
mostly on two-segment ruptures, which yield rupture lengths
of about 90 to 100 km (consistent with the largest known
historic normal slip earthquake in the BRP, the 1887 M 7.5
+ 0.3 Sonora, Mexico earthquake; Suter, 2006); however, we
also considered ruptures as long as three adjacent segments
if the paleoseismic data warranted it. Model development fol-
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lowed methods similar to those of the WGCEP (2003, 2008).
Although our rupture models yield different rupture-source
combinations, similar to WGCEP (2003), a significant differ-
ence is that they are based on paleoseismic data that span the
middle to late Holocene, and thus encompass the behavior of
the central WFZ over multiple earthquake cycles. Our rup-
ture models are similar to the a priori maximum, geologic-
insight, and minimum rupture models calculated by the WG-
CEP (2008) for UCERF?2.

We modeled the central WFZ using a combination of single
and multi-segment ruptures included in five rupture models.
The basis for the WFZ rupture models and weights in Table
4.1-5 is briefly summarized as follows. Preference (model
weight of 0.7) for the single-segment rupture model (Figure
4.1-2), where each segment acts as an independent source, is
based on (1) prominent along-strike variations in fault ge-
ometry (e.g., fault step-overs, gaps, and changes in strike),
complexity (e.g., areas of diffuse faulting), and structure
(e.g., range-front morphology and relief) that define promi-
nent fault salients, hanging-wall basins, and fault segments,
(2) differences in the timing of the youngest surface-faulting
earthquakes at sites along the WFZ (e.g., compare the timing
of the youngest events along the BCS, WS, SLCS, and PS;
Figure 3 in Appendix B), (3) unique late Holocene surface-
faulting earthquake histories per segment (Figure 4.1-2), (4)
differences in per-event vertical displacement across the seg-
ment boundaries (e.g., compare DuRoss ef al., 2011 to Perso-
nius et al., 2012; see also DuRoss, 2008), (5) long-term (latest
Pleistocene) slip deficits at the segment boundaries (Machette
et al., 1992), and (6) paleoseismic evidence for at least one
spillover rupture from the WS to the BCS (DuRoss ef al.,
2012; Personius et al., 2012), rather than the simultaneous
rupture of both segments.

We also considered possible multi-segment ruptures on the
WEFZ, which we filtered using the segment earthquake tim-
ing and displacement data (see Appendix B for additional
discussion). Two to three multi-segment ruptures that are
most consistent with the per-segment earthquake timing and
displacement data (e.g., having moderate overlap in segment
PDFs; Appendix B) are included in a set of intermediate
rupture models (Figure 4.1-3), whereas the multi-segment
rupture model (Figure 4.1-4) includes the maximum number
(n=7) of multi-segment ruptures permitted by the timing data
alone (Table 4.1-5; Appendix B). We gave more weight to the
intermediate models (combined weight of 0.175) compared to
the multi-segment rupture model (weight of 0.025) because
they include the most probable multi-segment ruptures.
Although some of the two- (and three-) segment ruptures
included in the multi-segment model may have occurred,
we find it highly unlikely that all them occurred given the
segmentation arguments discussed above. Although we can-
not discount the occurrence of multi-segment ruptures, we
found no observational basis to conclude that earthquakes
on the central WFZ regularly rupture multiple segments, and
thus assigned relatively low weights to the multi-segment
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Table 4.1-5. Summary of rupture models and weights for the central WFZ.

Rupture ) WGUEP 4

Model! Rupture Sources Weight’ Earthquakes Notes

SSR B,W,S,P,N 0.7 22 SSR Only SSRs occur

Int. C B, W, S, P, N, BtW 0.075 18 SSR, 2 MSR SSRs, including B+W MSR

Int. A B, W, S, P, N, B+W, S+P 0.05 16 SSR, 3 MSR SSRs, including most-probable MSRs

Int. B B, W, S, P, N, B+W, P+N 0.05 16 SSR, 3 MSR SSRs, including most-probable MSR's
B, W, S, P, N, B+tW, W+S, .

MSR S+P, P+N, S+P+N 0.025 7 SSR, 7 MSR All possible MSRs occur

- Unsegmented’ 0.1 - -

! Rupture models include (1) all single-segment ruptures (SSRs) (SSR model; Figure 4.1-3), (2) combinations of SSRs and multi-segment
ruptures (MSRs) we consider most probable (Intermediate [Int.] A, B, and C; Figure 4.1-4), and (3) all possible MSRs (MSR model; Figure
4.1-5). See text and Appendix B for discussion of model development.

2 Rupture sources: B-BCS, W-WS, S—SLCS, P-PS, N-NS; combinations of these indicate multi-segment-rupture sources (e.g., B+W).
T The unsegmented model accounts for possible multi-segment and/or partial-segment ruptures not included in these models.

3 Consensus weight of the WGUEP.

4 Number of earthquakes included in each rupture model; see Appendix B for timing information for individual earthquakes.

and intermediate rupture models (total weight of 0.2 com-
pared to the single-segment rupture model weight of 0.7).
These model weights are consistent with the differences in
most-recent earthquake timing across the prominent seg-
ment boundaries (Figure B-3), as well as paleoseismic evi-
dence for at least one spillover rupture on the central WFZ
(Personius et al., 2012), which represents a more likely mode
of segment-boundary failure.

An unsegmented rupture model was implemented in the
WGUERP forecast to account for ruptures on the central WFZ
and the WFZ as a whole, irrespective of the fault segmenta-
tion model and defined rupture boundaries. This model uses
a distribution of magnitudes (as opposed to rupture lengths)
ranging from M 6.75 to 7.6 (Section 3.4). To some degree,
this model accounts for a level of partial-segment rupture and
rupture across a segment boundary (spillover rupture) great-
er than that allowed by the segment boundary uncertainties
(Section 4.1.6). We assigned a relatively low weight (0.1) to
the unsegmented model because the central WFZ is charac-
terized by prominent segment boundaries and because the pa-
leoseismic data suggest that ruptures on the central WFZ are
not spatially random (e.g., the youngest earthquakes on the
BCS are significantly older than those on the adjacent WS).
Furthermore, we account for many multi-segment ruptures
in our multi-segment and intermediate models, where those
ruptures honor available paleoseismic earthquake timing
and displacement data. Rates for the unsegmented model are
based on the central WFZ closed-mean slip rate (~1.7 mm/yr;
0.2 weight) and long-term slip rate (~1.0 mm/yr; 0.3 weight),
as well as the broad range in slip rates for the northernmost
end segments (Section 4.2.2).

Together, the single-segment, intermediate, and multi-seg-
ment rupture models highlight possible modes of rupture
along the central WFZ. However, our analyses are limited by
modeling assumptions and poorly constrained mid-Holocene
earthquake data. For example, although our analysis of the site
PDF data by segment is consistent with the body of work in-
dicating a segmented fault (e.g., Schwartz and Coppersmith,
1984; Machette et al., 1992; Lund, 2005; DuRoss, 2008; Perso-
nius et al., 2012) and serves to help constrain the per-segment
earthquake chronologies (e.g., DuRoss et al., 2011), it does
limit our ability to define and evaluate all possible rupture
permutations. We have addressed this limitation by construct-
ing multi-segment and unsegmented rupture scenarios and
by defining segment-boundary uncertainties (Section 4.1.6),
which allow for both partial-segment and spillover ruptures
(i.e., coseismic rupture across a “leaky” segment boundary;
Crone and Haller, 1991; see for example, Crone et al., 1987,
DuRoss et al., 2012; Personius et al., 2012) not specifically ac-
counted for in the rupture models. Ultimately, our treatment
of the WFZ is consistent with the hybrid characteristic slip
model of DuRoss (2008) in which “large-displacement single-
segment ruptures dominate the fault history but are interrupt-
ed by anomalously small- and large-displacement events (i.e.,
possible partial- and multi-segment ruptures, respectively).”
However, the possibility of ruptures across WFZ segment
boundaries needs to be evaluated using the site earthquake
data to yield a more comprehensive suite of rupture models
(e.g., Biasi and Weldon, 2009). Finally, although the youngest
earthquakes along the WFZ are consistent with a segmented
fault, poorly constrained mid-Holocene earthquakes allow for
longer rupture lengths. Additional mid- to early Holocene pa-
leoseismic data for the central WFZ would aid in evaluating
which of these multi-segment ruptures are most plausible.
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Figure 4.1-2. Single-segment rupture model for the central WFZ. Upper panel shows map of the central segments; yellow triangles show locations
of paleoseismic study sites. Lower panel shows times of earthquakes on each segment. Solid horizontal lines indicate mean earthquake times
(dashed lines indicate modal times for select earthquakes); gray boxes show 2c time ranges. Red lines with gray-shaded fill are earthquake-timing
PDFs derived from our integration of site paleoseismic data (see Appendix B for discussion and explanation of site abbreviations). Base map is aerial
imagery (https:/gdg.sc.egov.usda.gov/) overlain on shaded topography generated from 10-m digital elevation data (https:/Ita.cr.usgs.gov/NED).

4.1.6 Segment Boundary Uncertainties

To define segment-boundary uncertainties for the central
WFZ (Figure 4.1-5), we considered the geometry and extent
of Holocene faulting near the ends of the segments, and, if
available, paleoseismic data from sites close to the segment
boundaries (Figure 4.1-1; Appendix B). Most segment bound-
aries are moderately well constrained (3 to 8 km); however,
we include large uncertainties (13 to 17 km) for the complex
overlapping fault step-over between the PS and NS. The best-
constrained boundary is the BCS—Collinston segment (CS)
boundary (£3 km) based on the extent of Holocene surface

faulting on the BCS, the apparent lack of Holocene rupture
on the CS, and 3 km of spillover rupture from the BCS onto
the southern CS (Personius, 1990; Personius et al., 2012).
We applied asymmetric uncertainties for several segment
boundaries. The uncertainty for the BCS and WS is 3 to 8
km (depending on the segment; Figure 4.1-5), which accounts
for the spillover rupture that occurred during earthquake W2
(DuRoss et al., 2012; Personius et al., 2012). An asymmetric
uncertainty for the PS and NS (+4, -13 km for the southern
PS and +5, -17 km for the northern NS) is based on over-
lap between the two segment traces, the total length of the
northern strand of the Nephi segment. See Appendix B for
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Figure 4.1-3. Intermediate rupture models for the central WFZ. Upper panel is the same as in Figure 4.1-2. Intermediate model A consists of
single-segment ruptures (gray boxes showing 2¢ ranges) and multi-segment ruptures B4+W5, B3+W4, and S2+P3 (orange boxes showing 2c
ranges). Intermediate model B includes P3+N3 in place of S2+P3. Intermediate model C has single-segment ruptures as well as multi-segment
ruptures B4+W5 and B3+W4. Solid horizontal lines indicate mean earthquake times (dashed lines indicate modal times for select earthquakes). Red
lines with gray-shaded fill are earthquake-timing PDFs derived from our integration of site paleoseismic data (see Appendix B for discussion and
explanation of site abbreviations). Base map is aerial imagery (https:/gdg.sc.egov.usda.gov/) overlain on shaded topography generated from 10-m

digital elevation data (https:/Ita.crusgs.gov/NED).

additional descriptions of geologic data used to constrain the
segment-boundary uncertainties. We used these uncertain-
ties to define a range of rupture-lengths for both single- and
multi-segment ruptures (Figures 4.1-5 and 4.1-6; Table 4.1-6);
see Appendix B for additional discussion.

4.1.7 Characteristic Magnitudes
We calculated M, for central WFZ rupture sources (e.g.,

single segments or combinations of segments) using four
earthquake-magnitude regressions for Type A faults in-

cluded in Table 4.3-5 (Section 3.5). Weighted mean estimates
of My, range from M 7.1 to 7.5 (Table 4.1-6), including es-
timates of M 7.1 to 7.3 for single-segment rupture sources
and M 7.4 to 7.5 for multi-segment rupture sources. We used
SRL-M and My—M regressions to define My, for both sin-
gle and multi-segment rupture sources. Estimates of M based
on SRL account for median and range SRL (Table B-16) de-
termined using the segment-boundary uncertainties (Table
B-17). Estimates of M as a function of M, include uncertain-
ties in SRL, down-dip rupture length, and fault-parallel dis-
placement. Down-dip rupture length is a function of fault dip
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Figure 4.1-4. Multi-segment rupture model for the central WFZ consisting of single-segment ruptures (gray boxes showing 2¢ ranges) and multi-
segment ruptures (orange boxes showing 2c ranges). Solid horizontal lines indicate mean earthquake times (dashed lines indicate modal times
for select earthquakes). Red lines with gray-shaded fill are earthquake-timing PDFs derived from our integration of site paleoseismic data (see
Appendix B for discussion and explanation of site abbreviations). Base map is aerial imagery (https:/gdg.sc.egov.usda.gov/) overlain on shaded

topography generated from 10-m digital elevation data (https:/Ita.cr.usgs.gov/NED).

(50° £ 15°; Section 2.1.1) and seismogenic depth (12 to 18 km;
Section 3.2). Displacements included in the M, calculations
are the mean, minimum, and maximum values per source
determined using the modeled displacement profiles (Table
4.1-3). For the single-segment rupture sources, M, ranges
from M 6.9 to 7.1 (5th percentile values) to M 7.2 to 7.5 (95th
percentile values), consistent with M estimates for historical
BRP earthquakes (the 1915 Pleasant Valley, 1954 Dixie Val-
ley, 1959 Hebgen Lake, and 1983 Borah Peak earthquakes)
ranging from M 6.8 to 7.6 (Wells and Coppersmith, 1994;
Stirling et al., 2002; Wesnousky, 2008).

4.2 Wasatch Fault Zone End Segments

We classify five segments of the WFZ as end segments: the
Collinston (CS), Clarkston Mountain (CMS), and Malad City
(MCS) segments on the north, and the Levan (LS) and Fay-
ette (FS) segments on the south (Figure 1-2). Although the
end segments show evidence for late Quaternary surface
faulting, they are distinguished from the central segments
by significantly lower rates of activity, and only the LS and
FS have fault scarps on latest Pleistocene to Holocene-aged
deposits (post-Lake Bonneville highstand). On-trend with
the BCS, the CS extends northward 30 km from the seg-
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Figure 4.1-5. Rupture lengths (red) and segment-boundary uncertainties for single-segment ruptures on the WFZ central segments. Yellow boxes
correspond to segment-boundary uncertainties defined using the geometry and timing of faulting and paleoseismic data (Appendix B). White dots
show paleoseismic sites, and blue dashed lines are straight-line length measurements (between rupture ends) showing median rupture lengths
(e.g., 35 km for the BCS). See text and Table B-17 (Appendix B) for discussion of individual segment-boundary uncertainties. Shaded topography
generated from 10-m digital elevation data (https:/Ita.cr.usgs.gov/NED).

43



44

Utah Geological Survey

WSHSICS

[

Figure 4.1-6. Segment-boundary uncertainties for multi-segment ruptures (red) on the central WFZ. Yellow boxes correspond to segment-
boundary uncertainties defined using the geometry and timing of faulting and paleoseismic data, and are the same as those defined for single-
segment ruptures (Figure 4.1-5). White dots show paleoseismic sites, and blue dashed lines are straight-line length measurements (between rupture
ends) showing median rupture lengths (e.g., 91 km for the BCS+WS multi-segment rupture source). See text and Appendix B for discussion of
individual segment-boundary uncertainties. Shaded topography generated from 10-m digital elevation data (https:/Ita.cr.usgs.gov/NED).

Table 4.1-6. M, distributions for central WFZ rupture sources.

Rupture Source Wt. Mean Mgpar 5th Percentile Mcpar 95th Percentile Mgpar
Brigham City (BCS) 7.06 6.87 7.24
Weber (WS) 7.28 7.04 7.50
Salt Lake City (SLCS) 7.12 6.91 7.28
Provo (PS) 7.29 7.07 7.51
Nephi (NS) 7.14 6.92 7.35
BCS+WS 7.42 7.27 7.56
SLCS+PS 7.41 7.22 7.52
WS+SLCS 7.50 7.37 7.69
PS+NS 7.44 7.22 7.65
SLCS+PS+NS 7.52 7.35 7.62

Weighted (Wt.) mean characteristic magnitude (M,,,) and 5th—95th percentile ranges are based on the weighting of four SRL—M and
My—M regressions discussed in Section 3.5 as well as fault-rupture parameters included in Section 4.1 and discussed in Appendix B.
All rupture sources considered A faults.
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ment boundary near Honeyville, Utah. At the northern end of
the CS near Plymouth, Utah, the WFZ steps left 6 km along
the transverse Short Divide fault to the southern end of the
19-km-long CMS, which extends about 8 km into Idaho. Ma-
chette et al. (1992) defined the CMS—MCS boundary as being
at the Woodruff spur, a bedrock salient along the front of the
Malad Range 14 km south of Malad City, Idaho. However,
more recent mapping indicates that the CMS—MCS bound-
ary is a relay ramp, characterized by a 3-km right step and
9 km of en echelon overlap (Long et al., 2004, 2006). The
MCS terminates northward near Marsh Valley, Idaho (Haller
and Lewis, 2004, citing geologic mapping of Pope et al.,
2001), giving the segment a straight-line length of 48 km. At
the southern end of the WFZ, the 31-km-long LS continues
southward on-trend with the NS, but is separated from the
NS by a 5-km gap in late Quaternary surface faulting. Like
the CMS—MCS boundary, the LS—FS boundary is also a relay
ramp, characterized by a 4-km left step and 10 km of en ech-
elon overlap (Hylland and Machette, 2008). The 22-km-long
FS terminates near the town of Fayette, Utah.

4.2.1 Paleoseismic Data Sources

Paleoseismic data are very limited for the WFZ end seg-
ments, and only a single fault trench study (on the LS [Jack-
son, 1991]) has been conducted. After an initial aerial pho-
tography evaluation and reconnaissance of the northern end
segments by Cluff et al. (1974) to as far north as the vicinity
of Malad City, Idaho (42.229° N.), subsequent reconnaissance
led to segmentation models being proposed by Schwartz
and Coppersmith (1984) and later refined by Machette et al.
(1992). Hylland (2007a) conducted additional paleoseismic
reconnaissance of the CS and CMS, including scarp profil-
ing in the Honeyville area (CS—BCS boundary) and at El-
grove Canyon (CMS). Also in the Honeyville area, Personius
(1990) measured vertical scarp offsets during surficial geo-
logic mapping of the BCS and southern CS. M.D. Hylland
and W.M. Phillips (Idaho Geological Survey) conducted an
aerial reconnaissance of the entire MCS and limited ground
reconnaissance of scarps near Elkhorn Mountain in 2012, but
no other neotectonic work has been done on the MCS since
the scarp and lineament mapping of Cluff et al. (1974).

On the LS and FS, an initial aerial photography evaluation
and reconnaissance by Cluff ez al. (1973) was followed by pa-
leoseismic reconnaissance and scarp profiling by Machette et
al. (1992), additional scarp profiling and diffusion-equation
modeling by Hylland (2007b), and surficial geologic mapping
by Hylland and Machette (2008). Also, Crone (1983a) and
Schwartz and Coppersmith (1984) reported radiocarbon dat-
ing results for charcoal collected from faulted fan alluvium
that constrained timing of the most recent surface-faulting
earthquake on the LS. Finally, Jackson (1991) supplemented
his paleoseismic data from the Skinner Peaks trench site on
the LS with logging of a natural exposure of the fault at Deep
Creek, including thermoluminescence dating of a buried soil
beneath scarp-derived colluvium.

4.2.2 Earthquake Recurrence, Displacement,
and Slip Rates

The low rates of activity on the WFZ end segments generally
preclude determining recurrence intervals. Earthquake tim-
ing is constrained by numerical ages for only two surface-
faulting earthquakes; both of these were on the LS, and large
uncertainty in the time of the penultimate earthquake results
in a poorly constrained recurrence estimate for just a single
seismic cycle. Timing of the most recent surface faulting
on the CMS and FS can be estimated from geologic rela-
tions, but no other earthquake timing data exist for the FS
and three northern end segments, so earthquake recurrence
cannot be determined.

The three northern WFZ end segments are characterized
by steep, abrupt range-front escarpments and steep, linear
gravity gradients parallel to the fault zone (Zoback, 1983),
indicating overall structural continuity and late Quaternary
fault activity. However, fault scarps are generally absent on
deposits of Lake Bonneville age (30-12 ka) and younger
(Personius, 1990; Machette et al., 1992; Hylland, 2007a). The
only documented fault scarps on Quaternary deposits along
these segments include possible scarps on “older” alluvium
on the MCS (Cluff et al., 1974), a scarp on late Pleistocene al-
luvium at the mouth of Elgrove Canyon on the CMS (Biek et
al., 2003; Hylland, 2007a), and scarps on various deposits of
middle Quaternary age and younger in the Coldwater Canyon
reentrant near Honeyville (CS—BCS boundary) (Personius,
1990). These latter scarps include small fault scarps on Bonn-
eville lake cycle deposits and Provo-aged (Bonneville regres-
sive phase) fan alluvium, and have been interpreted as being
associated with the northern extent of surface faulting on the
BCS, and not with CS surface faulting (Personius, 1990; Hyl-
land, 2007a). Outside of the Coldwater Canyon area, much of
the inferred trace of the northern WFZ end segments lies at
or closely below the elevation of Lake Bonneville’s highstand
shoreline, so the unfaulted lake deposits date to around the
time of the lake’s highstand (~18 ka). Therefore, the timing
of most recent surface faulting on the three northern end seg-
ments can only be constrained as predating the Lake Bonn-
eville highstand, and the timing of earlier surface-faulting
earthquakes is unknown.

For the northern end segments, per-event vertical displacement
can be determined only for the CMS. Hylland (2007a) estimat-
ed a per-event vertical displacement of 2 m for the CMS based
on scarp-profile analysis and geomorphic evidence for two
surface-faulting events at Elgrove Canyon. This displacement
value and a minimum elapsed time since the most recent sur-
face-faulting earthquake of 18 kyr yield a maximum geologic
(open-ended) vertical slip rate of 0.1 mm/yr (Hylland, 2007a;
Table 4.2-1). The latest Pleistocene—Holocene slip rate for the
CS is likely similar, assuming a displacement value similar to
that of the CMS (similar also to the mean vertical displacement
of 2.2 m for the six central WFZ segments; DuRoss, 2008).
A maximum of 12 m of net geomorphic surface offset of fan
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Table 4.2-1. Displacement, slip rate, and recurrence for the WFZ end segments.

Utah Geological Survey

Segment Timing of Most Net Displ. or Time Slip Rate WGUEP Slip Rate | Recurrence
Recent Surface Offset | Interval (mm/yr) Consensus Range Interval
Surface Faulting (m) (kyr) (mm/yr) (kyr)
MCS! Late Pleistocene < 1.5 (est) > 18 <0.08 0.01-0.1 NA
CMS? Late Pleistocene 2.0 > 18 <0.1 0.01-0.1 NA
Cs? Late Pleistocene 2 (est.) > 18 <0.1 0.01-0.1 NA
Long term®: | < 12 300 <004
LS <1.0+£0.2ka 1.8 >4.8-9.8 <0.2-04 0.1-0.6 >3 & < |2%*
1.0-1.5 ka 1.8-3.0 >1.3-33 <0.5-23
- - <0.3+0.1*
- - 0.1-0.6%*
Long term*: | < 4.8 100250 | <0.02-0.05
FS6 Early(?) Holocene 0.8-1.6 <11.5 >0.07-0.1 0.01-0.1 NA
(SW strand)
Latest Pleistocene 0.5-1.3 <18 >0.03-0.07
(SE strand)
Early(?) or middle (?) | No data > 250 NA
Pleistocene
(N strand) - o
Long term*: | <3.0 100-250 <0.01-0.03

NA, not applicable.

! Data from Machette et al. (1992), this report.
2 Data from Hylland (2007a).
3 Data from Personius (1990), Hylland (2007a).

4 Long-term slip rate based on maximum measured scarp heights and estimated age of soil developed on faulted deposits.
3 Data from Jackson (1991), Hylland (2007b), Hylland and Machette (2008); * — Preferred value of Hylland and Machette (2008),
** — Utah Quaternary Fault Parameters Working Group consensus range (Lund, 2005).

¢ Data from Hylland (2007b), Hylland and Machette (2008).

alluvium estimated to be approximately 300 ka based on soil
development (Personius, 1990) yields a longer-term (middle
Pleistocene—Holocene) maximum slip rate for the CS of about
0.04 mm/yr (Table 4.2-1). On average, per-event vertical dis-
placement on the MCS may be smaller than on segments to
the south, given the position of the MCS at the northernmost
extent of the WFZ. This assumption is supported by surface-
offset measurements on the FS (discussed below) at the south-
ernmost extent of the WFZ. An estimated maximum vertical
displacement of 1.5 m and a minimum elapsed time since the
most recent surface-faulting earthquake (MRE) of 18 kyr yield
a maximum geologic (open-ended) vertical slip rate for the
MCS of 0.08 mm/yr (Table 4.2-1).

For the LS, a net vertical tectonic displacement (NVTD)
measurement of 1.8 m for the MRE has been obtained from
the Deep Creek natural exposure (Jackson, 1991; Machette
et al., 1992; Hylland, 2007b). This displacement is similar
to the 1.2 to 2.0 m (average 1.6 m) of net geomorphic sur-
face offset determined from 10 profiles across single-event
scarps along the LS (Hylland, 2007b). The MRE on the LS
occurred shortly after 1.0 = 0.2 ka based on thermolumi-
nescence and radiocarbon age constraints (Jackson, 1991;

Hylland and Machette, 2008). Timing of the penultimate
event is poorly constrained but likely sometime before 6.0
to 10.6 ka (see discussion in Hylland and Machette, 2008),
indicating an inter-event time interval of at least 4.8 to 9.8
kyr. This time interval and a displacement value of 1.8 m
yield a maximum vertical slip rate of 0.2 to 0.4 mm/yr (Ta-
ble 4.2-1). Timing and displacement data from the Skinner
Peaks trench (Jackson, 1991) yield higher, but likely unreal-
istic, maximum slip rates of 0.5 to 2.3 mm/yr (Hylland and
Machette, 2008). A maximum of 4.8 m of net geomorphic
surface offset of fan alluvium estimated to be approximate-
ly 100 to 250 ka based on soil development (Hylland and
Machette, 2008) yields a longer-term (middle Pleistocene—
Holocene) maximum slip rate of 0.02 to 0.05 mm/yr. The
UQFPWG agreed on a consensus slip rate for the LS of 0.1
to 0.6 mm/yr and a poorly constrained recurrence range of
>3 to < 12 kyr (Lund, 2005).

Based on analysis of 12 profiles across single-event scarps,
the vertical displacements and timing of surface faulting vary
for the three different strands of the FS (Hylland, 2007b).
Geologic relations and profile data indicate that the most
recent surface faulting occurred in mid- to early Holocene
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time on the southwestern strand, latest Pleistocene time on
the southeastern strand, and prior to ~250 ka on the north-
ern strand (Hylland, 2007b). The displacement range for the
southwestern and southeastern strands of 0.5 to 1.6 m and
maximum estimated constraining earthquake times of 18 to
11.5 ka yield a minimum vertical slip rate for the FS of 0.03
to 0.1 mm/yr (Table 4.2-1). A maximum of 3 m of net geo-
morphic surface offset (measured on the southestern strand)
of fan alluvium estimated to be approximately 100 to 250
ka based on soil development (Hylland and Machette, 2008)
yields a longer-term (middle Pleistocene—Holocene) maxi-
mum slip rate of 0.01 to 0.03 mm/yr.

The limited earthquake-specific timing data generally
precludes calculation of meaningful recurrence estimates
for the WFZ end segments, so modeling of these segments
uses slip-rate data instead. Based on the estimated slip
rates, the WGUEP established consensus slip-rate ranges
(5th to 95th percentile) of 0.01 to 0.1 mm/yr for the MCS,
CMS, CS, and FS, and 0.1 to 0.6 mm/yr for the LS (Tables
4.2-1 and 4.2-2). For the LS and FS, these ranges repre-
sent total slip rates that result from both single-segment
and multi-segment ruptures. As discussed in Section 4.2.3,
we included both single-segment and multi-segment rup-
ture models to address the aleatory variability of LS and
FS ruptures, and we split the total slip rates evenly be-
tween the two models. In other words, the slip-rate distri-
butions in Table 4.2-2 for the LS single-segment rupture
and the LS+FS multi-segment rupture each generally rep-
resent one-half of the WGUEP consensus LS total slip-
rate values. However, we assigned a 5th percentile LS+FS
multi-segment slip rate that is less than one-half of the 5th
percentile LS consensus slip rate so that the sum of the

5th percentile LS+FS multisegment slip rate (0.005 mm/
yr) and FS single-segment slip rate (0.005 mm/yr) equals
the FS total single-segment slip rate value of 0.01 mm/
yr. The slip-rate distribution for the FS single-segment
rupture represents one-half of the WGUEP consensus FS
total slip-rate values, but the sum of the 95th percentile
single-segment and multi-segment values is greater than
the maximum value of the WGUEP consensus range; how-
ever, the consensus range is derived from minimum slip-
rate values, so we consider the summed values to be ac-
ceptable. In a qualitative sense, the slip-rate distributions
seem reasonable: the FS total slip-rate values are less than
the LS total slip-rate values (by roughly a factor of 2) and
greater than the northern end-segment slip-rate values (by
roughly a factor of 3), which lack evidence for any Holo-
cene surface faulting.

We also include the end segments in the unsegmented WFZ rup-
ture model as described in Section 4.1.5. This model allows for
ruptures along the entire WFZ, irrespective of segment bound-
aries. That is, ruptures that include part of the central segments,
end segments, or both are allowed. For the unsegmented model
slip rate, we used the composite slip rates for the central seg-
ments (Table 4.1-4) and the broad WGUEP consensus range of
slip rates (0.01 to 0.1 mm/yr) for the end segments (Table 4.2-2).

4.2.3 Rupture Models and Characteristic
Magnitudes

In the absence of both earthquake-specific paleoseismic data
and continuous scarps on latest Quaternary deposits, large
uncertainties exist regarding surface rupture lengths on the
three northern WFZ end segments. The segment lengths for

Table 4.2-2. Slip-rate model distributions for the WFZ end segments.

Segment WGUEP Slip Rate Slip Rate Distribution
Consensus Range? (5th-50th-95th percentile)
(mm/yr) (0.2-0.6-0.2 weight)

Malad City (MCS) 0.01 - 0.1 0.01 —0.05-0.1

Clarkston Mountain (CMS) 0.01-0.1 0.01 - 0.05-0.1

Collinston (CS) 0.01 -0.1 0.01 —0.05-0.1

MCS+CMS? - -

MCS+CMS+CS3 - -

Levan (LS), single-segment - 0.05-0.15-0.3

Fayette (FS), single-segment - 0.005 - 0.025 - 0.05

LS+FS - 0.005-0.15-0.3

LS total; single-segment + (LS+FS) 0.1-0.6* 0.055-0.3-0.6°

FS total; single-segment + (LS+FS) 0.01 —0.14 0.01 - 0.175 - 0.35°

! See Table 4.2-1 for slip-rate data.
2 Used for floating rupture length in multi-segment model.

3 Cumulative length for multi-segment model; not modeled rupture length.
4 Total slip rates (single-segment + multi-segment rupture); see text for discussion.
> Summed 5th, 50th, and 95th percentile values (single-segment + multi-segment rupture) for comparison with WGUEP consensus ranges

only; values not used in model.
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the northern segments shown on Figure 4.2-1 and listed in
Table 4.2-3 relate primarily to along-strike changes in fault
geometry coincident with transverse structural features;
whether or not these lengths typify “characteristic” ruptures
is unknown. For the MCS, the median rupture length is the
straight-line distance between the northern end of the seg-
ment as mapped by Pope et al. (2001) and the southern end
of the segment as mapped by Long et al. (2004). Location
uncertainties for both rupture ends are symmetrical (+ 3 km).
For the CMS, Hylland (2007a) used the empirical relations of
Wells and Coppersmith (1994) between vertical displacement
and surface rupture length to evaluate CMS rupture length
relative to the 2-m per-event displacement determined from
a fault scarp at Elgrove Canyon. Hylland (2007a) concluded
that the actual surface rupture length may have been con-
siderably longer than the segment’s 19 km median rupture
length, possibly as long as 30 km. To account for this pos-
sible extra length, location uncertainties for both rupture
ends are asymmetrical (+5, -3 km), and the +5 km uncertain-
ties result in a maximum rupture length of 29 km. For the
CS, the median rupture length is the distance between the
western end of the transverse Short Divide fault on the north
and the southern end of the segment as mapped by Personius
(1990). Location uncertainty for the north end of the segment
is asymmetrical (+3, -6 km) to account for possible rupture
termination on the main north-trending trace of the segment
south of the Short Divide fault. Location uncertainty for the
south end of the CS is symmetrical (+ 3 km) and is based on
the distance of BCS rupture spill-over onto the CS (Perso-
nius, 1990; Hylland, 2007a). Given the large uncertainties in
rupture lengths, we modeled the northern end segments as
both segmented and unsegmented equally weighted. In the
unsegmented model, we used a floating earthquake having a
60-km-long rupture (essentially equal to a combined MCS-
CMS rupture), a minimum magnitude of M 6.75 + 0.25 (from
the DTGR magnitude recurrence model; see Section 3.4), and
an M, commensurate with a 60-km median surface rupture
length. Mg, model distributions for the northern WFZ end
segments are shown in Table 4.2-4.

Geologic and scarp-profile data from the LS and FS indicate
a variety of possible rupture scenarios, including partial and
multi-segment ruptures. Composite scarp morphology on the
southern 15 km of the LS indicates surface faulting during
both the MRE and penultimate paleoearthquakes; the lack of
composite scarp morphology on the northern part of the LS
indicates the penultimate earthquake did not rupture this part
of the segment (i.e., partial-segment rupture; Hylland, 2007b).
Similarly, differences in scarp morphology and age of faulted
deposits indicate differences in the timing of surface faulting
on all three strands of the FS (i.e., partial-segment ruptures;
Hylland, 2007b). Hylland and Machette (2008) interpreted
fault scarps and lineaments on Quaternary deposits in the
LS—FS overlap zone as being associated with structures ac-
commodating a left-stepping transfer of displacement within
a relay ramp, and these structures likely facilitate synchro-
nous rupture between the two segments (Hylland, 2007b;
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Hylland and Machette, 2008). Using the empirical relations
of Wells and Coppersmith (1994) between average displace-
ment, maximum displacement, and surface rupture length,
Hylland (2007b) showed that measured displacements for lat-
est Pleistocene to Holocene ruptures on the short southwest-
ern and southeastern strands (6—10 km) of the FS appear to
require part of the LS to contribute length to those ruptures
(i.e., spill-over ruptures). Finally, given the overlapping ge-
ometry of the LS and FS and an end-to-end (straight-line)
combined length of 46 km (Figure 4.2-1 and Table 4.2-3), we
cannot discount the possibility of a full-length multi-segment
rupture, and include this in our modeling of the LS and FS.

Because of the possibility of partial-segment rupture of the
LS on one hand, and coseismic rupture of subsidiary faults
in the LS and FS overlap zone on the other hand, location
uncertainties for both rupture ends of the LS are asymmetri-
cal (Figure 4.2-1, Tables 4.2-2 and 4.2-3). The uncertainty
at the north end of the LS (+6, -8 km) accounts for the gap
in late Quaternary surface faulting between the LS and NS,
as well as the mapped northern extent of the MRE rupture
on the LS. The uncertainty at the south end of the segment
(+8, -3 km) accounts for the length of subsidiary faults in
the LS and FS overlap area that could rupture coseismically
with the LS. Location uncertainties for both ends of the FS
are symmetrical (£ 3 km); the uncertainties at the north end
encompass the northern extent of composite scarps on the
south end of the LS, which possibly indicate spill-over of
mid- to early Holocene surface faulting on the Fayette seg-
ment (Hylland, 2007b).

We modeled the southern end segments using both single-
segment and multi-segment (LS+FS) rupture sources. Slip
rates for each of the rupture sources were determined assum-
ing the segments rupture individually about half the time and
together about half the time. The single-segment and multi-
segment rupture models were each given a weight of 1.0, and
the slip rate was split evenly between the two models (see
discussion in Section 4.2.2). For the multi-segment rupture,
we used the combined length of the LS and FS (46-km me-
dian rupture length) and assigned a minimum magnitude of
M 6.75 + 0.25 (from the DTGR magnitude recurrence model;
see Section 3.4) and an M, commensurate with a 46-km
median surface rupture length. M,,, model distributions for
the LS, FS, and LS+FS ruptures are shown in Table 4.2-4.

4.3 Oquirrh—Great Salt Lake Fault Zone

The OGSLFZ is the next major range-bounding fault zone
west of the WFZ (Figure 4.3-1). Similar to the WFZ, the
OGSLFZ is a down-to-the-west zone of normal faults that
strikes north-south through the ISB in central Utah. After the
WEFZ, the OGSLFZ is the longest and most active fault zone
in the Wasatch Front urban corridor (Wong et al., 1995, 2002;
Youngs et al., 2000). However, in contrast to the WFZ, the
OGSLFZ has not been studied as thoroughly or in its entirety.
For example, the OGSLFZ is not included in the Quaternary
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Figure 4.2-1. Rupture lengths and segment-boundary uncertainties for single-segment ruptures on the WFZ end segments, and a LS-FS
multisegment rupture (LS+FS). Yellow boxes correspond to segment-boundary uncertainties defined using neotectonic data and best
judgment. Blue dashed lines are straight-line length measurements (between rupture ends) showing median rupture lengths (e.g., 48 km for
the MCS). White dots on Levan segment show paleoseismic sites: DC, Deep Creek; SP, Skinner Peaks. See text for discussion of individual
segment-boundary uncertainties. Note that scale varies among the six maps. Shaded topography generated from 10-m digital elevation data

(https://Ita.cr.usgs.gov/NED).
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Table 4.2-3. Rupture lengths for the WFZ end segments.

Median ~_SRLuncert?(km) pin Max

Rupture SRL! SRL3 SRL3 Notes

Malad City segment 48 +3 +3 42 54 Based on geologic mapping.

(MCS)

Clarkston Mountain 19 +5,-3 +5, -3 13 29 Based on geologic mapping; +10 km

segment (CMS) uncertainty based on empirically
derived segment length using 2
m maximum displacement value
(Hylland, 2007a).

Collinston segment 30 +3, -6 +3 21 36 Based on geologic mapping, plus

(CS) scarp-profile data at southern
segment boundary.

MCS+CMS* 60 +3 +5, -3 54 68 Used for floating rupture length in
unsegmented model.

MCS+CMS+CS* 87 +3 +3 81 93 Cumulative length for unsegmented
model; not modeled rupture length.

Levan segment (LS) 31 +6, -8 +8, -3 20 45 Based on geologic mapping and
scarp-profile data.

Fayette segment (FS) 22 +3 +3 16 28 Based on geologic mapping and
scarp-profile data.

LS+FS* 46 +6, -8 +3 35 55 -

! Median SRL per rupture source based on the linear distance between mapped segment ends.

2 SRL uncertainties at the northern and southern rupture ends based on segment-boundary uncertainties (Figure 4.2-1). Two values indi-
cate asymmetric uncertainties about median value. End segment uncertainties are weighted 0.2, 0.6, and 0.2.

3 Minimum and maximum possible SRL per rupture source based on segment-boundary uncertainties.

4 Cumulative multi-segment lengths avoid double-counting segment lengths that overlap.

Table 4.2-4. M, distributions for WFZ end-segment rupture sources.

Fault

Rupture Source Type Wt. Mean Mcpar 5th Percentile M¢par 95th Percentile Mcpar
Malad City B 7.19 7.01 7.39
Clarkston Mtn B 6.77 6.49 6.98
Collinston B 6.97 6.76 7.12
Northern Floating B 7.29 7.11 7.52
Levan B 6.99 6.72 7.19
Fayette B 6.83 6.59 7.00
Levan+Fayette B 7.16 6.97 7.37
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Figure 4.3-1. Segments of the OGSLFZ, shown in red, from north to south (map sources follow in brackets): RZ — Rozelle,
PY — Promontory, FI — Fremont Island, and Al — Antelope Island segments of the Great Salt Lake fault [Dinter and Pechmann, 2012];
NO — northern Oquirrh segment [Solomon, 1996]; SO — southern Oquirrh segment (SO) [Olig et al., 1999a, 1999b]; (4) TH — the Topliff Hill
segment [Black and Hecker, 1999a]; and, ET — East Tintic segment [Black and Hecker, 1999b]. White lines indicate segment boundaries,
triangles show paleoseismic trench sites, and circles show borehole locations. Base map is aerial imagery (https:/gdg.sc.egov.usda.gov/)
overlain on shaded topography generated from 10-m digital elevation data (https:/Ita.cr.usgs.gov/NED).
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Fault and Fold Database of the United States (USGS, 2013)
as a single fault zone with sections, like the WFZ to the east
and the Stansbury fault zone to west. Instead, the OGSLFZ is
included in the database as several separate, individual faults:
the East Great Salt Lake fault zone, the Oquirrh fault zone,
the Southern Oquirrh Mountains fault zone, the Topliff Hill
fault zone, and the East Tintic Mountains (west side) faults.
Additionally, not all of the OGSLFZ was included in the 2008
NSHM (i.e., the Topliff Hill and East Tintic faults were ex-
cluded; Petersen et al., 2008). Nonetheless, the along-strike
continuity of fault traces that separate mountain ranges to the
east from basins to the west, prompted Youngs et al. (1987,
2000) to first consider the OGSLFZ as a single, but likely
segmented, fault zone in their PSHA of the Wasatch Front.
Subsequent PSHAs in the region have generally followed this
approach (e.g., Wong et al., 1995, 2002), and the WGUEP de-
cided to do so as well based on the along-strike alignment
and continuity of faults, their similarity in slip direction, and
considering their relative similarity to the adjacent WFZ and
Stansbury fault zone, which are also being treated as single
zones with potential individual rupture segments.

The OGSLFZ is about 216 km long (straight line, end-to-
end), extending from north of Rozel Bay in the Great Salt
Lake, south to Furner Pass (Figure 4.3-1). The fault zone is
characterized by a series of discontinuous Quaternary fault
scarps along the west side of the Promontory Range, Fremont
Island, Antelope Island, Oquirrth Mountains, Thorpe Hills,
Topliff Hill, and East Tintic Mountains. Nomenclature for
the OGSLFZ is inconsistent and warrants explanation. As
defined here, the OGSLFZ includes from north to south: (1)
the Rozelle (RZ), Promontory (PY), Fremont Island (FI), and
Antelope Island (Al) segments (which form the Great Salt
Lake fault of Dinter and Pechmann, 2012); and (2) the north-
ern Oquirrh segment (NO); (3) the southern Oquirrh segment
(SO); (4) the Topliff Hill segment (TH); and (5) the East Tintic
segment (ET) (Figure 4.3-1).

The Great Salt Lake fault was previously referred to as the
East Great Salt Lake fault zone by Dinter and Pechmann
(1999, 2000) following Cook et al. (1980). This simple nomen-
clature contrasts with that for the southern part of the OG-
SLFZ (Oquirrh fault zone and segments to the south), which
reflects various interpretations of fault geometry and segmen-
tation. Cook and Berg (1961) referred to the southern OGSLFZ
collectively as the Oquirrh-Boulter-Tintic fault zone. The NO
segment was previously referred to as the Oquirrh marginal
fault by Everitt and Kaliser (1980), the northern Oquirrh fault
zone by Barnhard and Dodge (1988) and Olig et al. (1994), and
the Oquirrh fault zone by Barnhard and Dodge (1988), Olig
et al. (1996), and Solomon (1996). The SO segment includes
the Mercur, Soldier Canyon, West Eagle Hill, and Lakes of
Kilarney faults and was previously referred to as the north-
ern Oquirrh-Boulter-Tintic fault zone by Everitt and Kaliser
(1980) and as the Southern Oquirrh Mountains fault zone by
Wu and Bruhn (1994) and Olig et al. (1999a, 1999b, 2001).
The TH segment was previously referred to as the southern
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Oquirrh Boulter Tintic fault zone by Everitt and Kaliser (1980)
and the Topliff Hill fault zone of Barnhard and Dodge (1988).
The ET segment was previously referred to as the East Tintic
Mountains fault zone by Bucknam and Anderson (1979) and
the East Tintic Mountains (west side) faults by Black and
Hecker (1999b) and Hecker (1993).

4.3.1 Paleoseismic Data Sources

Although the OGSLFZ has not been as thoroughly studied
as the WFZ, various geological, geophysical, and paleoseis-
mic studies have been conducted and were considered by the
WGUEP for modeling the fault zone. We briefly summarize
these data and interpretations below, focusing on the geom-
etry, kinematics, and paleoseismic characteristics (timing,
size and rate of paleocarthquakes) of the fault zone. Unlike
the WFZ, the OGSLFZ has not been discussed collectively as
a seismic source in any detail in previous publications. There-
fore, we have included more detail here, particularly regard-
ing the paleoseismic data used in the WGUEP model.

Previous studies of the OGSLFZ generally fall into two
groups: (1) those of the segments of the Great Salt Lake fault,
which are submerged underwater and have been studied col-
lectively by geophysical and borehole investigations; and, (2)
those of the Oquirrh fault zone and segments to the south,
which are terrestrial and were studied by more conventional
paleoseismic methods. For convenience, we generally follow
that organization below. Additional important data sources
included Hecker (1993), Black ez al. (2003), and Lund (2005).
Lund (2005) previously summarized paleoseismic data and
consensus parameters for the Great Salt Lake fault, and the
NO and SO segments of the Oquirrh fault zone. Both Hecker
(1993) and Black et al. (2003) included all of the faults (albeit
with different names) in their Quaternary fault compilations.
Finally, steep gravity gradients, with lows over basins and
highs over ranges, are variously associated with the differ-
ent segments of the OGSLFZ (Cook and Berg, 1961; Everitt
and Kaliser, 1980; Cook et al., 1989), partly reflecting long-
term along-strike variations in fault behavior; we considered
these Bouger gravity data in developing rupture models and
assigning weights for the fault zone.

Great Salt Lake Fault

Numerous seismic reflection and other geophysical studies
have helped define the geometry of the Great Salt Lake fault
and its segments (e.g., Mikulich and Smith, 1974; Cook et al.,
1980; Viveiros, 1986; Mohapatra and Johnson, 1998; Dinter
and Pechmann, 2000; Coleman et al., 2002; Dinter and Pech-
mann, 2005). From interpretation of hundreds of kilometers
of high-resolution seismic reflection profiles in the south arm
of the Great Salt Lake, along with oil company seismic re-
flection data for both the north and south arms (Bortz et al.,
1985; Viveiros, 1986; Mohapatra and Johnson, 1998), Dint-
er and Pechmann (1999, 2000, 2005) originally identified
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three segments for the fault: the (old) Promontory, Fremont,
and Antelope Island segments (USGS, 2013, fault numbers
2369a, 2369b, and 2369c, respectively). This segmentation
model was largely based on along-strike changes in fault
trace geometry and the heights of lake-bottom fault scarps.
This model was compiled in Black et al. (2003) and used in
the 2008 NSHM (Petersen ef al., 2008). However, subsequent
collection of bathymetry and high-resolution seismic reflec-
tion data in the north arm of the Great Salt Lake has provided
evidence for a previously unrecognized segment boundary
in Rozelle Bay, which is near the middle of the old Promon-
tory segment (Dinter and Pechmann, 2012). This evidence
includes the observation that the lake bottom scarps in the
north arm are significantly larger south of Rozel Bay, sug-
gesting that this section of the fault ruptured more recently
than the section of the fault to the north and that the Great
Salt Lake fault comprises four, instead of three segments
(Dinter and Pechmann, 2014). Based on these data and in-
terpretations, we have broken out the new RZ segment and
revised the PY segment accordingly. From north to south, the
approximate end to end segment lengths are: RZ-25 km, PY-
25 km, FI-25 km, and AI- 35 km (Figure 4.3-1).

The dip of the Great Salt Lake fault affects slip rate and other
important seismic source parameters. Some interpretations
of seismic reflection data show a listric geometry for parts of
the Great Salt Lake fault zone, with near surface dips of about
60° that shallow to less than 20°-30° by depths of 3 to 4 km
(Smith and Bruhn, 1984; Viveros, 1986; Mohapatra and John-
son, 1998). However, we do not consider these interpretations
to be definitive because other interpretations are possible
(e.g., Smith and Bruhn, 1984), and moderately-dipping faults
within the crystalline basement can be difficult to image with
the seismic reflection method.

Evidence for prehistoric earthquakes on the Great Salt Lake
fault includes stratigraphic displacements, subsidiary fault
terminations, and differential tilting interpreted from high-
resolution seismic reflection profiles, with age information
from radiocarbon dates from event horizons sampled in drill
cores along the FI and Al segments. These data indicate at
least three large earthquakes occurred since about 12 ka on
each of these segments, yielding an average recurrence inter-
val of 4200 + 1400 years (with 2¢ uncertainties; Dinter and
Pechmann, 2000, 2005). Table 4.3-1 summarizes the specific
paleoecarthquake timing data and calculated recurrence in-
tervals. With the exception of the youngest event on the Al
segment, limiting ages for the FI and Al are from terrestrial
charcoal extracted from a single core interval spanning the
event horizon (typically ~10 cm long). For the youngest event
on the Al segment, an age of about 0.6 + 0.2 ka was interpo-
lated from terrestrial charcoal dates from two 4-cm core in-
tervals, one above and one below the event horizon. This event
is much younger than the youngest event on the FI segment at
about 3.2 = 0.2 ka. The timing of the youngest events on the
Al and FI is consistent with bathymetry data, which show a
prominent and youthful scarp for the Al segment in contrast

to a more subdued and partially buried scarp for the FI seg-
ment (Baskin and Allen, 2005; Dinter and Pechmann, 2005).
In contrast, the dates of the two older events identified on each
segment appear to overlap at 2¢ (Table 4.3-1). The paleoearth-
quake dates in Table 4.3-1 have not been fully documented in
a peer-reviewed publication. However, the WGUEP reviewed
the supporting seismic, stratigraphic, and radiocarbon dating
information for these paleoearthquake dates and decided that
the data were reliable enough to use in both time-dependent
and time-independent probability calculations.

Based on their review of paleoseismic data for the Great Salt
Lake fault, the UQFPWG assigned consensus recurrence val-
ues of 4200 + 2400 years, with the increased range intended
to help account for the uncertainty resulting from the lim-
ited number of observations (Lund, 2005). At the time of this
study, segment-specific paleoseismic data are not available
for the PY and RZ segments. However, preliminary analysis
of displacements observed in new reflection seismic profiles
acquired in the north arm of the lake suggests that rates of
activity for these segments may be similar to the Al and FI
segments (Dinter and Pechmann, 2012).

Net vertical tectonic displacements (NVTDs) interpreted to
be for the youngest event along the Al segment were mea-
sured at 17 profile locations and integrated to estimate an
along-strike average NVTD of 2.3 = 0.6 m (J.C. Pechmann
and D.A. Dinter, University of Utah, written communication
to UQFPWG; reported in Lund, 2005). NVTD accounts for
antithetic faulting and backtilting, which can be significant
along normal faults (Swan et al., 1980) like the Great Salt
Lake fault. Based on this estimate and their consensus re-
currence intervals, the UQFPWG recommended a vertical
slip rate distribution of 0.3-0.6-1.6 mm/yr (estimated Sth,
preferred value 50th, and estimated 95th percentiles, respec-
tively) for the Great Salt Lake fault zone (Lund, 2005).

Northern Oquirrh Segment

Gilbert (1890) first identified west-facing fault scarps on
Lake Bonneville deposits along the west side of the north-
ern and southern Oquirrh Mountains. Much later, based on
1:50,000-scale geologic mapping, Everitt and Kaliser (1980)
split the fault into two separate zones (essentially the NO and
SO segments) along the northern and southern parts of the
Oquirrh Mountains in Tooele and Rush Valleys, respectively.
Bucknam (1977) and Barnhard and Dodge (1988) separately
mapped both the NO and SO segments (at 1:250,000 scale),
and profiled fault scarps on unconsolidated deposits. Along
the NO segment (USGS, 2013, fault number 2398), Barnhard
and Dodge (1988) measured scarp heights of 2.9 to 10.8 m and
surface offsets of 1.3 to 7.3 m for mostly compound scarps on
late Quaternary sediments. Solomon (1996) mapped the sur-
ficial geology along the fault zone at a 1:24,000 scale. All of
these studies recognized two major sections for the NO seg-
ment: a northern section characterized by nearly continuous
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Table 4.3-1. Paleoearthquake times and estimated earthquake recurrence intervals for the Great Salt Lake fault'.

Timing

Earthquake Pairs

(terrestrially calibrated?, residence

Recurrence Interval (yr)®

corrected?, cal yr B.P.#4)%

Antelope Island segment

EH-A3 586 +201/-241
5584 +219/-172
EH-A2 6170 +236/-234
EH-A2 6170 +236/-234
3728 +223/-285
EH-A1 9898 +247/-302
Fremont Island segment
EH-F3 3150+235/-211
3262 +151/-184
EH-F2 6412 +209/-211
EH-F2 6412 +209/-211
<5015 +587/-424
EH-F1 <11,427 +605/-449

Average single-segment recurrence interval = 4200 + 1400 years®

! Dinter and Pechmann (2005).

2 Radiocarbon years converted to calendar years using Stuiver et al. (1998) terrestrial calibration (CALIB v. 4.3; Stuiver and Reimer, 1993).

3 Correction for carbon residence time in provenance area prior to deposition = 321+191/-171 cal yr, the difference between the terrestrially
calibrated '“C date of Mazama ash interval at Site GSL00-3 (=7994+170/-128 cal yr B.P.) and terrestrial calibration (=7673+113/-86 cal yr
B.P) of published Mazama '“C age (6845+50 '“C yr B.P.; Bacon [1983]).

4 Calendar years before 1950.
3 26 confidence limits.

¢ The mean, with 26 confidence limits, for the three closed recurrence intervals.

fault scarps in alluvium, and a southern section characterized
by a prominent slope break at the bedrock-alluvial fault con-
tact at the base of the range front.

The end-to-end length of 21 km for the nearly continuous
mapped fault length of the NO segment contrasts to the
range front length of about 30 km, and leaves a gap in latest
Quaternary scarps along the base of the range front between
the NO and SO segments (Figure 4.3-1; Everitt and Kaliser,
1980; Barnhard and Dodge, 1988; Solomon, 1996; Olig et al.,
1999a, 1999b). This gap is coincident with the Stockton Bar
salient (Figure 4.3-1), which has been interpreted as form-
ing a segment boundary between the NO and SO segments
(c.g., Everitt and Kaliser, 1980; Olig et al., 1994; Youngs et
al., 2000; Wong et al., 2002). The Stockton Bar is a promi-
nent sandbar deposited during the Lake Bonneville highstand
(Gilbert, 1890) on a bedrock and topographic high that forms
a salient between Tooele Valley to the north and Rush Val-
ley to the south (Cook and Berg, 1961; Everitt and Kaliser,
1980; Cook et al., 1989). The Stockton Bar salient is near
Kelsey Peak (elevation 3162 m), an adjacent high point in the
Oquirrh Mountains, and appears similar in some respects to
the Traverse Mountains salient of the SLCS of the WFZ. The
location of these salients may have been influenced by older
pre-existing structures (Smith and Bruhn, 1984; Helm, 1995).
At the northern end of the NO segment, newly identified fault
scarps that lie under Great Salt Lake north of Lakepoint (D.A.
Dinter, University of Utah, written communication, January
2010) are considered here to be part of the NO segment (and

its 21 km length) because of their along-strike alignment and
proximity to the rest of the NO segment.

Olig et al. (1994, 1996) conducted detailed paleoseismic
trench studies at two sites along the northern portion of the
NO segment at Big and Pole Canyons (Figure 4.3-1). At Big
Canyon, three trenches revealed structural and stratigraphic
evidence for one event with 2.2 m (2.0 to 2.7 m) of NVTD
(inferred from colluvial-wedge thickness and accounting for
antithetic faulting, drag folding, and backtilting) between
4800 and 7900 cal yr B.P. based on three radiocarbon ages
(Olig et al., 1994; 1996). Lake Bonneville deposits showed
no evidence for additional faulting events, so apparently no
other events occurred since about 20 ka.

At Pole Canyon, a single trench exposed structural and strati-
graphic evidence for two events with indirect evidence for
a third older event. Based on stratigraphic correlations, the
youngest event at Pole Canyon was inferred to correlate to
the event exposed at Big Canyon and resulted in 2.7 m (2.2
to 3.3 m) of NVTD, measured on offset tufa-cemented re-
gressive beach deposits. Three radiocarbon ages, along with
Lake Bonneville stratigraphy, constrained the timing of the
penultimate event between 20,300 and 26,400 '“C yr B.P. and
the antepenultimate event to before 32,800 *C yr B.P. (Olig
et al., 1994, 1996). Note that at the time of Olig et al.’s (1994,
1996) study, only radiocarbon ages, not calibrated ages,
were reported for the penultimate event because the calendar
calibration curve (Stuiver and Reimer, 1993) did not extend



Earthquake probabilities for the Wasatch Front region in Utah, Idaho, and Wyoming

back to the time of the penultimate event. Based on colluvial
wedge thickness and comparison to the MRE wedge, Olig
et al. (1994, 1996) estimated 2.3 m (1.9 to 2.9 m) of NVTD
for the penultimate event, a recurrence interval of 13,300 to
22,100 'C years, and vertical slip rates ranging from 0.1 mm/
yr (2.2 m/22,100 years) to 0.2 mm/yr (2.7 m/13,300 years) for
the interval between the most recent and penultimate earth-
quakes. In comparison, their estimates of open-ended verti-
cal slip rates since the time of the penultimate event at Pole
Canyon range from 0.19 mm/yr (5.0 m/26,400 '“C years) to
0.25 mm/yr (5.0 m/ 20,300 'C years).

Based on their review of all of the paleoseismic data, the
UQFPWG recommended a consensus vertical slip rate dis-
tribution of 0.05-0.2-0.4 mm/yr for the NO segment (Lund,
2005). Their census recurrence interval distribution for the
NO segment is 5-20-50 kyr.

Southern Oquirrh Segment

Gilbert (1890) observed scarps along the southern Oquirrh
Mountains that he interpreted to be related to post-Lake
Bonneville faulting, similar to those along the northern
Oquirrh Mountains. Atwood (1916) disagreed that the south-
ern part of the range was faulted, but Gilluly (1928, 1932) pro-
vided conclusive evidence for the SO segment (USGS, 2013,
fault number 2399), including fault exposures, stratigraphic
offsets, structural relief, and topographic relief. He estimated
a cumulative throw of 915 to 1524 m across the four, main,
north-northwest-striking, down-to-the-west, normal faults
(Soldier Canyon, Lakes of Kilarney, Mercur, and West Eagle
Hill faults; Figure 2 in Olig et al., 2001) that together form the
boundary between Rush Valley to the west and the southern
Oquirrh Mountains to the east.

The SO segment is characterized by discontinuous, en ech-
elon, and overlapping bedrock and late Quaternary fault
scarps that extend from Soldier Canyon on the north, to near
Fivemile Pass on the south, for an end-to-end total length of
about 25 km (Figure 4.3-1; Wu and Bruhn, 1994; Olig et al.,
1999a, 1999b). Measurements of fault orientations and stria-
tions on bedrock faults indicate dominantly dip-slip on two
sets of faults (Wu and Bruhn, 1994). Based on scarp profiles
and their structural analysis, Wu and Bruhn (1994) suggested
that the two sets of faults have grown together through time,
forming a convex fault trace pattern in map view with the
maximum along-strike displacements (both cumulative and
in the late Quaternary) occurring at the apex (i.e., near the
middle of the SO segment on the Mercur fault).

Olig et al. (1999b) conducted detailed mapping of fault
scarps on Quaternary surfaces, mostly on the Mercur and
West Eagle Hill faults, including scarp profiling and soil
studies to help differentiate scarp ages. Their observations
of along-strike displacement patterns also generally support
linkage and possible coseismic rupture of the faults. How-
ever, NVTDs are clearly younger and larger on the Mercur

fault than on the West Eagle Hill fault, respectively averag-
ing 5.8 = 0.5 m versus 1.5 + 0.5 m on intermediate age late
Quaternary surfaces, and ranging from 6 to 10 m versus 3
to 4 m on older late Quaternary surfaces (unit af2 in Olig
et al., 1999b). Furthermore, although range crest elevations
and Quaternary displacements taper to the south on both
faults, neither fault appears to taper to the north, suggesting
that perhaps the SO and NO rupture coseismically and/or
slip could be transferred to bedrock faults such as the Lakes
of Kilarney and Soldier Canyon faults (Olig et al., 1999a,
1999b), or perhaps slip patterns are complicated by younger
sediments draping pre-existing larger scarps. Regardless, it
is noteworthy that although the Rush Valley basin geometry
tapers to the north, with a structural, topographic, and grav-
ity high at South Mountain, to the south the basin does not
taper and the basin fill actually appears thickest, estimated
to exceed 3000 ft (914 m) at the SO-TH segment boundary
(Everitt and Kaliser, 1980).

Early attempts to determine the timing of youngest faulting on
the SO segment came to conflicting conclusions. Everitt and
Kaliser (1980) excavated a shallow trench across the southern
end of the Mercur fault below the Bonneville shoreline. The
trench exposed a 12-m wide graben and Lake Bonneville de-
posits, which they interpreted to be faulted based on the pres-
ence of shear fabric and warping of contacts (B.L. Everitt,
personal communication, 1995). In contrast, Barnhard and
Dodge (1988) re-interpreted the exposure and suggested that
faulting pre-dated the transgression of Lake Bonneville at 17
to 18 ka, which was consistent with their scarp-profile data.
Wu and Bruhn (1994) also suggested faulting was pre-Bonn-
eville based on their scarp-profile data.

Olig et al. (2001) excavated trenches across three en ech-
elon fault scarps of the Mercur fault on older late Quater-
nary fan deposits north of Mercur Canyon (Figure 4.3-1).
The trenches revealed stratigraphic and structural evidence
for five to seven earthquakes, which vertically offset pre-
Bonneville fan deposits 9.25 to 11.1 m. Two charcoal AMS
radiocarbon ages and six infrared stimulated luminescence
(IRSL) ages for fan sediment (including loess) help con-
strain the timing of events, all of which occurred after 86—
92 ka. This timing constraint includes a previously unpub-
lished IRSL age for sample MCET2-L5Y, which we report
here as 85.6 + 6.1 ka.

Four of the events at the Mercur Canyon site occurred on
the main westernmost trace since 75 + 10 ka, including the
youngest event shortly after 4430 to 4830 cal yr B.P., but well
before 1295 to 1530 cal yr B.P. (Olig ef al., 2001). The age of
this youngest event compares favorably with cosmogenic '“C
ages determined for a bedrock scarp of the northern Lakes of
Kilarney fault, which suggest that faulting occurred around
4360 + 1220 cal yr B.P. (Handwerger et al., 1999). Addition-
ally, the 75 ka age, which is an average of two IRSL ages
for an A, soil horizon on loess predating the western scarp,
compares favorably with '°Be/?°Al cosmogenic dating of
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quartzite boulders on the upthrown fan surface that suggest a
minimum age of 75 £+ 5 ka (Mattson and Bruhn, 2001).

Olig et al. (2001) estimated an average recurrence interval for
the past five to seven events of 12 to 25 kyr. They estimated
average vertical displacements per event of 1.3 to 2.2 m and
an average vertical slip rate of 0.09 to 0.14 mm/yr since 92 ka
at Mercur Canyon. In comparison, Mattson and Bruhn (2001)
estimated a slip rate of ~0.1 mm/yr since 50—60 ka based on
their diffusion modeling of the formation of the western fault
scarp at Mercur Canyon. From review of all the paleoseismic
data, the UQFPWG recommended rates for the SO segment
that were similar to the NO segment, with a consensus verti-
cal slip rate distribution of 0.05-0.2-0.4 mm/yr (Lund, 2005).
Similarly, their consensus recurrence-interval distribution
for the SO segment is: 5-20-50 kyr.

Topliff Hill Segment

The TH segment extends south of the SO segment along the
southeastern margin of Rush Valley (Figure 4.3-1). The TH
segment was first mapped by Bucknam (1977) and was also
included on the geologic map of Moore and Sorrenson (1979),
but it has not been trenched and remains poorly understood.
As included here, the TH segment (USGS, 2013, fault num-
ber 2407) is characterized by discontinuous, down-to-the-
west scarps that overall trend north-south for about 20 km
along the margin between Rush Valley to the west and the
Thorpe Hills, Topliff Hill, and the northern end of the East
Tintic Mountains to the east (Figure 4.3-1; Black and Heck-
er, 1999a). Much of the southern portion of the TH segment
along the East Tintic Mountains is characterized by a sharp,
linear bedrock-alluvial contact with a faceted range-front and
active alluvial apron, although some short scarps on an al-
luvial fan surface were mapped by Everitt and Kaliser (1980;
southern end of Plate I1Ic) and Black and Hecker (1999a).

Scarps of the TH segment are generally above the Bonnev-
ille shoreline, but a notable exception is at a site along the
northwest margin of Topliff Hill, site #1106 of Everitt and
Kaliser (1980). They found that scarps are generally higher
on older surfaces, and observed smaller scarp heights (4.5 to
10 feet) for those faults below the Bonneville shoreline than
for fault scarps above the shoreline (heights of 22 to 25 feet),
suggesting repeated faulting “into post-Bonneville time.”
They interpreted the faulted fan surface at this site as post-
Bonneville highstand (that is < 18,000 cal yr B.P. after Reheis
et al., 2014). They also augered three holes (shown in their
Figure 11 but not discussed in the text), which show elevation
differences for subrounded gravels across the fault; however,
these elevation differences are ambiguous because they could
be either fault-related or depositional.

In contrast, Barnhard and Dodge (1988) re-interpreted fault-
ing on the TH segment to be older than the Bonneville shore-
line at site #1106. They interpreted the alluvial-fan surface
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to be wave-etched by the Bonneville highstand and thus pre-
Bonneville in age. They also inferred an older age for the
TH scarp compared to the Bonneville highstand based on a
quantitative comparison of scarp morphologies.

Based on review of all the data and interpretations, we found
the surficial relations ambiguous regarding whether faulting
on the TH segment predates or postdates the Bonneville high-
stand. The fan at site #1106 is clearly pre-Bonneville for the
reasons noted by Barnhard and Dodge (1988), but below the
shoreline the fan surface is also clearly eroded into and thus is
also post-Bonneville. As the scarp appears smaller below the
shoreline, but is still preserved (and not eroded away by trans-
gression of the lake), faulting could have occurred after the
shoreline was formed as Everitt and Kaliser (1980) originally
interpreted. Alternatively, the scarp could be smaller below
the shoreline because it has been partially eroded by trans-
gression of the lake, although this seems less likely given the
prominent scarp morphology visible in Google Earth imag-
ery. Importantly, Barnhard and Dodge (1988) interpreted pre-
Bonneville faulting for the SO segment based on scarp mor-
phology data, and yet trenching revealed evidence for much
younger Holocene faulting. Regardless, the age of youngest
faulting along the TH segment remains unclear and needs ad-
ditional subsurface investigation.

Slip rate and recurrence data are lacking for the TH segment.
Barnhard and Dodge (1988) measured scarp heights of less
than 2 m to over 7 m on unconsolidated deposits. Hecker
(1993) gave a maximum displacement of 5.8 m, but she did
not report the measurement location, whether the measure-
ment represents surface offset or vertical displacement, or an
associated age of faulted deposits. The USGS (2013) catego-
rizes the TH segment as having a slip rate of less than 0.2
mm/yr, but also emphasizes that scarp ages are uncertain.

East Tintic Segment

The ET segment is the southernmost segment of the OGSLFZ
(Figure 4.3-1). Although scarps were originally identified
by Goode (1959) and included on geologic maps by Morris
(1975, 1987), the ET segment is even more poorly understood
than the TH segment and has not been trenched. As included
here, the ET segment (USGS, 2013, fault number 2420) is
characterized by isolated and highly dissected remnants of
scarps that overall trend north-south for about 41 km along
the western range front of the East Tintic Mountains. The ET
segment also includes overlapping, subparallel traces along
Furner Ridge, as well as an apparent along strike 4-km gap in
faulting (Figure 4.3-1; Black and Hecker, 1999b).

Little is known about rates of activity on the ET segment.
Unlike other Quaternary scarps in the Delta 1°x 2° quadran-
gle, Bucknam and Andersen (1979) did not profile scarps of
the ET segment, but suggest that their appearance on aerial
photographs implies “that they are among the oldest scarps
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that we have recognized in western Utah” because they are
highly dissected and largely buried by alluvium of several
different ages. The USGS (2013) categorizes the ET segment
as having a slip rate of less than 0.2 mm/yr.

4.3.2 Analyses and Fault Source Parameters

This section describes the fault parameters assigned to
the OGSLFZ by the WGUEDP, including distributions and
weights. Details of some of the supporting analyses are in-
cluded in Appendix C.

Timing of Surface Faulting Earthquakes

To augment the data on timing of paleoearthquakes previous-
ly discussed in Section 4.3.1, the WGUEP conducted OxCal
analyses of the paleoseismic trench data for the NO and SO
segments (Appendix C). These analyses allowed all of the ra-
diocarbon ages to be calendar calibrated for the NO segment,
allowed inclusion of a previously unpublished age for the
SO segment, reduced uncertainties in the timing of several

events, and provided probability density functions of ages for
comparison and further rate analyses (as discussed in Section
3.4). The OxCal analyses were conducted using a similar ap-
proach to the WFZ, but were greatly simplified because of the
limited number of trench sites and data; therefore, additional
analyses were not needed to compare the PDFs for the timing
of events between different sites. Appendix C-1 shows the
input OxCal models and Appendix C-2 shows the results for
the NO and SO segments.

Table 4.3-2 summarizes the timing of events identified on the
various segments of the OGSLFZ, including the revised tim-
ing of events from the OxCal analysis of the trench data for
the NO and SO segments. The mean timing of events on the
NO and SO segments did not significantly change, but un-
certainties are generally reduced and in particular the timing
for the most recent events on the NO and SO segments no
longer overlap in the 5th to 95th percentile range. The pa-
leoearthquake times on the AI and FI segments include 26
ranges based on the calibrated radiocarbon ages from Dinter
and Pechmann (2005).

Table 4.3-2. Timing of surface-faulting earthquakes on segments of the OGSLFZ!.

Fault Segment Youngest Event Penultimate Event Older Events
Rozelle (RZ) Holocene (?) unknown unknown
Great | Promontory (PY) Holocene (?) unknown unknown
Salt Lake | Fremont Island (FI) 3150 (+240, -210) 6410 (£210) > 74103
fault? < 11,430 (+610, -450)
Antelope Island (AI) 590 (+200, -240) 6170 (+240, -230) 9,900 (+250, -300)
Northern Oquirrh (NO)* 6320 ( £1600) 27,600 (+3840) >> 33,000
[4970 to 7640] [24,430 to 30,800]
Southern Oquirrh (SO)° 3030 (x1880) Roughly 5 to 31 ka | Two additional events since about
[1460 to 4580] 75 ka; or three to five additional
events since about 92 ka
Topliff Hills (TH) > 18,000° or < 18,0007 unknown unknown
East Tintic (ET) 8 middle and late unknown unknown
Pleistocene (?)

' Updated from Olig et al. (2001) as noted. Mean ages in calendar calibrated radiocarbon years before 1950 (cal yr B.P.), rounded to the
nearest decade, with 2-c errors in parentheses and 5th and 95th percentiles in brackets, except as noted.

2 Timing data from Dinter and Pechmann (2005), except as described in footnote 3.

3 The antepenultimate event occurred within a 12-m-thick salt and sapropel unit. The maximum age for this event is from radiocarbon dating
of charcoal from sediments immediately underlying the salt and sapropel unit (Dinter and Pechmann, 2005). The minimum age comes from a
conservative time estimate of at least 1000 yrs between the penultimate event horizon and the top of the salt and sapropel unit, based on mea-
surements of sediment thicknesses between these two horizons and sedimentation rates estimated for the overlying sediments.

4From analysis in Appendix C, using data from previous studies of the Big Canyon and Pole Canyon trench sites (Olig et al., 1994; 1996).
For comparison, previously the 5th and 95th percentiles of the youngest and penultimate events on the NO segment were respectively
estimated to be 4800 to 7900 cal yr B.P., and 20,300 to 26,400 “C yr B.P. Note that a mean age of 30,910 cal yr B.P. was calculated for
sample OFPC-RC3 (Table C-1) and used in rate calculations for the NO segment (Table 4.3-7).

3 From analysis in Appendix C, using previous timing data for the Mercur fault from Mercur Canyon trench site (Olig et al., 2001) and an
additional unpublished IRSL age (see text for discussion). For comparison, previously the 5th and 95th percentiles of the youngest event
on the SO segment were estimated to be 1300 to 4830 cal yr B.P. Note that the mean of the combined age for the Unit 2a loess of 88,950
cal yr B.P. (Table C-2) was used as the maximum age constraint in rate calculations for the SO segment (see Table 4.3-7).

®Modified from Barnhard and Dodge (1988) based on Lake Bonneville highstand age from Reheis et al. (2014).

7Modified from Everitt and Kaliser (1980) based on Lake Bonneville highstand age from Reheis et al. (2014); see text for discussion.

8 From Bucknam and Anderson (1979).
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Rupture Models and Geometries

Early PSHAs developed a single-segmentation model for
the OGSLFZ that included 5 segments (Wong et al., 1995;
Youngs et al., 2000). More recently, rupture models for the
OGSLFZ have become more complex to better address un-
certainties and incorporate new data (e.g., Wong et al., 2002).

Based on expert opinion and consensus, the WGUEP agreed
on the rupture models and weights for the OGSLFZ in Table
4.3-3. These five rupture models and weights were based on
the data sources discussed in Section 4.3.1 and the timing data
summarized in Table 4.3-2. We tried to include more epis-
temic uncertainty than past models, but not all possibilities
and combinations were explicitly included. To keep the model
manageable, we included those rupture sources judged to be
more likely (with weights of 0.1 or greater), and accounted for
the rest by an unsegmented model with a weight of 0.2.

The basis for each of the OGSLFZ rupture models and
weights in Table 4.3-3 is briefly summarized as follows. Rup-
ture model 2, where each segment is an independent source,
was favored with a weight of 0.4 because of strong differences
or variations in (1) along-strike fault trace geometry between
segments, including gaps, changes in strike, and step-overs,
(2) structural relief, including footwall-range topography and
hanging wall-basin geometry, (3) the timing of the most re-
cent faulting event (although this is poorly constrained for
some segments), and (4) rates of activity among segments (in
many but not all cases). We gave the floating unsegmented
rupture (rupture model 5) the next highest weight of 0.2 for the
OGSLFZ, slightly higher than for the WFZ, because the OG-
SLFZ has fewer paleoseismic data and larger uncertainties.
In the unsegmented model, we assumed the maximum length
of the floating rupture to be three times the average segment
length, allowing for ruptures as long as 87 km. Rupture model
1 includes coseismic rupture of the NO+SO segments and is
weighted 0.15. This model is consistent with Gilbert’s (1890)
original interpretation of faults bounding the Oquirrh Moun-
tains and the absence of a decrease in range elevation at the
NO-SO boundary. It is also supported by the large displace-
ments per event given the relatively short individual NO and
SO lengths, the apparent large displacements at the northern
end of the SO segment based on scarp profiles, the similar
slip rates of the two segments, and the overlap in ages of older

Table 4.3-3. Rupture models for the OGSLFZ*.
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events (although these ages are poorly constrained). Rupture
model 3 includes coseismic rupture of the FI and Al segments
and is also weighted 0.15. Model 3 is supported by the large
displacements per event on the Al segment relative to its short
length, the overlap in timing of the penultimate events on the
two segments, and the similar rates of activity of the two seg-
ments. Finally, rupture model 4 includes coseismic rupture of
the SO and TH segments and is weighted 0.1. Model 4 is sup-
ported by the basin geometry of Rush Valley (with its deepest
point at the SO-TH boundary), the possibility that the timing
of the youngest events overlap (given the uncertainty for the
TH segment), and the large displacements per event given the
relatively short length of the SO segment.

Table 4.3-4 shows the preferred lengths and uncertainties for
all the earthquake sources (segments and combinations of
segments) of the OGSLFZ. Similar to the WFZ, the ranges of
uncertainties were guided by gaps, overlaps, step-overs and
other fault trace complexities. For rupture endpoints with ap-
parent gaps or overlaps in fault scarps on Quaternary depos-
its, we have generally assumed the median boundary to be at
the midpoint. Similar to the central WFZ, the uncertainties
in lengths are correlated with those of the adjacent segments
and multisegment sources have the same coordinates and un-
certainties as the respective segment endpoints (for example,
the northern end of FI+AI source has the same coordinates as
the northern end of the FI source).

As per our default distribution for normal faults (Section 3.2),
we used a dip distribution of 50° £ 15° W, weighted 0.6 +
0.2, for the entire OGSLFZ. Although Wu and Bruhn (1994)
measured slightly steeper dips for bedrock faults of the SO
segment, and seismic reflection profiles suggest a listric ge-
ometry and perhaps shallower average dip for the segments
of the Great Salt Lake fault zone (Smith and Bruhn, 1984;
Viveros, 1986; Mohapatra and Johnson, 1998), we adopted
the default range-bounding, normal-fault distribution for the
entire zone for simplicity.

Displacements

We calculated per event displacement distributions for the
NO, SO, and NO+SO sources using the displacement data
discussed in Section 4.3.1 and the same method used for the
WFZ (fixed and/or best-fit ellipses to the data—see Appendix

Rupture Model Rupture Sources Weight
1 RZ, PY, FI, Al, NO+SO, TH, ET 0.15
2 RZ, PY, FI, Al, NO, SO, TH, ET 0.4
3 RZ, PY, FI+AL NO, SO, TH, ET 0.15
4 RZ, PY, FI, Al, NO, SO+TH, ET 0.1
5 Unsegmented (floating) 0.2

* Rupture sources shown in bold and italics indicate a time-dependent model (weighted 0.8) was also included in the analysis.
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Table 4.3-4. Lengths for the OGSLFZ rupture sources'.

Rupture Median SRL Northern Endpoint Southern Endpoint Min SRL Max SRL
Source (km) Uncertainties Uncertainties (km) (km)
RZ 26.5 +5; -2 +2 22.8 33.1
PY 22.2 +2 +2.7,-33 18.4 26.2
FI 25.6 +2.7,-3.3 +2.3,-2.1 20.0 29.8
Al 337 +2.3,-2.1 +2.9,-2.5 29.6 379
NO 29.7 +2.9,-2.5 +10, -4.5 19.7 344
SO 30.7 +10, -4.5 +2.9,-3.2 24.2 379
TH 23.3 +2.9,-3.2 +2,-8.7 18.2 31.1
ET 39.7 +2,-8.7 +2,-3 31.3 437
FI+AI 57.8 +2.7,-3.3 +2.9,-2.5 52.0 62.3
NO+SO 56.7 +2.9,-2.5 +2.9,-3.2 51.9 62.7
SO+TH 52.1 +10, -4.5 +2,-8.7 47.2 63.2
Floating 87 -- - 80.8 92.8

A1l SRL measured straight-line, end-to-end.

Table 4.3-5. Modeled vertical displacement distributions for selected rupture sources of the OGSLFZ (see Appendix C-4 for details).

Rupture Pref D (m) Min D (m) Max D (m)
Source (weighted 0.6) (weighted 0.2) | (weighted 0.2) No. of Obs. Notes
Average of fixed ellipses
SO 1.56 0.62 2:65 > from five events (P1-P5)
Average of best-fit ellipse
NO 2.075 1.61 2.67 3 from P1 (n=2) and fixed
ellipse from P2
Average of best-fit ellipses
SO+NO 2.055 1.68 2.52 5 from Pl and P2

! Vertical displacement (D).

B for detailed discussion). Inputs are shown in Appendix C-3.
Resulting modeled outputs are shown in Appendix C-4 and
are summarized in Table 4.3-5. Preferred values range from
1.6 to 2.1 m, whereas the full range is from 0.6 to 2.7 m.

Characteristic Magnitudes

Using the displacement distributions in Table 4.3-5, we treat-
ed the NO, SO and NO+SO sources as Type A faults (see Sec-
tion 3.5) for calculating M,,,. We treated all other sources for
the OGSLFZ (RZ, PY, Al FI, AI+FI, SO+TH, TH, ET, and
floating) as Type B faults for calculating M,,,. Table 4.3-6
shows the M, distributions for the various rupture sources
of the OGSLFZ.

Recurrence and Slip Rates

As described in Section 3, we used a variety of different ap-
proaches to characterize rate distributions and available data
for the OGSLFZ rupture sources, which included timing data

in Table 4.3-2 and the slip rate and other paleoseismic data
discussed in Section 4.3.1. The approaches, Poisson rate dis-
tributions, and weights are summarized in Table 4.3-7. Also
included are brief notes on input data, the approaches used,
and weights.

We used a time-dependent BPT model for the FI and AT rup-
ture sources with a weight of 0.8. As fault-specific data are
lacking, we assumed a COV distribution similar to the central
WEFZ (Section 4.1.3). Because rates are much lower for the
NO and SO segments than for the central WFZ and Al and
FI segments, a BPT model was not used for the NO and SO
segments. BPT rate distributions for the FI and Al sources
are shown in Table 4.3-8.

4.4 Antithetic Fault Pairs

The Wasatch Front region contains a number of antithetic
fault pairs-subparallel normal faults that dip toward each oth-
er and are separated by horizontal distances that, depending
on fault dip, could allow the faults to intersect within seis-
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Table 4.3-6. Characteristic magnitude distributions calculated for the OGSLFZ rupture sources.

Rupture Source Fault Type Wt. Mean Mgpar 5th Percentile Mcpar 95th Percentile M¢par

RZ B 6.92 6.73 7.06

PY B 6.83 6.61 7.01

FI B 6.89 6.68 7.04

Al B 7.03 6.84 7.19

NO A 7.03 6.79 7.25

SO A 7.01 6.74 7.20

TH B 6.86 6.63 7.04

ET B 7.09 6.91 7.28

FI+AI B 7.27 7.10 7.50

NO+SO A 7.27 7.09 7.44

SO+TH B 7.24 7.05 7.44

Floating B 7.47 7.28 7.74

Table 4.3-7. Poisson rate distributions for OGSLFZ rupture sources.!
Recurrence (in yrs) or
Source Approach (weight) Vertical Slip Rate Notes
(in mm/yr)?
RZ segment Recurrence Intervals (1.0) 14,103 (0.101) No segment-specific slip rate or event timing data
6300 (0.244) available. Assumed similar rates to the Al segment.
3724 (0.310)
2377 (0.244)
1468 (0.101)
PY segment Recurrence Intervals (1.0) 14,103 (0.101) No segment-specific slip rate or event timing data

6300 (0.244)
3724 (0.310)
2377 (0.244)
1468 (0.101)

available. Assumed similar rates to the Al segment.

FI segment?

Recurrence Intervals (1.0)

13,680 (0.101)
6024 (0.244)
3521 (0.310)
2222 (0.244)
1348 (0.101)

From approach 2 with N=3 and 7= 11,488 yrs
(Table 4.3-1).4

Al segment?

Recurrence Intervals (1.0)

14,103 (0.101)
6300 (0.244)
3724 (0.310)
2377 (0.244)
1468 (0.101)

From approach 2 with N =3 and 7= 9959 yrs
(Table 4.3-1).

NO segment

Recurrence Intervals (0.6)

106,538 (0.101)
36,153 (0.244)
18,453 (0.310)

10,613 (0.244)

5983 (0.101)

From approach 2 with N=2 and 7= 30,971 yrs
(Appendix C-2 and Table 4.3-2).

Slip Rates (0.4)

0.05 (0.2)
0.2 (0.6)

0.4(0.2)

Consensus slip rates from the UQFPWG (Lund,
2005).
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Table 4.3-7. Continued.

Recurrence (in yrs) or

Source Approach (weight) Vertical Slip Rate Notes
(in mm/yr)?

SO segment Recurrence Intervals (0.6) | 37,291 (0.101) From approach 1 with N=5 and 7'= 89,011 yrs
22,366 (0.244) (Appendix C-2 and Table 4.3-2). This alternative of
15,698 (0.310) five events is weighted 0.5.

11,433 (0.244)
8004 (0.101)
24,106 (0101) From approach 1 with N=7 and 7= 89,011 yrs
15,704 (0.244) (distribution weighted 0.5) (see Appendix C-2 and
11,606 (0.310) Table 4.3-2). This alternative of seven events is
8817 (0.244) weighted 0.5.
6441 (0.101)

Slip Rates (0.4) 0.05 (0.2) Consensus slip rates from the UQFPWG (Lund,
0.2 (0.6) 2005).
0.4(0.2)

TH segment Slip Rates (1.0) 0.05 (0.2) No segment-specific paleoseismic data. Assumed
0.2 (0.6) rates similar to the NO and SO segments based on
0.4(0.2) descriptions of scarps and arguments in Everitt and

Kaliser (1980).

ET segment Slip Rates (1.0) 0.025 (0.3) Assumed half the rates of the NO and SO segments,
0.1(0.4) but with broader weights due to larger uncertainties,
0.2 (0.3) based on relatively poor geomorphic expression for

this end segment (Black and Hecker, 1999b).

FI+AI segments

Recurrence Intervals (1.0)

14,103 (0.101)

Used rate distribution of Al segment as it is better

6300 (0.244) constrained and rate distributions are similar.
3724 (0.310)
2377 (0.244)
1468 (0.101)

NO-+SO segments | Slip Rates (1.0) 0.05(0.2) Used slip rate and not recurrence because slip rate
0.2 (0.6) distributions are the same for each segment, whereas
0.4(0.2) the timing of the youngest event on each segment does

not overlap at 26, and the timing of earlier events is
broad.

SO+TH segments | Slip Rates (1.0) 0.05 (0.2) Used slip rate distribution of the SO segment as it is
0.2 (0.6) better constrained.
0.4(0.2)

Floating Slip Rates (1.0) GSLF segments: Similar to the WFZ, we used two rate distributions
0.3(0.2) with higher rates for the portion including the Great
0.6 (0.6) Salt Lake fault segments, and lower rates for the
1.6 (0.2) portion including the other segments. Rates are
Other segments: consensus slip rates from the UQFPWG (Lund, 2005).
0.05(0.2)
0.2 (0.6)
0.4(0.2)

' The time intervals for these calculations are years before 2011: cal yr B.P. ages (yrs before 1950) plus 61 yrs.

2 Followed by weights in parentheses.

3 Time dependent approach also used for this source with Poisson model weighted 0.2, and BPT model weighted 0.8 (Table 7.2-2 for BPT rate distributions).
4 Note added in proof: The Poisson recurrence intervals used in the probability calculations for the Fremont Island segment were incorrect. The effect
of this error was to increase some of the 50-yr probabilities listed for this segment in Table 8.2-2 by 0.1%. The correct recurrence intervals (with their

weights) are as follows: 16,269 (0.101), 7267 (0.244), 4296 (0.310), 2742 (0.244), and 1694 (0.101).
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Table 4.3-8. BPT recurrence interval distributions for the Antelope Island and Fremont Island rupture sources of the OGSLFZ.

Source Recurrence (yrs) Weights Input (yrs)
a=0.3 a=0.5 a=0.7
FI segment 2742 2659 2784 0.101 to = 3211 = lapse time (until 2011)
3401 3696 4274 0.244 t; = 3262 = inter-event time 1
4028 4793 5984 0.310 t, = inter-event time 2, uniform probability
4764 6197 8318 0.244 distribution from 1000 < t, <5015
5885 8521 12,395 0.101 te=5015—1t,
= open interval before earliest event
4112 5029 6461 Weighted
Mean
Al segment 3410 3095 3028 0.101 to = 647 = lapse time (until 2011)
4210 4381 4868 0.244 t; = 5584 = inter-event time 1
4976 5765 7062 0.310 t, = 3728 = inter-event time 2
5877 7546 10,083 0.244 te=0
7232 10,464 15,302 0.101 = open interval before earliest event
5079 6067 7689 Weighted
Mean

mogenic depths. Some of these fault pairs are major range-
front, graben-bounding faults, whereas others consist of a
major range-front fault paired with a subsidiary intrabasin
fault. Important issues when modeling the seismic hazard
presented by antithetic fault pairs are evaluating the poten-
tial for one fault to be truncated at depth by the other fault,
and determining which fault is the non-truncated (master)
fault and which is the truncated (subsidiary) fault. This issue
was discussed by the Basin and Range Province Earthquake
Working Group I (BRPEWGII; Lund, 2012) in the context
of providing recommendations to the USGS for the 2014 up-
date of the NSHMs. At that meeting, Geologic Issue G2 was
stated as: How should antithetic fault pairs be modeled in the
NSHMs? For example, what is the relation and seismogenic
significance of antithetic fault pairs such as the East and West
Cache faults, and strands of the Salt Lake City segment of the
WFZ and the West Valley fault zone?

The BRPEWGII developed recommendations for evaluating
antithetic fault pairs on the NSHMs (Lund, 2012), several of
which apply to our modeling efforts. These recommendations
include the following:

» Explore using metrics to guide selection of master and
subsidiary faults.

- Evaluate dataset for overlapping relations to select the
master fault based on length.

- Evaluate using aspect ratio (length/width) for indi-
vidual antithetic fault pairs.

- Where data allow, structural throw should be used
rather than topographic relief.

- Evaluate using the product of length and throw as a
parameter for selecting the master fault.

» Use subsurface data (e.g., seismic reflection) where
available to guide master fault selection.

* Where available data do not give a clear indication of
the master versus subsidiary fault, model both alterna-
tives using a logic tree approach.

» Use rupture area (rather than surface rupture length) to
determine magnitude for truncated faults.

Each of the three primary metrics (fault length, overlap, and
structural throw/topographic relief) used to identify the mas-
ter versus subsidiary fault in an antithetic fault pair can po-
tentially indicate which fault has been the dominant structure
over time (i.e., master fault). Fault length serves as a proxy for
fault maturity, overlapping relations provide a comparative
indicator of controlling structure, and structural throw/topo-
graphic relief serves as a proxy for long-term slip rate (Haller
and Harmsen, 2011).

4.4.1 Analysis

We initially considered six antithetic fault pairs within the
Wasatch Front region for analysis per the BRPEWGII recom-
mendations:

(I) West Valley fault zone—Salt Lake City segment of
the WFZ

(2) Utah Lake faults—Provo segment of the WFZ

(3) Hansel Valley fault—North Promontory fault

(4) West Cache fault zone—East Cache fault zone

(5) Western Bear Lake fault—Eastern Bear Lake fault

(6) Joes Valley fault zone (west side)—Joes Valley fault
zone (east side)

After reviewing available geologic and paleoseismic informa-
tion for each fault pair, we eliminated the West Cache—East
Cache fault zones and Joes Valley fault zone from the antithet-
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ic fault pair analysis. In the case of the West and East Cache
fault zones, surficial geologic mapping (McCalpin, 1989;
Solomon, 1999) and paleoseismic studies (McCalpin, 1994;
Black et al., 2000; Evans and McCalpin, 2012) indicated dif-
ferences in surface-faulting chronologies among the various
segments of the two fault zones, which suggest independent
activity. Accordingly, we modeled the West Cache and East
Cache fault zones as independent sources, each extending to
full seismogenic depth (see Appendix D). In the case of the
Joes Valley fault zone, structural interpretation of seismic re-
flection profiles (Anderson, 2008) and the narrow width (< 5
km) of the Joes Valley graben indicate that the Joes Valley
faults are linked structures. Accordingly, we modeled the Joes
Valley fault zone as a single source. Based on their similar-
ity to the Joes Valley fault zone, the Snow Lake graben faults
were also modeled as a single source (see Appendix D).

For the four remaining fault pairs (Figure 4.4-1), we attempt-
ed to identify master and subsidiary faults by comparing fault
length, percent overlap, and topographic relief (data were
insufficient to allow us to use structural throw rather than
topographic relief). Fault length is the straight-line, end-to-
end length of the mapped surface trace of the fault or seg-
ment, and with the exception of the Hansel Valley and West-
ern Bear Lake faults, length values are from USGS (2013).
The Hansel Valley—Promontory and Western—Eastern Bear
Lake fault pairs are both graben-bounding fault pairs, and
where the graben-bounding system comprises multiple faults
or segments, we used the combined length of the entire fault
system (e.g., combined length of the Hansel Valley, Hansel
Mountains [east side], and Hansel Valley [valley floor] faults;
combined length of Western Bear Lake and Bear Lake [west
side] faults; and combined length of the Northern, Central,
and Southern sections of the Eastern Bear Lake fault). In
general, greater length can be an indication of the master
fault. Percent overlap shows how much of the length of one
fault or segment is overlapped by the other fault or segment
of the pair; smaller percent overlap can be an indication of
the master fault. Topographic relief reflects the difference
in elevation between the fault and topographic high points
in the footwall of the fault, and includes both maximum and
“average” relief. The mean elevation of five footwall points
equally spaced along the length of the fault, generally on or
near a drainage divide, was used to calculate the “average”
topographic relief. Greater relief can be an indication of the
master fault. Finally, we used the product of length and aver-
age relief to evaluate the fault pairs; a larger product can be
an indication of the master fault. Figure 4.4-2 and Table 4.4-1
summarize the antithetic-fault-pair metrics.

4.4.2 Results

Our analysis of antithetic fault pairs using metrics recom-
mended by the BRPEWGII produced mixed results. For the
West Valley fault zone—Salt Lake City segment (WFZ) and
Utah Lake faults—Provo segment (WFZ) pairs, metrics values
differed substantially between each of the paired faults, pro-

viding a strong indication of master versus subsidiary fault.
Also, these results were consistent with other geologic and
geophysical data related to fault geometry. For the Hansel
Valley fault—North Promontory fault and Western Bear Lake
fault-Eastern Bear Lake fault pairs, differences between
metrics values for each of the paired faults were relatively
small, and the somewhat equivocal indications of master ver-
sus subsidiary fault based on the metrics conflicted with oth-
er available geologic and geophysical data and assumptions
based on regional observations. Ultimately, our identification
of master and subsidiary faults used the metrics to provide
initial results, but we modified these results when other infor-
mation provided a compelling reason to do so.

West Valley fault zone-Salt Lake City segment: The met-
rics for the West Valley fault zone—Salt Lake City segment
pair indicate the Salt Lake City segment of the WFZ is the
master fault. The Salt Lake City segment is longer than the
West Valley fault zone, the entire length of the West Valley
fault zone is overlapped by the Salt Lake City segment, and
the West Valley fault zone has almost no relief compared to
the Salt Lake City segment (Figure 4.4-2, Table 4.4-1).

Utah Lake faults—Provo segment: The metrics for the Utah
Lake faults—Provo segment pair indicate the Provo segment
of the WFZ is the master fault. Relations among the metrics
for the Utah Lake faults—Provo segment pair are very similar
to those for the West Valley fault zone—Salt Lake City seg-
ment pair (Figure 4.4-2, Table 4.4-1).

Hansel Valley fault-North Promontory fault: The met-
rics for the Hansel Valley (+ Hansel Mountains [east side]
+ Hansel Valley [valley floor]) fault-North Promontory fault
pair are equivocal, but give a slight indication of the Han-
sel Valley fault being the master fault (Figure 4.4-2, Table
4.4-1). However, given the distributed nature of the Hansel
Valley fault system versus the more continuous, single trace
of the North Promontory fault, the association of the North
Promontory fault with a significant mountain range, and the
regional pattern of major faults bounding the eastern margins
of individual basins in the eastern Great Basin (see, for ex-
ample, Arabasz ef al., 1992), our consensus is that the North
Promontory fault is very likely the master fault.

Western Bear Lake—Eastern Bear Lake faults: Similar to
the Hansel Valley—North Promontory fault pair, the metrics
for the Western Bear Lake (+ Bear Lake [west side]) fault—
Eastern Bear Lake (Northern, Central, and Southern sec-
tions) fault pair are somewhat equivocal and slightly favor
the Western Bear Lake fault as the master fault (Figure 4.4-
2, Table 4.4-1). However, structural interpretation of seismic
reflection profiles (Smith and Bruhn, 1984; Evans, 1991), as
well as the regional pattern of major faults bounding the east-
ern margins of individual basins in the eastern Great Basin,
indicates the Eastern Bear Lake fault system is likely the
master fault.
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Figure 4.4-1. Antithetic fault pairs in the Wasatch Front region. Arrows indicate segment boundaries. (A) West Valley fault zone and SLCS
of the WFZ. (B) Utah Lake faults and Provo segment of the WFZ. (C) Hansel Valley (+ Hansel Mountains [east side] + Hansel Valley [valley
floor]) faults and North Promontory fault. (D) Western Bear Lake (+ Bear Lake [west side]) faults and Eastern Bear Lake fault. Note that scale
varies among the four maps. Shaded topography generated from 10-m digital elevation data (https:/Ita.cr.usgs.gov/NED).
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Figure 4.4-2. Graphical summary of antithetic-fault-pair metrics. (A) Fault surface-trace length from USGS (2013) except as noted in text
discussion. Greater length can be considered an indication of the master fault (i.e., reflecting fault maturity). (B) Percent of fault length
overlapped by the other fault in pair. Smaller percent overlap can be considered an indication of the master fault (i.e., larger, controlling
structure). (C) Footwall relief. Greater relief can be considered an indication of the master fault (i.e., higher slip rate). (D) Length multiplied by
average relief. Larger product can be considered an indication of the master fault (i.e., reflecting fault maturity and/or higher slip rate).

4.4.3 Model Parameters for Subsidiary Faults

Table 4.4-2 summarizes the model parameters used for the
subsidiary faults of the four antithetic fault pairs evaluated,
including minimum, average, and maximum fault separation
distances (used in conjunction with fault dip to calculate trun-
cation depths for subsidiary faults, and hence rupture area for
earthquake magnitude calculations). Minimum and maximum
truncation depths are 0.7 and 10 km for the West Valley fault
zone, 2 and 22 km for the Utah Lake faults, 0.5 and 15 km for
the Hansel Valley fault, and 1.4 and 9.3 km for the Western
Bear Lake fault. Although the maximum truncation depth for
the Utah Lake faults exceeds the seismogenic depth parameter
used in the modeling (15 + 3 km), we did not account for this
minor discrepancy in the modeling given the small contribu-
tion of the Utah Lake faults to the forecast probabilities.

Table 4.4-2 also shows rupture models for each subsidiary
fault (i.e., independent versus simultaneous rupture) and our
consensus weights. For the West Valley fault zone, higher
weight (0.75) is given to the simultaneous rupture model, as
paleoseismic earthquake timing data (DuRoss and Hylland,
2014) and mechanical modeling constraints (e.g., Xiao and
Suppe, 1992; Bruhn and Schultz, 1996) indicate a high poten-
tial for synchronous rupture (Hylland ef al., 2014). Weights
for the Utah Lake faults are 0.50/0.50, as sparse data preclude
a sound basis for weighting one model higher than the other.
The higher weight (0.60) for independent rupture of the Han-
sel Valley fault stems from the possibility that the 1934 Han-
sel Valley earthquake (M 6.6) may have nucleated on this
fault, based on the presence of surface deformation along the
fault (Walter, 1934; Shenon, 1936; dePolo ef al., 1989), and the
absence of documented surface rupture along the master(?)
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Table 4.4-1. Summary of antithetic-fault-pair metrics.!

Fault or Length? | Percent Max. Ave. Length x | Metrics-based WGUEP
Segment (km) Overlap Relief Relief Relief3 Classification® | Consensus
(m) (m) (km?) Classification®
West Valley 16 100 6 2 0.0 Subsidiary Subsidiary
Salt Lake City 43 40 1950 1070 46.0 Master Master
Utah Lake 31 100 5 4 0.1 Subsidiary Subsidiary
Provo 59 50 1880 960 56.6 Master Master
Hansel Valley’ 30 83 480 250 7.5 Master Subsidiary
N. Promontory 26 100 420 220 5.7 Subsidiary Master®
W. Bear Lake’ 82 82 900 740 60.7 Master Subsidiary
E. Bear Lake® 78 92 600 370 28.9 Subsidiary Master®

!'Shaded cells indicate data suggesting master fault.

2 Length from USGS (2013) except as noted in text discussion.

3 Rupture length multiplied by average footwall relief and rounded to the nearest 0.1 km.

4 Subsidiary fault assumed to be truncated at depth by master fault.

3 Includes Hansel Valley fault, Hansel Mountains (east side) faults, and Hansel Valley (valley floor) faults (see Figure 4.4-1C).
¢ Selection of master fault based on subsurface data and regional observations rather than metrics; see discussion in text.

7 Includes Western Bear Lake and Bear Lake (west side) faults (see Figure 4.4-1D).

8 Includes Northern, Central, and Southern sections.

Table 4.4-2. Model parameters for subsidiary antithetic faults.

Fault or Segment Rupture Model SRL! (km) Dip (Degrees) Fault Separation Distance
(min., ave., max.) (km)
West Valley Independent (0.25) 16 50+ 15 3,9, 14
Simultaneous (0.75)
Utah Lake Independent (0.50) 31 50+ 15 9, 17,31
Simultaneous (0.50)
Hansel Valley Independent (0.60) 30 50+ 15 2,9,14
Simultaneous (0.40)
W. Bear Lake Independent (0.40) 267 50+ 15 6,9,13
Simultaneous (0.60) 243
194

I'SRL, surface rupture length (straight-line, end-to-end).

2 Maximum documented rupture length, used when modeled with a Southern section Eastern Bear Lake fault rupture (SRL = 35 km) or floating rupture
(SRL =39 km) in the unsegmented model for the Eastern Bear Lake fault.

3 When modeled with a Central section Eastern Bear Lake fault rupture (24 km), the Western Bear Lake fault SRL is limited to the SRL of the Central
section Eastern Bear Lake fault to avoid a subsidiary fault SRL that exceeds the master fault SRL.

4 When modeled with a Northern section Eastern Bear Lake fault rupture (19 km), the Western Bear Lake fault SRL is limited to the SRL of the Northern
section Eastern Bear Lake fault to avoid a subsidiary fault SRL that exceeds the master fault SRL.
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North Promontory fault. However, regional and teleseismic
waveform analysis indicates a strike-slip focal mechanism for
the 1934 earthquake (Doser, 1989), and the structural and seis-
mogenic relations between the North Promontory fault and
Hansel Valley fault remain uncertain. For the Western Bear
Lake fault, higher weight (0.60) is given to the simultaneous
rupture model based on the fault’s likely structural relation
with the Eastern Bear Lake fault from interpretation of seis-
mic reflection profiles (Smith and Bruhn, 1984; Evans, 1991).

4.5 Other Modeled Faults

The Wasatch Front region contains 105 Quaternary-active
faults/fault segments in addition to the WFZ and OGSLFZ
(Black et al., 2003; URS Corporation, written communica-
tion, 2010; USGS, 2013). The quantity and quality of pa-
leoseismic information available for those faults/fault seg-
ments is highly variable, and many have no paleoseismic
trenching data. The available data show that these faults/
fault segments range from 2 to 104 km long, have vertical
slip rates from < 0.2 mm/yr to > 1.0 mm/yr, and times of
most recent deformation ranging from historical to Quater-
nary (< 1.6 Ma; USGS, 2013). The fact that these faults can
be recognized and mapped at the ground surface indicates
that they have experienced at least one surface-rupturing
earthquake in the past.

Not all of the 105 Quaternary-active faults/fault segments
possess sufficiently robust seismic parameters to affect a
probabilistic earthquake forecast that ranges from annually to
100 years. The WGUEP established the following screening
criteria to identify faults/fault segments that would not have a
significant impact on the WGUEP earthquake forecast.

1. Faults categorized by their “most recent prehistoric
deformation” by the USGS (2013) as late and middle
Quaternary (< 750 ka) or Quaternary (< 1.6 Ma) if they
could not be plausibly linked to more recently active
faults. See http:/earthquake.usgs.gov/hazards/qfaults/
glossary.php for definitions of the four USGS (2013)
prehistoric deformation timing categories.

2.Faults less than 15 km long, if they cannot be plausibly
linked with other faults/fault segments to form longer
linked fault zones. Faults less than 15 km long are con-
sidered unlikely to generate an earthquake of M > 6.75
(low end of magnitude range assigned by the WGUEP to
recurrence models used to characterize individual fault
sources). Earthquakes smaller than M 6.75 are accom-
modated as background earthquakes in the WGUEP
earthquake forecast.

3. Group consensus — which chiefly involved retaining
short faults (< 15 km) that would have otherwise been
eliminated from further consideration, but that could
be linked to form longer fault zones, even though the

shorter faults are individually mapped and reported in
the literature.

Note, for purposes of this evaluation, criteria used to estab-
lish a plausible link between individual fault strands included
(1) along-strike alignment and continuity, (2) common slip
direction, (3) fault overlaps, and (4) gaps or stepovers along
strike generally <5 km (Wesnousky, 2008; Field et al., 2013;
Biasi and Wesnousky, 2015).

Application of these screening criteria identified 60 faults/
fault segments in the Wasatch Front region considered un-
likely to affect the WGUEP earthquake forecast (Table 4.5-
1) These faults were removed from further consideration in
the WGUEP fault model. Table 4.5-2 lists the remaining 45
faults/fault segments retained as earthquake sources for the
WGUEP earthquake forecast (Figure 1-1). These retained
fault/fault segments were subsequently characterized, and
are hereafter referred to in the forecast as “other modeled
faults.” Faults/fault segments reported in Table 4.5-2 that are
< 15 km long are linked to form longer composite fault zones
(Appendix D); faults/fault segments that are linked in the
forecast share a common superscript number in Table 4.5-2.

Summary parameters from the USGS (2013) for both retained
and deleted faults/fault segments (Table 4.5-3) show that all
of the deleted faults/fault segments except one (Martin Ranch
fault) have slip rates < 0.2 mm/yr; conversely, 37 (80%) of the
retained faults/fault segments have similarly low slip rates, so
slip rate per se was not a discriminating factor for eliminating
faults/fault segments from the WGUEP forecast. Four deleted
faults have times of most recent prehistoric deformation of
latest Quaternary (< 15 ka) and five had deformation times
of late Quaternary (< 130 ka); however, all eight faults are
< 15 km long, and none could be plausibly linked to other
faults/fault segments. All retained faults with lengths < 15
km or times of most recent prehistoric deformation of late
to middle Quaternary (< 750 ka) or Quaternary (< 1.6 Ma)
could be linked with other faults/fault segments to form lon-
ger fault zones considered capable of generating a M > 6.75
earthquake (Table 4.5-2).

Using available paleoseismic information, we character-
ized (modeled) the 45 faults/fault segments retained in the
WGUEP earthquake forecast (Table 4.5-2, Appendix D) us-
ing the following criteria.

* Rupture Model: Includes independent (unsegmented),
linked (multiple short faults combined to form a longer
fault zone), segmented, coseismic (independent or syn-
chronous rupture of antithetic fault pairs), and deep or
shallow penetrating for the Joes Valley fault zone and
Snow Lake graben.

* Probability of Activity: Likelihood that a fault/fault seg-
ment is a seismogenic source capable of generating an
earthquake within the modern stress field. Probabilities
of activity < 1.0 variously reflect the possible influence
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Table 4.5-1 Quaternary-active faults/fault segments in the Wasatch Front region removed from further consideration in the WGUEP

earthquake forecast.

Almy fault zone

Bald Mountain fault

Bear River Range faults

Big Pass fault

Blue Springs Hills faults

Cedar Mountains (east side) faults
Cedar Valley (south side) fault
Clover fault zone

Cricket Mountains (north end) faults
Deseret faults

Dolphin Island fracture zone
Duncomb Hollow fault

East Canyon fault (southern section)
East Kamas fault

East Lakeside Mountains fault zone
East side Sublette Range fault

Elk Mountain fault

Frog Valley fault

Gooseberry graben faults

Hyrum fault

Japanese and Cal Valleys faults
Lakeside Mountains (west side) faults
Little Diamond Creek fault

Long Ridge (northwest side) fault
Long Ridge (west side) fault
Lookout Pass fault

Mantua area faults

Martin Ranch fault

North Bridger Creek fault

North Promontory Mountains fault

Ogden Valley North Fork fault

Ogden Valley northeastern margin faults
Ogden Valley southwestern margin faults
Pavant faults

Pleasant Valley fault zone, Dry Valley graben
Pleasant Valley fault zone, graben
Pleasant Valley fault zone, unnamed faults
Puddle Valley fault zone

Raft River Mountains fault

Round Valley faults

Ryckman Creek fault

Sage Valley fault

Saint John Station fault zone

Saleratus Creek fault

Sheeprock fault zone

Sheeprock Mountains fault

Simpson Mountains faults

Southern Joes Valley fault zone

Spring Creek fault

Sublette Flat fault

Sugarville area faults

The Pinnacle fault

Valley Mountains monocline

Vernon Hills fault zone

Wasatch monocline

Western Bear Valley faults

West Pocatello Valley fault

White Mountain area faults

Whitney Canyon fault

Woodruff fault

of non-seismogenic salt tectonics, geophysical data in-
dicating a fault soles into a detachment surface at shal-
low depth, or that the fault is related to a stress field no
longer active in the study area.

 Fault Category: 4 — WFZ and OGLFZ (considered else-
where in this report); B — segmented faults thought to
behave in a manner similar to the WFZ; C —unsegment-
ed faults and short linked faults; AFP — antithetic fault
pairs where the down-dip width of the secondary fault
is truncated by the primary (master) fault at a relatively
shallow seismogenic depth.

* Surface Rupture Length: Measured straight-line, end-
to-end fault/fault segment length reported in USGS
(2013), unless otherwise noted in Appendix D.

* Dip: Range in crustal fault dip of 50 + 15 degrees as
recommended to the USGS for the 2014 update of the

NSHMs by BRPEWGII (Lund, 2012) and adopted by the
WGUERP for most normal faults in the Wasatch Front re-
gion (section 3.2). Dips are weighted 35° (0.3), 50° (0.4),
65° (0.3). Exceptions are the Joes Valley fault zone and
Snow Lake graben, which based on seismic-profile in-

formation and structural relations, are assigned a dip of
70° + 15° weighted 55 (0.3), 70 (0.4), 85 (0.3).

* Seismogenic Depth: Range of seismogenic depths ad-
opted by the WGUEP of 15 + 3 km weighted 12 km
(0.1), 15 km (0.7), 18 km (0.2) east of the WFZ, and 12
km (0.2), 15 km (0.7), 18 km (0.1) west of the WFZ, un-
less noted otherwise in Appendix D (Section 3.2).

 Vertical Slip Rate: Depending on available paleoseis-
mic data, two types of vertical slip rates may be re-
ported in Appendix D. The first and most common type
is termed a “geologic slip rate” (USGS, 2013), which
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Table 4.5-2 Other modeled faults—Quaternary-active faults/fault segments in the Wasatch Front region, other than the WFZ and OGSLFZ,
retained in the WGUEP fault model. Superscripts indicate linked faults.

Bear River fault zone
Broadmouth Canyon faults!
Carrington fault
Crater Bench fault?
Crawford Mountains (west side) fault
Curlew Valley faults
Drum Mountains fault zone?
East Cache fault zone

Northern segment

Central segment

Southern segment!
East Dayton—Oxford faults
Eastern Bear Lake fault

Northern segment

Central segment

Southern segment
Gunnison fault
Hansel Valley fault?
Hansel Mountains (east side) faults?
Hansel Valley (valley floor) faults?
James Peak fault!
Joes Valley fault zone
Little Valley faults
Main Canyon fault
Maple Grove faults*

Morgan fault
North Promontory fault
Pavant Range fault*
Porcupine Mountain fault
Red Canyon fault scarps*
Rock Creek fault
Scipio fault zone*
Scipio Valley faults*
Skull Valley (mid valley) faults
Snow Lake graben
Stansbury fault
Northern segment
Central segment
Southern segment
Stinking Springs fault
Strawberry fault
Utah Lake faults
West Cache fault zone
Clarkston fault
Junction Hills fault
Wellsville fault
West Valley fault zone
Granger fault®
Taylorsville fault®
Western Bear Lake fault

Table 4.5-3. Fault/fault segment parameters from USGS (2013) for Quaternary-active faults/fault segments other than the WFZ and
OGSLFZ in the Wasatch Front region.

Parameters Retained Faults Excluded Faults
Total! 105 45 60
Slip Rate
<0.2 mm/yr 37 59
> 0.2 mm/yr < 1.0 mm/yr 7 1
> 1.0 mm/yr < 5.0 mm/yr 0
Timing of Most Recent Movement
Historical 1 0
Latest Quaternary < 15 ka 32 4
Late Quaternary < 130 ka 5
Late and Middle Quaternary < 750 ka 21
Quaternary < 1.6 Ma 30
Length
0-10 km 4 29
11 —-20 km 15 17
21-30 km 11 6
31 -40 km 5
>40 km 3

! Excludes the WFZ and OGSLFZ.
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is typically determined from offset geologic features
whose age can be estimated or measured. These rates
usually average slip over a few to many earthquake
cycles. The second type is calculated on the basis of
known times and amounts of slip for two or more pre-
historic earthquakes. Those data are generally obtained
from detailed paleoseismic trenching investigations.
This type of high-quality data is sparse for the “other
modeled faults” in the Wasatch Front region.

* Recurrence Interval: Average time interval between
surface-rupturing earthquakes. Intervals may be based
on numerical dating (e.g., radiocarbon, optically stimu-
lated luminescence, dendrochronology), or non-numer-
ical methods (such as stratigraphy or geomorphology)
(USGS, 2013). Similar to vertical slip-rate data, high-
quality recurrence-interval data are sparse for the “oth-
er modeled faults” in the Wasatch Front region.

* Characteristic Magnitude: M,,, is the characteristic
magnitude for a rupture source, which assumes full rup-
ture of the source and is computed from magnitude re-
lations relating fault length, area, or seismic moment to
magnitude. The “other modeled faults” in the WGUEP
fault model for the Wasatch Front region (Table 4.5-2)
are either B, C, or AFP faults (see section 3.6), the mag-
nitude relations and weights used to determine M,,, for
the “Other” faults are presented in Table 3.6-2.

We used the fault parameter data summarized in Appendix
D to help construct the WGUEP fault model (section 2.1.1).
The fault model uses geologic observations (kinematic and
paleoseismic data) to constrain fault geometry and long-
term fault behavior. The model accommodates fault-specific
complexities that allow analysis of a wide spectrum of earth-
quake sizes and rates in the Wasatch Front region. The data
in Appendix D help address issues of fault segmentation,
single versus multi-segment ruptures, frequency of earth-
quake occurrence, and appropriate M,,, values for individ-
ual faults other than the WFZ and OGSLFZ in the WGUEP
earthquake forecast.

The paleoseismic information used to characterize the faults/
fault segments in Table 4.5-2 comes chiefly from the UQF-
PWG consensus preferred recurrence-interval and vertical
slip-rate estimates for Utah Quaternary faults having pa-
leoseismic trenching data (Lund, 2005), URS Corporation
seismic-source parameter data for faults/fault segments in
the Wasatch Front region (URS Corporation, written com-
munication, 2010), the USGS (2013), and geologic literature
available for individual faults/fault sections (see Appendix D
for additional notes on information sources).

In addition to the weights assigned to the preferred ranges
of crustal dips and seismogenic depths (see above), we also
assigned weights where appropriate to alternative rupture
models, to probability of activity, and to vertical slip-rate and
recurrence-interval ranges. These weights reflect the con-
sensus of the WGUEP based upon the available geologic and
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paleoseismic information available for the 45 faults/fault seg-
ments retained in the WGUEP model (Table 4.5-2).

4.6 Estimated Surface-Faulting Earthquakes
<18 ka in the WGUEP Wasatch Front Region

This section presents an estimate (minimum/preferred/
maximum) of surface-faulting earthquakes in the WGUEP
Wasatch Front region (Figure 1-1) for the past 18 kyr (Table
4.6-1). Hecker (1993) made a similar earthquake estimate for
the past 15 kyr in the Wasatch Front region as defined by
Arabasz et al. (1992). The boundaries of the Arabasz et al.
(1992) region are approximately the same as the WGUEP re-
gion on the north, west, and south, but extend an additional
96 to 112 km farther east to the western part of the Uintah
Basin (Hecker, 1993, Figure 8). Hecker (1993) evaluated 37
faults or fault segments believed to exhibit evidence of lat-
est Pleistocene (< 15 ka) displacement. Time of faulting was
chiefly evaluated based on the relation (younger or older) of
fault displacement with Lake Bonneville highstand deposits,
then thought to be 15 kyr old. Subsequent research has re-
vised the time of the Bonneville highstand to 18 ka (Reheis
et al., 2014); therefore, < 18 ka is the time interval used for
the WGUEP surface-faulting-earthquake estimate. However,
both the Hecker (1993) and WGUEP time intervals are based
largely on the age of Lake Bonneville highstand deposits, and
essentially represent the same time period.

The WGUEP surface-faulting-earthquake estimate includes
53 faults, fault segments, and composite fault zones (Table
4.6-1) that together comprise the WGUEP fault model. Dif-
ferences between the Hecker (1993) and WGUEP fault mod-
els are chiefly due to (1) the greater amount of paleoseismic
information now available for many Utah faults, and (2) the
subsequent segmentation characterization of many longer
Utah faults. Among the faults/fault segments in the WGUEP
model not included in the Hecker (1993) estimate are the (1)
three northern segments of the WFZ (Malad City, Clarkston
Mountain, and Collinston), (2) four segments of the Great
Salt Lake fault zone (Rozelle, Promontory, Fremont Island,
Antelope Island), (3) the Northern segment of the East Bear
Lake fault zone, (4) the East Tintic segment of the Oquirrh
fault zone, (5) three segments of the East Cache fault zone
(Northern, Central, Southern), (6) three segments of the
Stansbury fault (Northern, Central, Southern), (7) three faults
that comprise the West Cache fault zone (Clarkston, Junction
Hills, Wellsville), and (8) the Carrington, Crawford Moun-
tains (west side), Curlew Valley, Little Valley, Main Canyon,
Porcupine Mountain, Rock Creek, Skull Valley, and Stinking
Springs faults. Faults in the Hecker (1993) evaluation not in
the WGUEP fault model include the Big Pass, Puddle Val-
ley, Clear Lake, Tabernacle, Cricket Mountains, and Mantua
area faults. The WGUEP either considered these faults not
sufficiently active to affect the WGUEP earthquake prob-
ability forecast (Section 4.5), or they are outside the WGUEP
Wasatch Front region.
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Paleoseismic information available for the 53 faults, fault seg-
ments, and composite fault zones in the WGUEP fault model
is highly variable, ranging from a likely complete or nearly
complete surface-faulting record since 16.5 + 1.9 ka for the
Salt Lake City segment of the WFZ (DuRoss et al., 2014),
to no paleoseismic data at all for several faults (e.g., Rozelle
and Promontory segments of the Great Salt Lake fault zone).
In almost every case, even for faults with paleoseismic in-
formation, the surface-faulting record rarely extends beyond
middle- to early-Holocene time, so little information exists
regarding surface faulting in the Wasatch Front region from
~6 to 18 ka. Table 4.6-1 provides a numerical ranking of the
general quality and completeness of the paleoseismic data
available for the faults in the WGUEP fault model.

Because paleoseismic data are lacking or incomplete for many
faults in the WGUEDP fault model, estimating the number of sur-
face-faulting earthquakes over the past 18 kyr in the Wasatch
Front region required making several assumptions about fault
behavior (particularly for faults with little or no paleoseismic
data), and interpolating mostly late- to middle-Holocene pa-
leoseismic data into the past. Key assumptions made for the
WGUEP surface-faulting-carthquake estimate include:

1. A single, long-term (18 kyr) slip-rate range of
0.6/1.0/1.4 mm/yr is applicable to the five central seg-
ments of the WFZ (Section 4.1.4).

2. Except where long-term slip-rate or recurrence-inter-
val data indicate otherwise, WGUEP consensus slip
rates (Appendix D) are applicable for the past 18 kyr.

3. For faults with little or no displacement data, the
formula D,,, = 0.044 L, where D,,. = average dis-
placement and L = fault/fault segment length, was
used to estimate average per event displacement. The
WGUEP originally developed this relation for seg-
mented faults (Section 3.6), but its use is extended
here to all faults/fault segments with no or limited
displacement data.

4. Except where long-term recurrence data permit, av-
erage displacement and consensus WGUEP slip-rate
(SR) values were used to estimate average surface-
faulting recurrence (D,,./SR = average recurrence).

5. Faults with no paleoseismic data act like other, simi-
lar faults for which data are available. The explicit as-
sumptions made are the following:

a. The Rozelle and Promontory segments of the Great
Salt Lake fault zone and the Carrington fault behave
like the Antelope Island segment of the Great Salt
Lake fault zone (Section 4.3 and Appendix D).

b. The Southern Oquirrh fault segment behaves like
the Northern Oquirrh fault segment (Section 4.3).

c. The Central section of the Eastern Bear Lake
fault behaves like the Southern section of the
fault (Appendix D).
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d. The Gunnison and Little Valley faults behave like
the faults along the western side of Scipio Valley and
the north side of the Pavant Range (Appendix D).

e. The Snow Lake graben behaves like the Joes Valley
fault zone (Appendix D).

f. The Stinking Springs fault behaves like the Straw-
berry fault (Appendix D).

g. The Utah Lake faults behave like the West Valley
fault zone (Appendix D).

6. Faults in the WGUEP fault model identified as anti-
thetic to master faults (Section 4.4) produce indepen-
dent earthquakes at rates stipulated by the total rate
multiplied by the weight for the independent rupture
model in Table 4.4-2. Only independent ruptures on
antithetic faults were included in the WGUEP surface-
faulting-earthquake estimate.

Using available paleoseismic data and considering the as-
sumptions above, we estimate the following numbers of sur-
face-faulting earthquakes (minimum/preferred/maximum):
32/49/69 for the WFZ, 14/18/45 for the Oquirrh—Great Salt
Lake fault zone, and 37/98/221 for the “other modeled faults”
in the WGUEP fault model (includes only independent events
on antithetic faults) (Table 4.6-1). Summed earthquake val-
ues for the Wasatch Front region as a whole are 83/165/335.
Note that only 30% of the preferred number of earthquakes
in the Wasatch Front region over the past 18 kyr occurred on
the WFZ. The WGUEDP surface-faulting-earthquake estimate
is higher than the Hecker (1993) estimate (50/85/120) chiefly
because the WGUEP fault model includes more faults/fault
segments, 53 versus 37, and a longer time period, 18 versus 15
kyr. However, the WGUEP maximum earthquake estimate
is approximately three times larger than the Hecker (1993)
maximum estimate, which is significantly greater than would
be expected based only on the larger number of faults and
longer time period of the WGUEP estimate. The approximate
three-fold increase in the maximum number of earthquakes
between the Hecker (1993) and WGUEP surface-faulting-
earthquake estimates reflects the broad range of the slip-rate
values assigned by the WGUEP to faults with limited or no
paleoseismic data to capture uncertainty in faults behavior.

High slip rates result in short average recurrence intervals
and a correspondingly greater number of surface-faulting
earthquakes for a given time interval. The calculated maxi-
mum earthquake numbers for several faults in the Wasatch
Front region are intuitively too high, e.g., 24 surface-faulting
earthquakes on the Southern segment of the Stansbury fault.
However, given the broad slip-rate range assigned to that fault
segment (0.07/0.4/1.0 mm/yr), and the estimated average per
event displacement (0.75 m) (Table 4.6-1), the fault segment
theoretically could produce 24 surface-faulting earthquakes
in 18 kyr. High maximum earthquake values for several no
or low-data faults in Table 4.6-1 are included in the WGUEP
surface-faulting-carthquake estimate to honor the WGUEP
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consensus slip-rate values. In instances where a long-term
earthquake record is available (e.g., Central segment of the
East Cache fault zone, Southern section of the Eastern Bear
Lake fault), the maximum number of documented earth-
quakes in the past 18 kyr is significantly less than maximum
values determined from average displacement and slip rate.
The exceptions are the five central segments of the WFZ
which have comparatively good paleoseismic data. There,
better constrained average displacement data result in earth-
quake counts for the Brigham City, Weber, Provo, and Nephi
segments that approximate the long-term paleoseismic record
for the Salt Lake City segment (i.e., where available, good
data provide better estimates).

Based on a surface-faulting-earthquake estimate of 50/85/120
since 15 ka, Hecker (1993) reported regional surface-faulting
recurrence intervals of 300/175/125 years. The WGUEP sur-
face-faulting-earthquake estimate (83/165/335) results in re-
gional surface-faulting recurrence values of 217/109/54 years
since 18 ka (Table 4.6-1). The short minimum recurrence in-
terval (54 yr) reflects the high maximum number of surface-
faulting earthquakes for the WGUEP Wasatch Front region
that results from the broad slip-rate ranges assigned by the
WGUEP to low/no data faults, and indicates that the WGUEP
maximum earthquake number is a conservative high estimate.
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5 HISTORICAL SEISMICITY CATALOG AND
A BACKGROUND EARTHQUAKE MODEL

This section describes the principal aspects of the construc-
tion and analysis of an earthquake catalog that serves as the
basis for a background earthquake model for the Wasatch
Front region. Further details of the catalog and its analysis
are provided in Appendix E. Acronyms and abbreviations are
defined on pages xii to xiv.

5.1 Overview

As introduced in Section 2.1.2, background earthquakes are
those not associated with known faults and of a size gener-
ally below the threshold of surface faulting. The background
earthquake model depicts the frequency-magnitude distribu-
tion of future mainshocks in the study region expected to oc-
cur on seismic sources other than the faults included in the
WGUERP fault model (Section 2.1.1). For the purposes of the
probability estimates in this report, the background earth-
quake model provides rates of future mainshocks of M 5.0
or greater up to a maximum of M 6.75 + 0.25. This analy-
sis of background seismicity in the Wasatch Front region is
distinguished from earlier ones, such as those of Youngs et
al. (1987, 2000) and Pechmann and Arabasz (1995), by more
thorough and rigorous treatments of the earthquake record,
magnitude estimates, and magnitude uncertainties.

Our desired background earthquake model requires an up-
to-date earthquake catalog that meets the needs of state-of-
practice seismic hazard analysis, namely, a catalog that: (1) is
complete in terms of accounting for all known earthquakes
in the magnitude range of interest, (2) assigns a uniform mo-
ment magnitude to each event, (3) identifies “dependent”
events (foreshocks, aftershocks, and the smaller events of
earthquake swarms) in earthquake clusters that can be re-
moved for statistical analysis of mainshock recurrence pa-
rameters, (4) excludes non-tectonic seismic events such as
blasts and mining-induced seismicity, and (5) quantifies the
uncertainty and rounding error associated with the assigned
magnitude of each earthquake.

Two U.S. studies exemplify the rigorous development and
treatment of earthquake catalogs for calculating background
seismicity rates: EPRI/DOE/NRC (2012) for the central and
eastern U.S., and Felzer (2007) for California. We have used
the former study, first, as a general guide in developing an
earthquake catalog with uniform moment magnitude for the
Wasatch Front region and, second, for methodology guidance
in handling magnitude uncertainties for calculating unbiased
seismicity rate parameters. In Appendix E, we explain how
we depart from the EPRI/DOE/NRC (2012) methodology.

Section 5.2 outlines the steps taken to develop an earthquake
catalog for the Wasatch Front region that unifies existing cat-
alogs of the two primary agents of seismic monitoring within
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the study region: the University of Utah Seismograph Sta-
tions (UUSS) and the USGS. In Section 5.3, we explain the
handling of various size measures in the earthquake record
together with magnitude conversions to uniform moment
magnitude, and we explain the importance of magnitude un-
certainty. The resulting earthquake catalog is described in
Section 5.4, including its “declustering” to achieve a catalog
of independent mainshocks and how we assessed periods of
completeness for different magnitude ranges. Finally, in Sec-
tions 5.5 and 5.6 we summarize the calculation of unbiased
seismicity rate parameters that constitute the background
earthquake model for the Wasatch Front region.

5.2 Steps in Developing a Unified
Earthquake Catalog

To develop a unified earthquake catalog with uniform mo-
ment magnitude, we carried out the following basic steps:

* Selection of a catalog region large enough for effective
declustering around the edges of the region of interest.

* Merging, chronological sorting, and editing of individ-
ual line entries from diverse UUSS and USGS source
catalogs—accounting for all reported earthquakes, re-
moving duplicates and non-tectonic events, and select-
ing the line entry with the preferred time and location
for each unique earthquake.

» Compilation and evaluation of available size measures
for each event in the master catalog.

» Assessment of magnitude uncertainties and rounding
errors for individual magnitudes.

 Tabulation of available instrumental measurements of mo-
ment magnitude, M, for earthquakes in the catalog region.

» Determination of conversion relationships between M
and other available size measures using general orthog-
onal regression (for comparison, corresponding ordi-
nary least-squares regressions were also performed).

» Assignment of a uniform moment magnitude to each
earthquake in the master catalog, based on either direct
measurement or conversion from other size measures
(duly accounting for the propagation of uncertainties).

To give the reader a general understanding of the makeup of
the master catalog, we next describe its spatial extent and the
data sources (see Appendix E for more detail).

5.2.1 Spatial Extent of the Catalog

The Wasatch Front region defined for the WGUEP probabi-
listic earthquake forecast (Figure 1-1) is termed the WGUEP
Region here. We chose a larger region for compiling a master
earthquake catalog for two reasons. First, when applying a
declustering algorithm to an earthquake catalog, the bounds
of the catalog should be larger than the target region to avoid
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possible edge effects. Second, anticipating other applica-
tions, it was desirable to develop a unified UUSS-USGS cata-
log that covers the entire Utah Region—the standard region
(UTR, Table 5.2-1) for which the UUSS has the responsibility
for seismic monitoring and catalog reporting as part of the
Advanced National Seismic System.

Table 5.2-1. Boundaries of catalog domains (inclusive).

UTREXT UTR WGUEP
North 43.50° N 42.50° N 42.50° N
South 36.00° N 36.75° N 39.00° N
West 115.00° W 114.25° W 113.25° W
East 108.00° W 108.75° W 110.75° W

The region selected for the master catalog compilation,
termed the Extended Utah Region (UTREXT), encompasses
an area larger than the Utah Region (UTR) and its embedded
WGUEDP Region. The geographic boundaries of these regions
are specified in Table 5.2-1 and spatial relations are shown in
Figure 5.2-1. A fourth domain, termed the Extended Border
Region (EBR), consists of the UTREXT minus the UTR.

A

WGUEP
Utah Region (UTR)
«— Extended Utah Region (UTREXT)

A

_

/

a

Figure 5.2-1. Sketch map of catalog domains.

Extended Border Region (EBR) = UTREXT — UTR

5.2.2 Data Sources for the Unified Catalog

In aiming for a unified UUSS-USGS catalog, emphasis was
placed on authoritative source catalogs compiled or produced
directly by the UUSS and the USGS. For historical earth-
quakes, these catalogs are compilations based on various
primary and secondary sources and documented by USGS
and UUSS researchers. For instrumentally recorded earth-
quakes, the source catalogs consist of tabulations directly re-
sulting from regional seismic monitoring by the UUSS since
mid-1962 and from national-scale seismic monitoring by the
USGS since 1973 (or in earlier decades by the U.S. Coast and
Geodetic Survey).

5.3 Uniform Moment Magnitude and
Magnitude Uncertainty

The primary purpose for compiling the earthquake catalog was
to develop unbiased estimates of seismicity rate parameters for

the background earthquake model. Key methodology steps are
the assignment of a uniform moment magnitude to each earth-
quake in the catalog, assessment of magnitude uncertainties,
and the application of bias corrections based on those uncer-
tainties to estimate unbiased recurrence parameters.

5.3.1 Uniform Moment Magnitude

We require an earthquake catalog in which a uniform size
measure is specified for each event in terms of M, defined by
Hanks and Kanamori (1979):

M =2/3 logM, — 10.7 (5.3-1)
where M, is the earthquake’s scalar seismic moment in dyne-
cm. M is used in state-of-practice seismic hazard analyses
for consistency with modern ground-motion prediction equa-
tions. Moreover, M has become the size measure preferred
by seismologists because it is the best indicator of an earth-
quake’s true relative size and can be directly tied to physical
properties of the earthquake source.

Our culled master catalog for the Extended Utah Region
contains more than 5300 earthquakes larger than about mag-
nitude 2.5, but direct instrumental measurements of M are
available for only 107 of those. Using the observed values
of M, together with some supplementary data, 18 conversion
relationships to M (16 new, 2 revised) were developed for the
WGUERP forecast for an assortment of shaking-intensity size
measures and instrumental magnitudes that varied with time
and reporting agency. The principal instrumental magnitudes
in the source catalogs are Richter local magnitude (M;), coda
or duration magnitude (M, MD), and body-wave magnitude
(m). The non-instrumental size measures that were con-
verted to M are: the maximum value of Modified Mercalli
Intensity, MMI (Iy); total felt area (FA); and the extent of area
shaken at or greater than MMI IV, V, VI, and VII (A}y, Ay,
Ay, and Aypp). Where multiple size measures were available
for an individual earthquake, we computed a weighted mean
of these measures using inverse-variance weighting to get a
best estimate of M.

Different approaches can be utilized to transform an earth-
quake catalog with a minor fraction of direct instrumental
measurements of M into one with “uniform moment mag-
nitude.” In the methodology of EPRI/DOE/NRC (2012), the
uniform estimate of moment magnitude is E[M], the “expect-
ed value of moment magnitude,” given uncertainty in either
the observed value of M or in the value of M estimated from
one or more other size measures. For reasons explained in
Appendix E, we decided not to use “E[M]” for uniformly es-
timating moment magnitude. We call the alternative uniform
moment magnitude used to construct our catalog a “best-esti-
mate” moment magnitude. Our Best-Estimate Moment Mag-
nitude (BEM) catalog assigns a value of moment magnitude
to each earthquake that either is directly observed (M), is
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based on magnitude conversion to M using general orthogo-
nal regression(s), or is a reported value of magnitude which
we assume to be equivalent to M.

5.3.2 Magnitude Uncertainty

Quantifying magnitude uncertainty (defined presently) is im-
portant to three aspects of our analysis of background seis-
micity: (1) correcting for bias in earthquake recurrence rates
(see Musson, 2012, and references therein), (2) specifying
the error-variance ratio between dependent and independent
variables when using general orthogonal regression for mag-
nitude conversions, which is favored by many experts (e.g.,
Castellaro et al., 2006, Castellaro and Bormann, 2007, Lolli
and Gasperini, 2012), and (3) using inverse-variance weight-
ing when combining different size measures to get a robust
estimate of moment magnitude for an individual earthquake.

The magnitude of an earthquake is generally taken as the
mean value of magnitude determinations of the same type
made at multiple recording stations. In the absence of sys-
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tematic and discretization (rounding) errors, the mean value
of the event magnitude can be viewed as having random er-
rors that are normally distributed with zero mean and stan-
dard deviation, ¢ (Tinti and Mulargia, 1985; Veneziano and
Van Dyke, 1985). Following these cited authors, we define
the latter statistic o as the magnitude uncertainty. This term
is equivalent to “magnitude accuracy” used by Kagan (2002,
2003). Determinations of ¢ for the various magnitudes in the
master catalog are given and explained in Appendix E—in-
cluding the assessment of uncertainties in original magnitude
scales and the propagation of uncertainties in regressions and
in inverse-variance weighting.

5.4 Best-Estimate Moment Magnitude (BEM)
Catalog

Our unified and uniform earthquake catalog for the Ex-
tended Utah Region, i.e., the BEM catalog (Appendix E),
contains 5388 earthquakes (~2.5 < M < 6.63) covering the
time period from 1850 through September 30, 2012. The
complete BEM catalog (Figure 5.4-1a) includes mainshocks,

39°

Figure 5.4-1. Epicenter maps of earthquakes in the BEM catalog, 1850 through September 2012. (a) Total catalog (clustered) for the
UTREXT. (b) Declustered catalog of independent mainshocks in the WGUEP Region, outlined in the inset in (a). Base map is U.S. National
Park Service Natural Earth physical map (http:/goto.arcgisonline.com/maps/World Physical Map).




Earthquake probabilities for the Wasatch Front region in Utah, Idaho, and Wyoming

foreshocks, aftershocks, and earthquake swarms. Non-tec-
tonic seismic events such as blasts and mining-induced seis-
micity are excluded from the Utah Region but not the Ex-
tended Border Region. Injection-induced earthquakes were
retained in the BEM catalog but not used in the calculations
for earthquake rates in the present study. Our background
earthquake model assumes the occurrence of independent
earthquakes following a Poisson distribution, which re-
quires the identification and removal of dependent events
from the earthquake catalog.

5.4.1 ldentification and Removal of Dependent
Events (Declustering)

Spatial and temporal clustering is common in natural seis-
micity. Statistical techniques are required to decompose or
“decluster” an earthquake catalog into “main” events that are
random and independent in a statistical sense and “depen-
dent” events (foreshocks, aftershocks, and the smaller events
of earthquake swarms) that relate non-randomly to the main
events. Declustering algorithms variously use magnitude-
dependent space-time windows, specific cluster models, or
stochastic approaches to remove dependent events from an
earthquake catalog (e.g., van Stiphout ef al., 2012).

For conformity with procedures used by the USGS in earth-
quake catalog processing for the NSHMs (see Petersen et
al., 2008), we used the computer program cat3w developed
by Dr. Charles Mueller of the USGS. The program imple-
ments the declustering method of Gardner and Knopoff
(1974), in which smaller earthquakes within fixed time and
distance time windows of larger shocks are identified as de-
pendent events. The effectiveness of using cat3w to declus-
ter our BEM catalog was verified by (1) comparing space-
time plots of the original and declustered versions of the
catalog, and (2) using the Kolmogorov-Smirnov (K-S) test
to analyze data in critical magnitude bins. The declustered
catalog for the WGUEP Region contains 660 independent
mainshocks (2.50 < M < 6.59), shown in the epicenter map
of Figure 5.4-1b.

5.4.2 Periods of Completeness

To determine the completeness period, 7, associated with
different magnitude thresholds in the declustered catalog,
we used cumulative recurrence curves (CRCs) together with
general information on the space-time evolution of seismo-
graphs, population, and newspapers. A CRC is a plot of the
cumulative number of earthquakes above a given magnitude
threshold versus time. The use of a probabilistic approach,
which allows the analysis and use of variable completeness
throughout an entire earthquake record (see, for example,
EPRI/DOE/NRC, 2012, or Felzer, 2007) was beyond the
scope of this study. According to Griinthal ef al. (1998, as
quoted in and cited by Hakimhashemi and Griinthal, 2012),
the CRC method is “very simple but rather robust.”

Ultimately, the parameter of the background earthquake
model of primary concern to the WGUEDP is the annual rate of
occurrence of independent mainshocks of M > 5.0 within the
entire WGUEP Region. Accordingly, this region was treated
as a single domain for assessing the completeness periods
summarized in Table 5.4-1. Our primary objective in select-
ing the starting point for each 7 was to bracket a complete-
ness period for which the earthquake rate is convincingly
uniform and reliable, particularly for magnitude thresholds
below 4.95. The completeness periods in Table 5.4-1 are con-
servative minimum values of 7¢. For the three magnitude
thresholds below 4.95, statistical tests of rate changes allow
earlier start dates for 7; thus, our conservatively selected
start dates do not necessarily mark when network sensitivity
changed to enable uniform reporting above those magnitude
threshold (see Appendix E).

5.5 Estimation of Unbiased Recurrence
Parameters

Our approach to estimating earthquake recurrence param-
eters involves a standard procedure used in PSHA—namely,
the use of the Weichert (1980) maximum-likelihood algo-
rithm to fit a truncated exponential distribution to earthquake

Table 5.4-1. Data for seismicity rate calculations, WGUEP Region (BEM catalog, declustered).

Magnitude Range Year (Start)!  Year (End) t (years) No. of Earthquakes Sum N*?2
2.85<M<3.55 1986 2012.75 26.75 183 170.721
3.55<M<4.25 1979 2012.75 33.75 39 37.553
425 <M <4095 1963 2012.75 49.75 9 8.532
495 <M <565 1908 2012.75 104.75 4 3.158
5.65<M<6.35 1880 2012.75 132.75 2 1.926
6.35<M <7.00 1850 2012.75 162.75 1 0.769

' Bold date indicates the start of the completeness period, 7, based on a pick from a cumulative recurrence curve (CRC); italicized date, based

on other arguments; bold italicized date, CRC plus other arguments.

2 N* is the effective number of earthquakes, corrected for magnitude uncertainty on an earthquake-by-earthquake basis and summed (Sum

N¥*) for the specified magnitude interval.
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counts in magnitude bins (see, for example, EPRI/DOE/
NRC, 2012). Two known potential sources of bias that can
affect the seismicity-rate calculations are magnitude uncer-
tainty and the discretization or rounding of magnitude values
to some specified nearest decimal value.

5.5.1 Methodology to Correct for Magnitude
Uncertainty

The effect of magnitude uncertainty on calculations of earth-
quake rate parameters is described by Musson (2012), who
reviews different approaches to correct for bias in frequency-
magnitude relations. He also underscores the complexity of
the issue. Basically, because of the exponential distribution
of magnitude, observed magnitudes (measured with normally
distributed errors) together with their counts in discrete bins
can have “apparent” values that differ from their “true” val-
ues—typically shown using simulated earthquake catalogs.

As a conceptual guide, Figure 5.5-1 illustrates the equiva-
lence of approaches proposed independently by Tinti and Mu-
largia (1985) and Veneziano and Van Dyke (1985) to correct
for magnitude uncertainty o in calculating unbiased (“true”)
seismicity rates. Without dwelling on the mathematical equa-
tions (Appendix E), the following key points can be grasped

Utah Geological Survey

from this figure. First, in a frequency-magnitude plot, bias
caused by magnitude uncertainty can equivalently be cor-
rected either in the x-direction using an adjusted magnitude
called M* (“M-star”) or in the y-direction using an adjusted
rate called N* (“N-star”). Second, the sign of the necessary
corrections depends on whether the starting data lie along
the line based on values of M, or its equivalent, as is the
case for the BEM catalog, or along the line based on values
of E[M], as is the case for an E[M] catalog developed follow-
ing the equations and steps of the EPRI/DOE/NRC (2012)
methodology.

EPRI/DOE/NRC (2012) showed that for catalogs with vari-
able levels of completeness as a function of magnitude, the
N* approach performs better than the M* approach. Accord-
ingly, we used the N* approach in this study. We followed
the EPRI/DOE/NRC (2012) steps of (1) calculating N* from
o on an earthquake-by-earthquake basis (using N* = exp{—(b
In(10))?6%/2}), (2) summing N* for earthquakes within speci-
fied magnitude intervals (Table 5.4-1), (3) dividing each N*
sum by the period of completeness for its respective magni-
tude interval, and (4) using a maximum-likelihood approach
to compute seismicity rate parameters from the effective N*
counts (Figure 5.6-1). For the N* calculations, a b-value of
1.05 assessed from preliminary processing of the BEM cata-
log was used.

EQUIVALENT APPROACHES TO
ENSURING UNBIASED RECURRENCE RATES

M = best-estimate

iform moment magnitude

0.1 <
\\ apparent rate (a-value)
N N* = exp(-y?)
3 [*s, N >
c "‘.. \\\ Arye = Qapparent ~ V' IOglO(e)
L “jue rate Tinti and Mulargia (1985)
(ep ”o. ~
E > .. \\\ y2=p202%/2
—_ N* = exp(+y?) ~ where 8 =b /log,, ()
g o or b In (10)
c E[M] ",
S 001 i
<
Q M*= E[M] +B8 02/ 2
< M* = Mype- 802/ 2
S
£
S »
©) E[M] = expected value @ o, N
of a uniform estimate of /7((} N
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Figure 5.5-1. Schematic frequency-magnitude diagram showing how unbiased (“true”) recurrence rates can be determined by making
appropriate corrections in either the x-direction in terms of magnitude, M, or in the y-direction in terms of rate, expressed here as the
annual rate, a, of earthquakes > M. Adapted from EPRI/DOE/NRC (2012). N* as defined on the figure is the equivalent count assigned to

an individual earthquake.
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5.5.2 Rounding

The potential overestimation of seismicity rates due to the
rounding of reported magnitudes in an earthquake catalog
was examined by Felzer (2007). It should be noted that the
object of her study, an earthquake catalog for California,
involved a substantial proportion of events in the early to
mid-1900s that had assigned magnitudes (M;) rounded to
the nearest 0.5. Further, because of an assumed equivalence
between My and M, rounded values of M; (except where a
measured value of M was also available) translated directly
into similarly rounded values of M in her moment-magnitude
catalog, thus motivating the need for correction. In the EPRI/
DOE/NRC (2012) study, the potential impact of rounding of
data to the nearest 0.1 magnitude unit was examined using
simulated data sets, and statistical tests showed that the effect
of the rounding could be ignored.

In this study, the effect of rounded magnitude values was
judged to be insignificant in our calculations and was ig-
nored. All values of M entering into our final seismicity-rate
calculations for the WGUEP Region are uniformly rounded
to the nearest 0.01 magnitude unit as the result of calculating
M either from a measured value of scalar seismic moment or
from magnitude-conversion relationships, in which case the
effects of rounding in original size measures are subsumed in
the regressions.

5.6 Seismicity Rate Parameters of the
Background Earthquake Model

The culmination of all the described preceding steps was the
calculation of seismicity rate parameters for the background
earthquake model. This was done using the data of Table 5.4-
1 and the maximum-likelihood algorithm of Weichert (1980)
to solve for unbiased recurrence parameters for the WGUEP
Region. The Weichert algorithm has the virtue of handling
binned magnitude data with variable periods of completeness
as well as truncation of the exponential magnitude distribu-
tion at an upper limit, m,,. Figure 5.6-1 shows the fit to the
data for an m,, of 7.00 corresponding to the upper limit of the
largest magnitude bin in Table 5.4-1 and consistent with a
maximum magnitude of M 6.75 + 0.25. We tested alternative
values of m,, from 6.75 to 8.00 and determined that both the
seismicity rates and b-value were insensitive to the change.

In mathematical form, the truncated exponential distribu-
tion shown on Figure 5.6-1 can be expressed (see Youngs and
Coppersmith, 1985, Equation 9) as

-b(m - my) -b(m,, - mg)
10 - 10
N(m) = N(my)

RTSORT (5.6-1)

where N(m) is the number of earthquakes per year of mag-
nitude m or larger, m is the minimum magnitude, and m,, is
the upper bound magnitude. For the background earthquake

model, based on N*, the cumulative annual rate of indepen-
dent mainshocks greater than or equal to m, = 2.85 is 7.70
with a standard error of 0.52. The b-value determined for
the model is 1.06 with a standard error of 0.06. Table 5.6-1
provides rate information for M > 5.0 and other magnitude
ranges, calculated using these parameters and Equation 5.6-1.
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Figure 5.6-1. Background earthquake model. Frequency-magnitude
distribution of declustered background earthquakes (M > 2.85) in the
WGUEP Region, corrected for magnitude uncertainty and calculated
using the maximum-likelihood algorithm of Weichert (1980).

The confidence limits on the seismicity rates in Table 5.6-1
are based on a 25-point discrete probability distribution for
paired N(m) and b-values that Robert R. Youngs of AMEC
Foster Wheeler (written communication, March 16, 2014) de-
termined for us using the data in Table 5.4-1, and the same
likelihood model used to calculate the best-fit N(m,) and
b-values. We used this discrete probability distribution to
calculate the confidence limits in Table 5.6-1, which are 5th
and 95th percentile values. This procedure appropriately ac-
counts for the correlation between the uncertainties of N(m)
and b. Based on the probability distribution provided by R.
R. Youngs for our data set (with mq = 2.85 and m, = 7.00),
one can estimate the 90% confidence limits on N(m) for other
magnitude ranges above M > 5.0 (e.g., M > 5.25) by using
the following paired values in Equation 5.6-1: N(mg) = 7.89
events/yr and b = 1.18 for the 5th percentile rate and N(m,)
= 8.61 events/yr and b = 1.00 for the 95th percentile rate (see
Appendix E).
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Table 5.6-1. Cumulative rates of independent background earthquakes.

90% Confidence Limits on Rate

Magnitude Range Rate (events/yr)
Lower (events/yr) Upper (events/yr)
M >3.00 5.34 4.72 5.92
M >3.50 1.58 1.30 1.83
M >4.00 0.465 0.344 0.586
M >4.50 0.137 0.089 0.192
M >5.00 0.0402 0.0228 0.0606
M >5.50 0.0116 0.0058 0.0188
M >6.00 0.00322 0.00141 0.00552

M >6.50 0.000734 0.000289 0.001328
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6 COMPARISON OF GEODETIC AND
GEOLOGICAL/SEISMOLOGICAL MOMENT
RATES

This section compares seismic moment rates estimated from
crustal deformation measurements, commonly referred to as
“geodetic moment rates,” with geological/seismological mo-
ment rates predicted by the Wasatch Front seismic source
model developed in this study. We compare these moment
rates for both the Wasatch Front region as a whole and for
the four subregions shown in Figure 6.1-1. We defined the
subregion boundaries to coincide with selected segment
boundaries interpreted for the WFZ, taking into account the
distribution of the Global Positioning System (GPS) velocity
vectors shown in Figure 6.1-2. Each subregion spans two or
more segments of the WFZ and extends across the entire east-
west extent of the Wasatch Front region. The purpose of this
analysis is to determine whether or not the characterization of
earthquake rates and magnitudes developed for the WGUEP
forecast is consistent with geodetic measurements of crustal
deformation in the Wasatch Front region. Acronyms and ab-
breviations are defined on pages xii to xiv.

The results show that geodetic moment rates agree with
geological/seismological moment rates calculated from the
WGUEP model, within the uncertainty limits, for the Wasatch
Front region as a whole and for three of the four subregions.
In the fourth and southernmost subregion, which includes the
Levan and Fayette segments of the WFZ (L-F, Figure 6.1-1),
the geodetic moment rate is five times larger than the geo-
logical/seismological moment rate with no overlap in the 90%
confidence limits. This discrepancy exists because the strain
rate in the L-F subregion is similar to the strain rate in the
three subregions to the north, but the geological moment rate
predicted for the known faults in the L-F area is much lower.
At the present time, we do not have a satisfactory explanation
for the larger-than-expected strain rate in the southernmost
Wasatch Front region.

6.1 Previous Work

Previous studies have used a variety of techniques to com-
pare the observed crustal deformation rates in the Wasatch
Front region with predicted rates based on geological and
seismological data, with mixed results. Friedrich ez al. (2003)
compared horizontal extension rates to Holocene cumulative
vertical fault slip rates along an east-west profile just south
of Great Salt Lake and found that they were in good agree-
ment. Niemi et al. (2004) used two kinematic block models,
intended to bound a range of simple elongation (pure shear)
strain accumulation models, to compare geodetic and maxi-
mum geological horizontal extension rates on an east-west
profile across the southern end of the Wasatch Front region
between 39° and 39.6° N. Their late Quaternary maximum
velocity field agrees well with their geodetic velocity field,
but their Holocene maximum velocity field is more than a

factor of two larger. Chang (2004) used a nonlinear optimiza-
tion algorithm to find best-fitting strain accumulation models
for GPS velocity measurements across the five central seg-
ments of the WFZ. His preferred model has a fault plane that
dips 27° and creeps 7 mm/yr between 9 and 20 km depth.
The vertical component of the slip rate for this model is 3.2
mm/yr, which is about twice as large as the weighted mean
slip rates for the central segments of the WFZ (Table 4.1-4).
Chang et al. (2006) interpreted GPS data across the WFZ
with a coseismic deformation model. They concluded that the
GPS data were consistent with geological measurements of
vertical component slip rates if the dip of the WFZ is steeper
than 30°. Velasco et al. (2010) modeled crustal deformation
around the central part of the WFZ using a strain accumu-
lation model similar to that of Chang (2004). Their best-fit
model to GPS data corrected for glacial isostatic rebound has
creep of 3.3 + 0.2 mm/yr below a locking depth of 10 + 3 km
on a surface dipping 19° + 7°.

One of the most recent efforts to jointly analyze geodetic
and geological data for the Wasatch Front region is the fault
slip rate inversion by Zeng and Shen (2014), which provides
the starting point for the analysis presented in this section.
Their inversion was one of two fault-based geodetic inver-
sion models that were utilized in the source characterizations
for the 2014 NSHMSs (Petersen et al., 2014). Zeng and Shen
(2014) inverted geodetic data for slip rates on the faults used
in the hazard calculations for the 2008 NSHMs, which are
shown on Figure 6.1-2. They fixed the dips of these faults
to the preferred values used in the 2008 NSHMs, which are
50° for all of the faults on Figure 6.1-2 (Haller and Wheeler,
2008). Zeng and Shen’s (2014) model for the faults within the
map area of Figure 6.1-2 assumes that each fault creeps on a
planar extension of the fault in the lower crust at a rate equal
to the long-term slip rate. They constrained their model to
match as closely as possible the geological slip rates used for
these faults in the 2008 NSHMs (Haller and Wheeler, 2008),
with some modifications. The slip rates that they obtained
for faults in the Wasatch Front region are in good agreement
with the geologically determined slip rates with one notable
exception: the Levan segment of the WFZ (Figure 6.1-3). The
modeled slip rate for this segment is 1.56 mm/yr compared to
the geologic slip rate of 0.31 mm/yr (computed from recur-
rence data in Haller and Wheeler, 2008). Fault slip rates from
the Zeng and Shen (2014) inversion and a similar inversion
by Bird (2014) were each given a weight of 0.1 in the 2014
NSHM probabilistic hazard calculations for the western U.S.
outside of California. The incorporation of these geodetic
models into the calculations increased the mapped hazard by
about 15% to 20% in some areas, including the area around
the Levan segment of the WFZ (Petersen et al., 2014).

The WGUEP model for earthquake sources in the Wasatch
Front region is much more comprehensive and up-to-date
than the information that was used for any of the previous
geodetic analyses, including that of Zeng and Shen (2014).
Therefore, we revisit the question of compatibility between
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Figure 6.1-1. Map of the Wasatch Front region showing surface traces of faults and fault segments considered in the earthquake forecast and
subregions for comparisons of geodetic and geological/seismological moment rates. The subregion names come from the abbreviations for
the WFZ segments that they encompass: BC-N, Brigham City segment and north; SLC-W, Salt Lake City and Weber segments; NE-P, Nephi
and Provo segments; and L-F, Levan and Fayette segments. Base imagery from the USGS and NASA (http:/imagery.arcgisonline.com).
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Figure 6.1-2. Comparison of observed (blue) and predicted (red) velocity vectors, relative to stable North America, for the Wasatch Front
region (box) and the surrounding area. The irregular blue line shows the outline of the Great Salt Lake; the straight blue lines show state
boundaries. The black lines show the surface traces of Quaternary faults used in the 2008 NSHMs and in the Zeng and Shen (2014) fault slip
inversion. The mean of the 90% confidence limits on the observed velocity vectors (1.645 std. dev., Table 6.2-1) is a circle of radius 0.6 mm/
yr, which is approximately the width of the arrowheads on the vectors. Figure provided by Yuehua Zeng, USGS.
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Figure 6.1-3. Comparison of fault slip rates from geological data and from the geodetic inversion of Zeng and Shen (2014) for faults in the
Wasatch Front region. The blue vertical bars represent one standard deviation uncertainties on the slip rates from the geodetic inversion. The
diagonal blue line represents perfect agreement between the two slip rates. The data point farthest from this line is for the Levan segment of
the WFZ. Figure modified from Zeng and Shen (2014) by Yuehua Zeng, USGS.

geodetic measurements of strain rates and the earthquake
rates predicted from geological and seismological data. We
chose not to use the geodetic data directly in constructing
the WGUEP source model because of the high level of uncer-
tainty involved in converting measured crustal deformation
rates to earthquake rates in the Wasatch Front region. Two
of the primary contributors to this uncertainty are (1) ques-
tions regarding the applicable strain accumulation model for
normal faults in this region, and (2) the difficulty of resolving
slip rates on the individual faults and fault segments in the
WGUEP model, especially with the relatively sparse distri-
bution of GPS stations in the Wasatch Front region. In part
because of these issues, geodetically based source models
were assigned a fairly low weight of 20% in the 2014 NSHM
hazard calculations for the western U.S. outside of California.
An additional factor that entered into our choice of geodetic
analysis methods was that the geodetic models developed
for the 2014 NSHM s did not become available until after the
source characterization work for the WGUEP project was
largely completed.

6.2 Geodetic Data

The basic data that we used for our geodetic analysis are
the velocity vectors for the western U.S. that Zeng and Shen
(2014) used for their fault slip inversion for the 2014 NSHMs
(Figure 6.1-2). These velocity vectors are the result of the

reprocessing of data from several networks of GPS stations
by several different groups. The velocity vector solutions
from the different groups were rotated into a common North
American reference frame by McCaffrey ef al. (2014). Zeng
and Shen (2014) edited the McCaffrey et al. (2014) data set to
remove velocity vectors that they judged to be problematic
for reasons explained in their report. Most of the data from
within the Wasatch Front region (Table 6.2-1) came from net-
works of permanent GPS stations installed and operated by
the University of Utah and by the National Science Founda-
tion EarthScope project. Most, but not all, of the velocity vec-
tors that Zeng and Shen (2014) used for the stations in this
region are averages of solutions from three different groups:
Shen and Wang (2012), the Plate Boundary Observatory
(2011), and the Scripps Orbit and Permanent Array Center
(2012).

The blue and red arrows in Figure 6.1-2 show observed and
predicted GPS velocity vectors, respectively, from the Zeng
and Shen (2014) study for a region extending one degree in lati-
tude and longitude beyond the boundaries of the Wasatch Front
region (box). The velocity vectors in the eastern one-third of
the Wasatch Front region show minimal motion relative to
stable North America. The velocity vectors in the western part
of this region show westward motion, relative to stable North
America, which begins at about the longitude of the WFZ and
increases rapidly westward to 2 to 3 mm/yr. This deformation
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Table 6.2-1. GPS velocity vectors for the Wasatch Front region.

Station Latitudet Longitude* E Velocity, N Velocity, Std Dev Vg Std Dev Vy
(deg) (deg) Vg (mm/yr) Vy (mmlyr) (mm/yr) (mm/yr)

0H64 40.1617 -111.9494 -2.420 0.130 0.500 0.500
1S2E 40.7522 -111.7167 -0.750 -0.060 0.400 0.400
Al21 40.2190 -111.7195 -2.720 0.640 0.600 0.600
BAIR 41.5393 -112.0641 -1.280 -0.480 0.400 0.500
BATI 42.2152 -111.8429 -1.450 -0.200 0.488 0.502
BENN 41.0419 -112.2351 -0.860 -0.180 0.300 0.400
CAPS 39.6622 -112.0465 -1.900 0.120 0.600 0.500
CEDA 40.6807 -112.8605 -2.693 0.060 0.300 0.300
COON 40.6526 -112.1210 -1.870 0.103 0.300 0.300
DCUT 40.4128 -111.5276 -0.270 0.560 0.552 0.552
DOWN 42.3910 -111.9481 -1.570 -0.705 0.740 0.800
DRUF 42.0359 -112.2125 -1.450 -0.260 0.370 0.400
ELBE 39.9519 -111.9500 -2.510 -0.170 0.400 0.400
EOUT 41.2532 -111.9289 -0.127 -0.130 0.300 0.300
F230 39.2538 -113.2236 -2.170 -0.220 0.800 0.900
F250 39.2829 -113.0458 -2.370 -0.110 0.500 0.500
F291 39.2064 -112.4116 -2.770 0.010 0.500 0.500
FORE 40.5119 -111.3803 -0.613 0.527 0.300 0.300
H100 39.2933 -111.0204 -0.480 0.060 0.300 0.300
HEBE 40.5141 -111.3727 -0.300 0.157 0.300 0.300
HWUT 41.6072 -111.5651 -0.458 0.275 0.300 0.300
LMUT 40.2614 -111.9281 -2.005 -0.020 0.431 0.388
LTUT 41.5921 -112.2468 -1.990 -0.380 0.300 0.300
MONC 39.8066 -111.8529 -1.600 -0.370 0.500 0.600
MOUT 41.0462 -111.6656 -1.760 -0.560 0.400 0.400
MPUT 40.0156 -111.6336 -0.697 0.535 0.300 0.300
MUHA 40.7267 -112.0225 -1.850 -0.170 0.400 0.500
NAIU 41.0157 -112.2297 -1.303 -0.083 0.300 0.300
NGRI 42.0777 -112.9460 -2.415 -0.375 0.321 0.331
PO16 40.0781 -112.3614 -2.775 0.162 0.303 0.300
P057 41.7566 -112.6231 -2.105 -0.180 0.300 0.300
P084 40.4940 -113.0540 -2.987 -0.073 0.300 0.300
P0O86 40.6488 -112.2821 -2.037 0.295 0.300 0.300
P088 40.7718 -111.7229 -0.725 0.125 0.303 0.300
P101 41.6923 -111.2360 -0.545 0.188 0.300 0.300
P103 39.3451 -113.0421 -3.213 0.293 0.300 0.300
P104 39.1861 -112.7171 -2.470 0.382 0.300 0.300
P105 39.3875 -112.5041 -2.660 0.163 0.300 0.300
P106 39.4590 -112.2623 -2.632 0.222 0.300 0.300
P108 39.5889 -111.9445 -1.813 0.382 0.300 0.300
P109 39.5975 -111.6508 -1.043 0.420 0.300 0.300
P110 39.7152 -111.5711 -0.605 0.080 0.354 0.348
P111 41.8173 -113.0122 -2.780 -0.300 0.300 0.300
P112 39.8169 -111.4500 -0.665 0.303 0.300 0.300
P114 40.6340 -112.5276 -2.592 -0.037 0.300 0.300
P115 40.4744 -112.4280 -2.795 0.050 0.310 0.310
P116 40.4340 -112.0142 -2.388 -0.067 0.310 0.308
P117 40.4352 -111.7514 -2.438 -0.445 0.303 0.300
P118 40.6355 -111.3499 -0.440 0.287 0.300 0.300
P119 40.7318 -111.2577 -0.647 0.510 0.337 0.300
P121 41.8034 -112.6983 -2.440 -0.263 0.300 0.300
P122 41.6354 -112.3319 -1.713 -0.372 0.300 0.300
P124 41.5576 -111.9574 -1.057 -0.263 0.300 0.300
P125 41.5890 -111.8989 -1.243 0.023 0.300 0.300
P126 41.5832 -111.7805 -0.910 0.107 0.300 0.300
P675 42.2122 -112.7188 -2.342 -0.480 0.308 0.305
P783 40.8074 -111.4149 -0.695 0.538 0.300 0.300
PUCI1 39.5992 -110.8087 -0.080 -0.130 0.300 0.300
RBUT 40.7811 -111.8089 -0.928 0.430 0.300 0.300
SIDE 41.7950 -112.1483 -1.400 -0.280 0.500 0.500
SLCU 40.7722 -111.9550 -1.390 -0.300 0.300 0.300
SMEL 39.4256 -112.8449 -2.385 0.162 0.300 0.300
SPIC 39.3062 -112.1275 -2.250 0.517 0.300 0.300
WILI 40.4353 -112.0068 -1.830 -0.070 0.500 0.500
Mean 0.363 0.369
Mean 90% confidence limits 0.597 0.608
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pattern is similar to that observed in a number of previous
studies, including Friedrich ef al. (2003), Niemi ef al. (2004),
Hammond and Thatcher (2004), Chang et al. (2006), and
Velasco et al. (2010).

Table 6.2-1 lists the 64 velocity vectors that Zeng and Shen
(2014) used from GPS stations in the Wasatch Front region
(Yuehua Zeng, USGS, written communication, 2014). The
standard deviations for the vector components are adopted
from those reported by the original reprocessing groups,
with some modifications. The original standard deviations
are formal statistical uncertainty estimates from the fit of a
constant secular velocity vector, relative to the stable North
America reference frame, to time series of GPS position mea-
surements. For the velocities that are average values from
multiple processing groups, the standard deviations listed are
also average values from the different solutions. For the pur-
pose of the fault slip inversions of Zeng and Shen (2014), and
other inversion studies that used the McCaffrey et al. (2014)
data set (see Petersen et al., 2014), a lower limit of 0.3 mm/yr
was imposed on the standard deviations of the east and north
velocities. This lower limit was imposed to prevent sites with
very low uncertainties from dominating the least-squares so-
lutions and to account for some uncertainty in the reference
frame corrections. Even though only one of the two reasons
for these limits is strictly relevant here, we retain these lower
limits in our own analyses of the GPS data.

The strain rates that we used in our analysis are spatially
averaged values of the maximum horizontal principal strain
rate, €] (extension positive), derived from the following pro-
cedure: (1) interpolation of GPS velocity vectors from the
whole western U.S. onto a uniform grid with 0.05° latitude
and longitude spacing, (2) calculation of strain rates from
the interpolated velocity vectors using a finite-difference
method, and (3) averaging over the resulting grid of ¢ val-
ues and associated azimuths to obtain mean values for the
Wasatch Front region and the four subregions. Yuehua Zeng
carried out the first two of these steps. Zeng also performed
400 Monte Carlo simulations to assess the effect of the veloc-
ity vector uncertainties, assumed to be normally distributed,
on the mean ¢; values for the various regions. For efficiency
reasons, these simulations were done using a larger grid spac-
ing of 0.1° and a smaller geographic area, which extended
4° beyond the Wasatch Front region. These differences were
unimportant for the purpose of assessing mean strain rate
uncertainties, as the mean ¢; values from the Monte Carlo
simulations were all within 3% of the values obtained by the
three-step procedure outlined above.

Figure 6.2-1 is a color-coded map of the €; grid showing the
€1 azimuths as two-headed arrows with lengths proportional
to the magnitude of €. This map shows a zone of high strain
rate centered on the WFZ south of Great Salt Lake, with the
highest rates of up to 47 nanostrains per year (nstr/yr) occur-
ring on the northern half of the Provo segment of the WFZ.
In the latitude range spanned by the Great Salt Lake, the zone
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of high strain rate is more spread out, does not exceed ~30
nstr/yr, and is centered 15 to 40 km west of the WFZ. The
different strain rate pattern in this latitude range may be par-
tially an artifact of the lower density of GPS stations. How-
ever, the strain rate pattern is similar near the northern end
of Great Salt Lake, where it is reasonably well constrained
by a line of GPS stations crossing the northern part of the
Brigham City segment of the WFZ (Figures 6.1-2 and 6.2-1).
The variation in strain rate along the WFZ has no apparent
relation to the dates of the last paleoearthquakes (Table 4.1-
2). The maximum principal strain rate direction in the high-
strain-rate areas ranges from ENE-WSW to ESE-WNW and
has an average direction close to E-W. Deviations of the ¢
azimuths from E-W tend to be towards the normals to the lo-
cal fault strikes (Figure 6.2-1).

Table 6.2-2 lists the mean values of ¢, the other horizontal
principal strain rate ¢,, and the ¢ azimuth for the Wasatch
Front region and the four subregions. This table also lists the
90% confidence limits on the mean ¢; values (= 1.645 std.
dev.) obtained from the Monte Carlo simulations. The mean
values for the €) azimuths are weighted by the ¢; magnitudes.
If the area of each grid point was the same, and the azimuth
of €; was the same everywhere, then the mean of the €, values
at each grid point would equal the mean extensional strain
over the whole region in the direction of the maximum hori-
zontal extension. The variation in the grid point areas is only
about 5%, which is negligible. There is some variability in the
azimuth of ¢}, as noted above. However, we use the average
of the scalar €] values in our analysis in order to account, to
some extent, for the correlated variations in ¢; azimuths and
fault normal directions in the Wasatch Front region.

As indicated in Table 6.2-2, the mean of the maximum hori-
zontal principal strain rate, ¢, for the Wasatch Front region
(red box, Figure 6.2-1) is 11 nstr/yr (extensional). The mean ¢
values for the four subregions are all positive (extensional), re-
markably similar to each other, and within 10% of the value for
the region as a whole. The mean ¢, values for the Wasatch Front
region and the subregions are all negative (compressional), and
their absolute values are smaller than those of the correspond-
ing ¢; values by factors of 3.3 to 6.6. The mean €;-weighted ¢
azimuths for the four subregions are all within 10° of the value
for the region as a whole, which is 86°. Thus, to first order, the
strain rate within the Wasatch Front region can be considered
to be uniaxial E-W extension with an average value of 11 nstr/
yr across the width of the region. The magnitudes of the aver-
age strain rates in Table 6.2-2 are, to some extent, arbitrary
because the region boundaries are arbitrary and the strain rates
vary considerably with each region (Figure 6.2-1). However,
when we use these average strain rates we multiply them by
the areas of the regions over which they were calculated, essen-
tially converting them to an average velocity difference across
the region times the north-south width of the region.

As a check on the average strain rates, we plot GPS-mea-
sured velocity versus distance east of the western edge of the
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Figure 6.2-1. Color-coded map of maximum horizontal principal strain rate, €] (extension positive). Note that the color scale is logarithmic.
The two-headed arrows show the azimuth of €] and have lengths proportional to the magnitude of €). The other features shown on the map

are the same as in Figure 6.1-2. Figure provided by Yuehua Zeng, USGS.
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Table 6.2-2. Average strain rates for the Wasatch Front region and subregions.

Latitude Best Estimate Alternative Estimate
Region Range € 90% CL! 6 € AzZ? ' 90% CL )
(deg) (nstriyr) a@) | (striyr) | deg) | (striyn) | & (%) e
\éﬁsnatmh 39.00-42.50 10.96 +7 247 86 12.33 +17 113
BC-N | 41.35-42.50 10.08 +11 3.01 90 10.17 124 1.01
SLC-W | 40.50-41.35 11.90 +9 22.96 76 9.86 +19 83
NE-P 39.65-40.50 11.59 19 -1.89 88 10.50 +18 91
L-F 39.00-39.65 10.59 +11 11,60 93 12.22 20 115
Mean +9 +20 1.00

I'CL, confidence limit.
2Mean €-weighted azimuth of €].

Wasatch Front region (113.25° W) for (1) the whole Wasatch
Front region (Figure 6.2-2), and (2) the four Wasatch Front
subregions that we defined (Figure 6.2-3). The component
of the velocity plotted is the component in the direction of
the mean ¢)-weighted ¢ azimuth for the region, as indi-
cated in the vertical axis label. The error bars shown are
90% confidence limits (= 1.645 std. dev.), calculated from
the standard errors in the east and north velocities in Table
6.2-1. The solid red line on each plot shows the velocity
change across the region predicted by the strain rate model
that we used to calculate the geodetic moment rates, which
is uniaxial strain in the € direction. The solid red lines are
not fit directly to the velocity vectors shown on the plots in
Figures 6.2-2 and 6.2-3. Instead, these lines are calculated
from the € grid (Figure 6.2-1) as follows. The change in ve-
locity across each 0.05° longitude grid interval is computed
by multiplying the mean ¢ for that longitude, averaged over
the latitude range for the region, by the distance across the
grid interval measured in the mean ¢ direction for the re-
gion. The absolute values of these predicted velocity curves
are arbitrary, but they are positioned to match the observed
velocities on the eastern ends of the regions. We consider
the agreement between the predicted and observed veloci-
ties to be acceptable, considering that the strain rate model
is a two-dimensional model that was fit to a larger data set
than is shown on the plots.

The observed velocities in the average ¢ directions are all
west to west-southwest relative to stable North America,
with the rate increasing westward by around 2.1 to 2.6 mm/
yr across each of the regions shown in the plots. Most of the
velocity increase takes place in the middle of the regions, in
the vicinity of the WFZ, with relatively uniform velocities on
the eastern and western ends. Consequently, as a check, al-
ternative estimates for the average strain rates in the Wasatch
Front region and the four subregions can be made from the
difference in the average velocities on the eastern and west-
ern ends of each region.

The solid blue lines on each end of the five GPS velocity
plots show inverse-variance weighted mean velocities from
two to five GPS stations. The dotted lines show 5th and 95th
percentile confidence limits on these mean velocities. The
difference between the mean velocities on the two sides of
a region divided by the distance across the region in the
mean €; direction gives the alternative estimates of the av-
erage strain rates in Table 6.2-2. These alternative average
strain rate estimates are somewhat arbitrary, like the best
estimates, because the widths of the regions are arbitrary.
The ratios between the alternative strain rate estimates and
the best estimates range from 0.83 to 1.15 and have a mean
of 1.00. The 90% confidence limits on the alternative strain
rate estimates range from 18% to 24% and have a mean value
of 20% (Table 6.2-2). These 90% confidence limits might be
overestimates because of the minimum values imposed on
velocity vector uncertainties.

The results of the Monte Carlo simulations show 90% confi-
dence limits on the best-estimate mean ¢ values for the five
regions of + 7% to £ 11%, with an average value of + 9%
(Table 6.2-2). These confidence limits do not fully account
for the effects of the uneven distribution of the GPS stations
in and around the regions of interest (Figure 6.1-2). Further-
more, the ratios between the alternative and best-estimate
maximum principal strain rates, and the 90% confidence lim-
its for the former (Table 6.2-2), suggest that the actual uncer-
tainties might be somewhat larger than those indicated by the
Monte Carlo simulations. Considering all of the uncertainty
information in Table 6.2-2, and also the ~2% to 3% effect of
changing the grid size and area for computing the strain rates,
we assume nominal 90% confidence limits of + 15% for the
mean ¢; values determined for the Wasatch Front region and
its four subregions. We note that because strain rate uncer-
tainty is only one of three sources of uncertainty that we con-
sider in calculating the geodetic moment rates (see Section
6.4), using 90% confidence limits of + 20% instead of + 15%
does not noticeably affect the mean geodetic moment rates
and changes their uncertainty ranges by less than 2%.
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Figure 6.2-2. Plot of N. 86° E. (mean ¢}-weighted ¢ azimuth) velocity versus distance east for GPS stations in the Wasatch Front region
(box in Figure 6.1-2). Error bars are 90% confidence limits (+ 1.645 std. dev.). The solid red line shows predicted velocity changes from the
strain rate model, positioned to match the data on the east end. The blue lines show inverse-variance weighted mean velocities (solid) and
90% confidence limits (dotted) used to calculate the alternative strain rate estimate in Table 6.2-2. The WFZ spans the labeled distance range.
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Figure 6.2-3. Same as Figure 6.2-2, but for the subregions shown in Figure 6.1-1.
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6.3 Methodology

Following Ward (1994), we use an equation originally derived
by Kostrov (1974) to convert the surface strain rates present-
ed in the previous section into expected seismic moment
rates for the Wasatch Front region and the four subregions
shown in Figure 6.1-1. These expected moment rates, which
are known as geodetic moment rates, are then compared to
moment rates calculated from geological and seismological
data for the same regions. The geodetic moment rates should
be equal to the geological/seismological moment rates if, as
assumed by Ward (1994), contemporary strain rates are equal
to long-term deformation rates from earthquakes when aver-
aged over sufficiently large regions and time intervals. Note
that this assumption is only valid if the region of averaging
is large enough to encompass all of the strain accumulation
zones from the faults contained within the region. We consid-
er this assumption to be reasonable, at least for the faults with
the highest associated strain rates, because the strain rates
along the eastern and western edges of the Wasatch Front re-
gion are generally much lower than those in the center of the
region (Figures 6.2-1 to 6.2-3).

Kostrov’s (1974) equation describes how movement in sepa-
rate earthquakes along numerous randomly located fractures
can be summed in a quasi-plastic deformation process. The
equation is:

(6-1)

where ¢, is the “mean tensor of the rate of deformation due
to the seismic flow of rock mass,” x is the rigidity, 4 is the
surface area of the region for the MO(:-;) summation, H; is the
thickness of the seismogenic layer, At is the time interval for
the MO(Z) summation, and MO(Z) is the i/’th component of the
moment tensor of the x’th earthquake. If M, is the scalar mo-
ment, then for double-couple sources:
My;; = My(bn; + bjn;) (6-2)

where b; and b; are the ith and jth components, respectively,
of a unit vector in the displacement direction and n; and n,

are the ith and jth components, respectively of a unit vector
perpendicular to the fault plane.

To apply this equation to the Wasatch Front region, we select
a coordinate system with the x;-axis parallel to the direction of

the maximum horizontal principal strain rate, 6;], with exten-
sion positive. The x,-axis is horizontal and normal to x;, and
the x3-axis is directed upward. We also make the simplifying
assumption that all of the seismic moment release is due to
normal faulting on planes which strike in the x, direction and
have a dip of 0. With this assumption, the nonzero moment
tensor elements become M= M, sin 20, My33= —M, sin 20,

and M3=+M, cos 20, with the sign of M3 depending on the
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dip direction. Substituting the first two of these moment ten-
sor elements into Kostrov’s equation gives

sin 20 (%)

2udAHAt <E0 ©3)

€= —€3 =

where M((,K) is the scalar moment of the x’th earthquake or,
equivalently,

. 2uAdH, .

M, = "

6-4
sin 20 6-4

where M, is the seismic (“geodetic”) moment rate for the
volume.

Ward (1994) similarly reduced Kostrov’s original tensor
equation to a scalar equation by replacing ¢,, with the largest
principal strain rate and replacing % EKMé’,fj)» by M, for each
of his subregions. Our particular application of Kostrov’s
equation assumes normal faulting on planes striking perpen-
dicular to €, but reduces to Ward’s equation for the special
case of J = 45°. Note that for a given €7, the geodetic moment
rate M, has a minimum value of 2uAH, €, for § = 45°.

To provide some physical insight into Equation (6-4), we
present here a second derivation of this equation for the spe-
cial case of the simple block model shown in cross section
in Figure 6.3-1. In this block model, all of the moment re-
lease occurs on a single normal fault of dip J and length L
that extends through the entire thickness of the seismogenic
layer H,. Let d be the average displacement on this fault in an
earthquake, which is uniform across the fault surface in this
block model, and let A be the average earthquake recurrence
interval. From Figure 6.3-1 and the definition of seismic mo-
ment, the moment rate on the fault is given by

My= uL(H,/sin 5) d/At (6-5)
The permanent horizontal strain rate in the direction perpen-
dicular to the fault is

. AW _dcosd )
ST WAr ~ WAt (6-6)

where W is the width of the region under consideration and
AW is the change in this width that occurs during an earth-
quake. Solving Equation (6-6) for d and substituting into
equation (6-5) gives

ULWH, 2uAH,

1, = L= : 6-7
Mo sin d cos o €1 sin 20 €1 6-7)

which is the same as Equation (6-4). From Equation (6-7) and
Figure 6.3-1, it can be seen that the 1/ sin 20 factor in Equation
(6-4) is the result of two competing factors. Consider Figure
6.3-1 with a given, fixed extension rate perpendicular to the
fault and a fixed seismogenic zone thickness H,. As the fault
dip increases from 0° to 90°, the fault slip rate d needed to
produce the given extension rate A ¥ = d cos J increases pro-
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Figure 6.3-1. Block diagram of a normal fault. 7 is the width of the region under consideration, AW is the change in this width during an
earthquake, Hj is the thickness of the seismogenic layer, J is the fault dip, and d is the average displacement on the fault in an earthquake.

portional to 1/ cos d. This increase in slip rate increases the
moment rate on the fault. The competing factor is that as the
fault dip increases, the fault width H,/ sin ¢ decreases pro-
portional to 1/ sin d because the bottom edge of the fault is
fixed at the bottom of the seismogenic zone. This decrease
in the fault width decreases the fault area, and hence, the
moment rate on the fault. Because the moment rate is pro-
portional to the product of the slip rate and the fault area, the
change in the moment rate with the fault dip is proportional
to 1/ sin d cos d = 2/ sin 2.

Although the derivation in the preceding paragraph is for a
block model with a single normal fault, this derivation can
clearly be generalized to a block model having multiple nor-
mal faults. Thus, this derivation shows that the moment rate
Equation (6-4) is the same as that of a two-dimensional block
model in which all of the moment release occurs on paral-
lel normal faults of dip § that break the whole seismogenic
layer. In applying this equation to short-term measurements
of €], we are essentially assuming a two-dimensional strain
accumulation model in which the seismogenic layer is being
extended in the €; direction at a rate equivalent to the long-
term and large-scale permanent rate of deformation caused
by earthquakes. Relatively steady extension of the seismo-
genic layer at the long-term rate could occur, for example, if
the strain accumulation in this layer is driven by basal trac-
tions produced by underlying ductile extension (see Bourne
et al., 1998, and Niemi ef al., 2004).

The simplifying assumptions that we made are reasonable
for the Wasatch Front region. All of the major active faults
in the region are normal faults. The average azimuth of the
maximum horizontal extensional strain rate for the region as
a whole, weighted by the principal strain rate magnitudes €,

is N. 86° E. (Table 6.2-2). This average azimuth is perpen-
dicular to the approximately N-S average strike of the faults
in the Wasatch Front region (Figure 6.1-1). The actual fault
strikes vary, but generally range from SSW to SSE. The ¢
azimuths generally range from ENE-WSW to ESE-WNW in
the parts of the Wasatch Front region where ¢ is above its
average value of 11 x 10”°. As noted earlier, in some places,
such as along the central WFZ, there appears to be a tendency
for the €] azimuths to rotate to directions perpendicular to the
local fault strikes (Figure 6.2-1).

6.4 Geodetic Moment Rates

We applied Equation (6-4) to calculate geodetic moment rates
for the Wasatch Front region and the four subregions shown
in Figure 6.1-1. The input parameters that we used are p =
3 x 10" dynes/cm?, A = surface area of the region, H, = 15
+ 3 km (from Section 3.3), 6 = 50° £ 15° (from Section 3.2),
and the best estimate ¢; values listed in Table 6.2-2, with as-
sumed 90% confidence limits of + 15% as discussed in Sec-
tion 6.2. The uncertainty in p is not considered here because
the geodetic and the geological/seismological moment rates
all depend linearly on p and the same value of p is used for
all moment rate calculations. Consequently, the uncertainty
in p is irrelevant for the comparisons between geodetic and
geological/seismological moment rates.

We used discrete probability distributions for H,, J, and €, and
a logic tree approach to determine mean, 5th percentile, and
95th percentile values for the geodetic moment rates. For H;
we initially used the two region-dependent three-point logic
tree distributions from Section 3.3: 12 km (0.2), 15 km (0.7),
and 18 km (0.1) for the WFZ and faults to the west and 12
km (0.1), 15 km (0.7), and 18 km (0.2) for faults to the east of
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the WFZ. For J, we used the following five-point distribution
(based on Miller and Rice, 1983) rather than the three-point
distribution employed in the WGUEP earthquake probability
calculations in order to better account for the non-Gaussian
distribution of the 1/(sin 20) factor in equation 6-4: 28.8°
(0.101), 40.6° (0.244), 50° (0.310), 59.4° (0.244), and 71.2°
(0.101). This five-point dip distribution, like the three-point
dip distribution, approximates a normal distribution in which
the 10th and 90th percentile dips are 35° and 65°, respective-
ly. For €}, we approximate a normal distribution with 5th and
95th percentile values of 0.85¢; and 1.15¢;, respectively, with
a three-point distribution from Keefer and Bodily (1983):
0.85¢) (0.2), € (0.6), and 1.15¢; (0.2). After combining the
discrete probability distributions for H,, J, and €, together in
a logic tree, we found that the geographic variation in the H,
weights had only a very minor effect on the mean and 5th and
95th percentile values for the geodetic moment rates. Given
this fact, and the difficulty of identifying and separating the
strain accumulation zones for the faults east and west of the
WFZ, we decided to simply average the values from the two
sets of H, weights.

6.5 Geological/Seismological Moment Rates

Table 6.5-1 lists the mean, Sth percentile, and 95th percen-
tile geological moment rates for all of the faults considered
in the WGUEP’s earthquake forecast plus the corresponding
seismological moment rates for the background earthquake
source. We calculated the mean moment rates using the seis-
mic source models and associated logic trees developed in
the preceding sections of this report, excluding the time-de-
pendent models and assuming p = 3 x 10! dynes/cm?. The
5th percentile moment rates are zero for the independent
ruptures on four faults that are modeled as subsidiary faults
in an antithetic fault pair. These rates are zero because the
antithetic fault pairs may also rupture coseismically and in
that branch of the logic tree, all of the moment rate is as-
signed to the master fault. Table 6.5-1 also indicates how the
moment rates from the various sources are partitioned among
the four subregions shown in Figure 6.1-1. For the faults or
fault segments that span two subregions, the moment rates
are divided between the two subregions proportional to the
percentage of the straight line end-to-end fault length that lies
within each region. The relatively small moment rate from
the background source, about 3% of the total, is subdivided
proportional to the subregion areas.

Table 6.5-2 provides the total geological/seismological mo-
ment rates for the Wasatch Front region and its four subre-
gions, plus subtotals for three groups of sources: the WFZ,
all other faults including the OGSLFZ, and the background
earthquakes. The mean moment rate for a group of sources
is, to a good approximation, equal to the sum of the mean
moment rates for its constituent sources. However, that is not
true for the Sth and 95th percentile moment rates.
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As indicated in Table 6.5-2, the mean total moment rate in the
WGUEP source model for the whole Wasatch Front region
is 6.31 x 10** dyne-cm/yr. This rate is equivalent to the mo-
ment rate that would be produced by the occurrence of one
M 5.8 earthquake per year. Two-thirds of the total moment
rate for the region comes from the two central subregions,
which have nearly equal moment rates and together occu-
py about half the area of the Wasatch Front region (Figure
6.1-1). One of these two central subregions, NE-P, includes
the Nephi and Provo segments of the WFZ; the other, SLC-
W, includes the Salt Lake City and Weber segments of the
WEFZ. The northernmost subregion, BC-N, has a somewhat
smaller moment rate than the two central subregions despite
its larger area, which covers about one-third the total area of
the Wasatch Front region. The BC-N subregion includes the
Brigham City segment of the WFZ and other WFZ segments
farther north. The southernmost subregion, L-F, has a mean
moment rate that is a factor of five or more smaller than that of
all of the other subregions. The L-F subregion covers the north-
south extent of the Levan and Fayette segments of the WFZ.

One of the most significant observations to be made from Ta-
ble 6.5-2 is that the WFZ accounts for only about half of the
estimated seismic moment rate for the Wasatch Front region.
The other half comes primarily from the rest of the faults in
the region, including the OGSLFZ, which have a combined
moment rate comparable to that of the WFZ. This result is
consistent with Hecker’s (1993) tabulation of post-Bonneville
surface-faulting earthquakes within a region very similar to
the Wasatch Front region as defined in this report (Figure 6.1-
1). Hecker’s tabulation showed that only half of the estimated
50 to 120 post-Bonneville surface-faulting earthquakes with-
in her study region that were recognized or suspected at the
time of her study occurred on the WFZ. One implication of
the moment rate subtotals in Table 6.5-2 is that it is very im-
portant for strain rate models for the Wasatch Front region to
include the other faults in the region besides the WFZ. Some
of the Wasatch Front strain rate models published to date do
not, including Chang et al. (2006) and Velasco et al. (2010).

6.6 Comparison of Geodetic and Geological/
Seismological Moment Rates

Table 6.6-1 compares geodetic moment rates to geological/
seismological moment rates for the Wasatch Front region,
and for the four subregions mapped in Figure 6.1-1. For the
Wasatch Front region and the three northernmost subregions,
the agreement between the two moment rates is reasonably
good and well within the uncertainty limits. The geologi-
cal/seismological moment rate for the Wasatch Front region
as a whole is lower than the geodetic moment rate, by 31%,
but there is substantial overlap in the uncertainty limits. For
the SLC-W and NE-P subregions, which encompass the Salt
Lake City, Weber, Nephi, and Provo segments of the WFZ,
the mean values for the two moment rates agree within 15%.
For the BC-N subregion, which includes the Brigham City
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Table 6.5-1. Geological/seismological moment rates for Wasatch Front region seismic sources.

Source Moment Rate (dyne-cm/yr) % M, Rate in Subregion
Mean 5th Percentile 95th Percentile L-F NE-P SLC-W BC-N

Wasatch Fault Zone
Fayette segment 2.71E+22 1.13E+21 7.23E+22 100
Levan segment 7.23E+22 7.73E+21 1.82E+23 100
Nephi segment 6.03E+23 1.29E+23 1.52E+24 100
Provo segment 9.56E+23 2.91E+23 2.07E+24 100
Salt Lake City segment 5.38E+23 1.47E+23 1.20E+24 100
Weber segment 7.67E+23 2.25E+23 1.72E+24 100
Brigham City segment 3.40E+23 9.59E+22 7.87E+23 100
Collinston segment 1.27E+22 1.64E+21 3.26E+22 100
Clarkston Mt segment 1.26E+22 1.47E+21 2.93E+22 100
Malad City segment 1.83E+22 2.31E+21 4.77E+22 100
Oquirrh-Great Salt Lake Fault Zone
East Tintic segment 3.58E+22 5.67E+21 9.04E+22 100
Topliff Hill segment 4.51E+22 7.15E+21 1.10E+23 100
Southern Oquirrh segment 5.07E+22 9.53E+21 1.14E+23 100
Northern Oquirrh segment 4.68E+22 6.14E+21 1.16E+23 100
Antelope Island segment 1.51E+23 3.49E+22 3.70E+23 100
Fremont Island segment 1.24E+23 2.34E+22 3.17E+23 100
Promontory segment 9.45E+22 1.62E+22 2.43E+23 70 30
Rozelle segment 9.97E+22 2.39E+22 2.77E+23 100
Other Modeled Faults
West Valley fault zone (ind ruptures) 5.57E+21 0.00E+00 2.63E+22 100
Utah Lake faults (ind ruptures) 3.44E+22 0.00E+00 1.22E+23 100
East Cache fault zone 1.26E+23 2.00E+22 3.19E+23 100
Bear River fault zone 1.84E+23 6.98E+22 5.68E+23 100
Eastern Bear Lake fault 5.12E+23 1.12E+23 1.44E+24 100
Western Bear Lake fault (ind ruptures) 1.45E+22 0.00E+00 6.10E+22 100
North Promontory fault 9.07E+22 1.91E+22 2.43E+23 100
Hansel Valley fault (ind ruptures) 5.74E+21 0.00E+00 2.12E+22 100
Stansbury fault-Southern segment 6.37E+22 6.52E+21 1.92E+23 100
Stansbury fault-Central segment 1.23E+23 1.25E+22 3.97E+23 90 10
Stansbury fault-Northern segment 8.99E+22 9.20E+21 2.72E+23 100
West Cache fault zone 1.53E+23 3.30E+22 3.56E+23 100
Rock Creek fault 2.33E+23 4.49E+22 5.61E+23 100
Carrington fault 8.57E+22 1.39E+22 1.99E+23 100
Skull Valley faults 8.04E+22 9.82E+21 1.75E+23 100
Scipio Valley and Pavant Range faults 5.62E+22 4.93E+21 1.97E+23 100
Curlew Valley faults 5.51E+22 1.10E+22 1.75E+23 100
Gunnison fault 5.21E+22 4.60E+21 1.84E+23 90 10
Strawberry fault 3.19E+22 7.36E+21 1.02E+23 100
Little Valley faults 2.48E+22 2.19E+21 8.75E+22 100
Crater Bench and Drum Mts fault zone 2.97E+22 2.85E+21 1.14E+23 100
Joes Valley fault zone 2.11E+22 6.38E+20 6.07E+22 100
East Dayton-Oxford faults 8.93E+21 1.26E+21 1.89E+22 100
Porcupine Mt fault 7.28E+21 1.92E+21 1.92E+22 100
Main Canyon fault 5.37E+21 1.42E+21 1.42E+22 100
West Crawford Mts fault 4.99E+21 1.37E+21 1.37E+22 100
Morgan fault 3.47E+21 8.20E+20 9.30E+21 100
Stinking Springs fault 1.14E+22 1.84E+21 4.10E+22 100
Snow Lake graben 1.32E+22 3.80E+20 3.98E+22 100
Background Earthquakes 1.83E+23 8.15E+22 3.51E+23 19.0 24.6 24.2 323
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Table 6.5-2. Geological/seismological moment rates for the Wasatch Front region and subregions (dyne-cm/yr).

Source Region
Wasatch Front L-F NE-P SLC-W BC-N
Wasatch Fault Zone Mean 3.33E+24 9.94E+22 1.56E+24 1.31E+24 3.84E+23
5th Percentile 1.51E+24 1.01E+22 5.59E+23 4 98E+23 1.25E+23
95th Percentile 6.21E+24 2.57TE+23 3.16E+24 2.56E+24 8.24E+23
OGSLFZ Plus Other Faults Mean 2.77E+24 1.92E+23 4.69E+23 7.82E+23 1.33E+24
5th Percentile 1.88E+24 7.52E+22 2.23E+23 4.14E+23 747E+23
95th Percentile 4.02E+24 3. 74E+23 8.38E+23 1.33E+24 2.28E+24
Background Earthquakes Mean 1.83E+23 3.48E+22 4.51E+22 4.44E+22 5.92E+22
5th Percentile 8.15E+22 1.55E+22 2.01E+22 1.97E+22 2.63E+22
95th Percentile 3.51E+23 6.67E+22 8.64E+22 8.50E+22 1.13E+23
Total Mean 6.31E+24 3.26E+23 2.07E+24 2.13E+24 1.77E+24
5th Percentile 4.18E+24 1.54E+23 1.02E+24 1.19E+24 1.09E+24
95th Percentile 9.36E+24 5.58E+23 3.70E+24 3.54E+24 2.79E+24

Table 6.6-1. Comparison of geodetic and geological/seismological moment rates.

Region Area Geodetic My Rate (102* dyne-cm/yr) Geol/Seism M, Rate (102* dyne-cm/yr)
(10™ cm?) Mean | 5thPercentile | 95th Percentile | Mean | 5thPercentile | 95th Percentile
Wasatch Front 8.21 9.13 6.53 13.28 6.31 4.18 9.36
BC-N 2.65 2.71 1.94 3.94 1.77 1.09 2.79
SLC-W 1.99 240 1.72 3.49 2.13 1.19 3.54
NE-P 2.02 2.37 1.70 345 2.07 1.02 3.70
L-F 1.56 1.67 1.20 243 0.33 0.15 0.56

segment and the three less active segments to the north, the
geological/seismological moment rate is 35% below the geo-
detic moment rate. However, there is considerable overlap in
the 5th and 95th percentile confidence limits for these mo-
ment rates.

In contrast, the geodetic moment rate for the L-F subregion,
which spans the north-south extent of the Levan and Fayette
segments of the WFZ, is a factor of five higher than the geo-
logical/seismological moment rate. This difference is sig-
nificant at the 90% level, because the 5th percentile for the
geodetic moment rate (1.20 x 10>* dyne-cm/yr) is more than a
factor of two above the 95th percentile for the geological/seis-
mological moment rate (0.56 x 10?* dyne-cm/yr). The large
discrepancy between these two moment rates is consistent
with the results of the Zeng and Shen (2014) fault slip rate in-
version shown in Figure 6.1-3. The evidence for this discrep-
ancy can be seen in the original data. The strain rate for the
L-F subregion is about the same as in the other subregions, as
shown in Table 6.2-2 and Figures 6.1-2 and 6.2-3. The geo-
detic moment rate for the L-F subregion is 62% to 70% of the
rates in the other subregions, mostly due to the smaller area of
the L-F subregion (Table 6.6-1). However, the geological mo-
ment rate on the WFZ in the L-F subregion is only one-fourth
or less of the rates in the other subregions, and the geological
moment rate on the other faults is less than half the values for
other subregions (Table 6.5-2).

6.7 Discussion: The Moment Rate
Discrepancy

6.7.1 The Levan and Fayette Segments

The underlying reason for the high geodetic moment rate in
the L-F region compared to the geological/seismological mo-
ment rate is unknown. The highest strain rates in this region
occur in the general vicinity of the Levan and Fayette seg-
ments of the WFZ (Figures 6.1-2 and 6.2-1). Is it possible that
the WGUEP model underestimates the geological moment
rates on these two segments? In the Zeng and Shen (2014)
inversion solution, the slip rate on the Levan segment is a fac-
tor of five higher than the geologic slip-rate estimate of 0.31
mm/yr (Haller and Wheeler, 2008). The Fayette segment was
not included in the Zeng and Shen (2014) inversion because
this segment was not used in the hazard calculations for the
2008 NSHMs. If we multiply the moment rate on the Levan
segment by five, the mean geological/seismological moment
rate in the L-F region increases to 0.62 x 10** dyne-cm/yr.
However, this moment rate is still a factor of 2.7 below the
mean geodetic moment rate.

The paleoseismic data for the Levan and Fayette segments
are more limited than the data available for the five central
segments of the WFZ to the north (Brigham City to Nephi).
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Nevertheless, from the available data, the rate of earthquake
activity on the Levan and Fayette segments is evidently much
lower than on the five central segments. Paleoseismic studies
of scarps, one trench, and one natural exposure on the Levan
segment have found evidence for two surface-faulting earth-
quakes on this segment since sometime before 6000—-10,600
cal yr B.P. (Section 4.4.2; Hylland, 2007b; Hylland and Ma-
chette, 2008). In contrast, four or five documented surface-
faulting earthquakes occurred during the past ~6000 yrs on
each of the five central segments of the WFZ (Table 4.1-1;
Figure 4.1-2). On the Fayette segment, cross-cutting geologic
relations and scarp profile data indicate that the most recent
surface faulting occurred in the mid- to early Holocene on
the southwestern strand, latest Pleistocene on the southeast-
ern strand, and prior to ~250,000 ka on the northern strand.
The times of earlier surface-faulting earthquakes on the Fay-
ette segment are unknown due to the lack of trenching data
(Section 4.2.2; Hylland, 2007b; Hylland and Machette, 2008).

The WGUEP model uses slip rates to quantify the rates of
seismic activity on the Levan and Fayette segments. Holo-
cene vertical slip-rate bounds from the trench and the natu-
ral exposure on the Levan segment are < 0.5 to 2.3 mm/yr
and < 0.2 to 0.4 mm/yr, respectively, the latter value being
considered the more reliable of the two (Table 4.2-1; Hyl-
land and Machette, 2008). On the Fayette segment, vertical
offsets measured from scarp profiles, in combination with
maximum age estimates for the most recent event, provide
Holocene slip rate bounds of > 0.07 to 0.1 mm/yr for the
southwestern strand and latest Pleistocene slip rate bounds of
> 0.03 to 0.07 mm/yr for the southeastern strand (Table 4.2-
1). In the WGUEP segmented rupture model (weight 0.9), the
total slip rate on the Levan and Fayette segments is equally
partitioned between single-segment ruptures and combined
Levan-Fayette segment ruptures (see Table 4.2-2 and the ac-
companying discussion). The sum of the median vertical slip
rates assigned to these two types of ruptures is 0.3 mm/yr on
the Levan segment and 0.175 mm/yr on the Fayette segment.
For comparison, the closed mean vertical slip rates for the
five central segments of the WFZ have preferred values rang-
ing from 1.3 mm/yr to 2.0 mm/yr (Table 4.1-4).

The difference between the means of the geodetic moment
rate and the geological/seismological moment rate for the L-F
region is 1.34 x 10?* dyne-cm/yr. This difference is a factor
of 13.5 larger than the sum of the mean moment rates on the
Levan and Fayette segments in the WGUEP model, which
is 9.94 x 10?2 dyne-cm/yr. Therefore, to account for the mo-
ment rate discrepancy by changing the WGUEP slip rates for
the Levan and Fayette segments, we would need to increase
these slip rates by a factor of 14.5. The resulting vertical slip
rates of 4.4 mm/yr on the Levan segment and 2.5 mm/yr on
the Fayette segment are clearly unrealistic, as they are sig-
nificantly larger than the preferred mean slip rates for the five
central segments of the WFZ (Table 4.1-4). Also, a 4.4 mm/
yr slip rate on the Levan segment would exceed both of the
maximum slip rate estimates for this segment.

The geological moment rates in the WGUEP model are a
function of the fault dips, which are assumed to be 50° + 15°
(90% confidence limits) for all faults. Some evidence sug-
gests that the dips along the Levan and Fayette segments of
the WFZ might be at or below the low end of the assumed
dip range. Smith and Bruhn (1984) interpret a seismic reflec-
tion section across the northern Levan segment at the town
of Levan (Figure 6.1-1) to show a WFZ dip of ~34° at 1.9 km
depth. However, this dip measurement has a large uncertain-
ty because of the poor quality of the seismic reflection data.
Schelling et al. (2007) write that “south of the town of Nephi
[Figure 6.1-1], the Wasatch fault dip decreases and seismic
data indicate that this southern extension of the Wasatch fault
merges with a detachment surface located within shales and
evaporites of the Arapien Shale underneath Juab Valley.” On
a structural cross section that crosses the Levan segment 6.5
km NNE of Levan, Schelling et al. (2007) show the dip of
the WFZ decreasing from ~40° near the surface to ~6° at
~3.6 km depth, at the base of the Arapien Shale. It is unclear
from their cross section what happens to the WFZ beyond
the western end of the 6°-dipping section, which is 9 km
west of the surface trace. Unfortunately, we cannot evaluate
Schelling et al’s (2007) interpretation of the subsurface ge-
ometry of the Levan segment because they did not publish the
seismic reflection data on which it is based. We are skeptical
of their interpretation for various reasons, including the lack
of supporting data, mechanical implausibility, and the dif-
ficulty of distinguishing Mesozoic thrust faults from super-
imposed Cenozoic normal faults. Nevertheless, the Schelling
et al. (2007) and Smith and Bruhn (1984) studies motivate us
to explore the effects of possible lower fault dips along the
Levan and Fayette segments on the L-F region moment rate
discrepancy.

For fixed values of i, L, H,, and vertical slip rate dv, substitut-
ing d,/ sin 6 for d /At in Equation (6-5) shows that the moment
rate on a normal fault is proportional to 1/(sin 8)?. Therefore,
to estimate the moment rate for an assumed dip & other than
50° + 15°, we multiply the WGUEP moment rate by (sin 50/
sin §)?. This dip adjustment is approximate because the origi-
nal WGUEP moment rates are mean values calculated using
discrete probability distributions for dip and other parame-
ters. Recall that the geodetic moment rate is inversely propor-
tional to sin 26 (Equation [6-4]). Consequently, if the missing
geodetic moment rate is assumed to be accommodated by
normal faults with a dip other than 50°, we multiply it by sin
100%sin 24. This adjustment is also approximate because our
original geodetic moment rates are mean values calculated
using discrete probability distributions for dip, seismogenic
depth, and strain rate (Section 6.4).

The shallowest plausible dip for a seismogenic normal fault
in the Wasatch Front region is 30°, based on both theoretical
expectations and a worldwide compilation of fault plane dips
for 25 shallow, continental, M > 5.5 normal-faulting earth-
quakes (Collettini and Sibson, 2001). This compilation shows
a dip distribution extending from 30° to 65°, with a peak at
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45°. As discussed in Section 3.2, the available data from large
normal-faulting earthquakes in the Basin and Range Prov-
ince are in agreement with the minimum dip of 30° observed
in the worldwide data set. If we assume a dip of 30° instead
of 50° on the Levan and Fayette segments, the dip adjustment
discussed above increases their combined geologic moment
rate to 2.33 x 103 dyne-cm/yr. The geodetic moment rate in
the L-F region that is unaccounted for by earthquake sources
in the WGUEP model other than the Levan and Fayette seg-
ments is 1.44 x 10?* dyne-cm/yr for 50°-dipping faults and
1.64 x 10?* dyne-cm/yr for 30°-dipping faults. Therefore, in
order to account for the missing moment rate on the Levan
and Fayette segments, assuming 30° dips, their slip rates
would need to be increased by a factor of 7.0. The resulting
median slip rates of 2.1 mm/yr on the Levan segment and 1.2
mm/yr on the Fayette segment are still unrealistically high.
We conclude that the Levan and Fayette segments could, at
most, account for only a small part of the discrepancy be-
tween the geodetic and geological/seismological moment
rates for the L-F region.

6.7.2 Faults Omitted From the WGUEP Model

Another possibility that must be considered is that the
WGUEP fault model is missing one or more significant active
faults in the L-F region. Table 6.7-1 summarizes information
on 12 known or suspected Quaternary faults that are located
at least partially within the L-F region but are not included in
the WGUEP fault model (see also Figure 6.7-1). All are normal
faults with northerly or southerly strikes. Eleven of these faults
are in the Quaternary Fault and Fold Database of the United
States (USGS, 2013; see also Black et al., 2003). All 11 are
assigned to the database slip rate category of < 0.2 mm/yr, but
the database does not cite specific slip-rate measurements for
any of them. These 11 faults are not included in the WGUEP
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model because the WGUEP considered them unlikely to sig-
nificantly affect the earthquake forecast, based primarily on
their length and/or the age of their most recent surface de-
formation (see Section 4.5). For completeness, Table 6.7-1 in-
cludes another suspected Quaternary fault in the region that
Cline and Bartley (2007) have named the Salina detachment
(Figure 6.7-1). This feature is a Cenozoic-Jurassic contact on
the eastern side of the Sevier Valley that Cline and Bartley
(2007) interpret as an east-dipping rolling hinge normal fault
(Buck, 1988; Wernicke and Axen, 1988). They argue that this
fault is a southwestward continuation of the Gunnison fault
(called the West Sanpete fault in their paper) that likely trans-
fers displacement southward to the Elsinore and Sevier faults.
The only evidence that the Salina detachment is active is its
inferred connection to the Gunnison fault, which has had late
Holocene movement (Fong, 1995; Black et al., 2003). If the
Salina detachment is active, then its slip rate is likely to be in
the < 0.2 mm/yr category like the Gunnison fault to the north
and the Sevier and Elsinore faults to the south.

The cumulative length within the L-F region of all of the
faults listed in Table 6.7-1 is 175 km. To estimate their com-
bined moment rate, we assume that they are all pure normal
faults with a dip of 50° that extend to 15 km depth. With these
assumptions, and the previously assumed rigidity of 3 x 10!
dynes/cm?, the maximum estimated slip rate for these faults
of 0.2 mm/yr gives a maximum estimated moment rate of
2.68 x 10% dyne-cm/yr. This maximum moment rate is a fac-
tor of five smaller than the missing moment rate.

Of course, it is possible that the length and/or slip rate has
been underestimated for some of the faults in Table 6.7-1, or
that there are other, unknown, active faults in the region. To
put these possibilities into perspective, let us assume, for the
sake of argument, that all of the missing moment rate occurs

Table 6.7-1. Faults in the L-F subregion that are not included in the WGUEP fault model.

Fault Name* End-To-End Lengthin L-F Time of Most Recent Deformation*
Length (km)* Region (km)

Clear Lake fault zone 36 26 Latest Quaternary (< 15 ka)

Cricket Mountains (north end) faults 3 Middle and late Quaternary (< 750 ka)

Cricket Mountains (west side) fault 41 7 Latest Quaternary (< 15 ka)

Deseret faults 7 Middle and late Quaternary (< 750 ka)

Gooseberry graben faults 23 Middle and late Quaternary (< 750 ka)

Japanese and Cal Valleys faults 30 30 Middle and late Quaternary (< 750 ka)

Pavant faults 30 26 Middle and late Quaternary (< 750 ka)

Pleasant Valley fault zone, unnamed 31 2 Quaternary (< 1.6 Ma)

Sage Valley fault 11 11 Quaternary (< 1.6 Ma)?

Salina detachment 80 38 Quaternary (< 1.6 Ma)?

Sugarville area faults 5 5 Latest Quaternary (< 15 ka)

White Mountain area faults 16 16 Quaternary (< 1.6 Ma)

Total - 175

*Information from USGS (2013), except for the Salina detachment (Cline and Bartley, 2007).
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Figure 6.7-1. Map of the west-central part of the L-F subregion showing Quaternary volcanic rocks (Hecker, 1993) and the surface traces
of faults in the Quaternary Fault and Fold Database of the United States (USGS, 2013), color-coded by age. The dashed black lines are the
surface traces of two other possible Quaternary faults discussed in the text: the Salina detachment (Cline and Bartley, 2007) and the Sevier
Desert detachment. The trace for the latter is the surface projection of the Sevier Desert reflector from Anders ez al. (2001), shown over the
north-south extent of the contour map of this reflector in Wills ez al. (2005). Shaded topography generated from 60-m digital elevation data

(http:/nationalmap.gov).
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on a north- or south-striking normal fault with a dip of 50°
that extends the full north-south length of the L-F region (72.2
km) and has a depth extent of 15 km. With these assumptions
and the assumed rigidity, the vertical component of the slip
rate on the fault would need to be 2.4 mm/yr to account for
the missing seismic moment. This slip rate is comparable to
the maximum slip-rate estimates for the five central, most ac-
tive segments of the WFZ (Table 4.1-4). It seems unlikely that
a 72-km-long, moderately-dipping fault with a slip rate of 2.4
mm/yr, or even four such faults with slip rates of ~0.6 mm/
yr, could exist in the L-F region and remain unrecognized.
It is possible that there are unrecognized active faults buried
beneath the late Pleistocene Lake Bonneville sediments that
underlie much of the western third of the L-F region. Howev-
er, during the 13 kyr time period since the youngest of these
lake sediments were deposited (Reheis ef al., 2014; Oviatt,
2015), a normal fault with a vertical-component slip rate of
0.6 mm/yr would be expected to produce multiple surface-
faulting earthquakes and a total vertical displacement of ~7.8
m. A fault with 7.8 m of post-Bonneville displacement should
be visible in the L-F region landscape.

If our hypothetical fault is assumed to have a dip of less than
50°, then it could accommodate the missing moment rate with
a slip rate that has a vertical component of less than 2.4 mm/yr.
If we assume a 30° dip for our hypothetical 72-km-long north-
or south-striking normal fault, the vertical component of the
slip rate required to account for the missing moment rate is 1.2
mm/yr. We consider it unlikely that an unrecognized fault hav-
ing this length and slip rate exists in the L-F region.

6.7.3 The Sevier Desert Detachment

If our hypothetical fault is assumed to have a dip of 12°, then
it could accommodate the missing moment rate with a slip
rate having a vertical component of 0.43 mm/yr. If the ar-
guments in the previous sections are temporarily set aside,
the calculation for a 12° dip is potentially relevant because a
number of investigators have interpreted a prominent, 11°- to
12°-west-dipping seismic reflector beneath the Sevier Desert
in the L-F region to be a low-angle normal fault known as the
Sevier Desert detachment (McDonald, 1976; Allmendinger
et al., 1983; Von Tish et al., 1985; Planke and Smith, 1991,
Coogan and DeCelles, 1996; McBride et al., 2010). This re-
flector projects to the surface along the western margins of
the Canyon and Pavant Ranges (Figure 6.7-1; Anders ef al.,
2001; Niemi et al., 2004). Contour maps of the Sevier Desert
reflector, constructed with data from reflection profiles and
wells, show a minimum north-south extent of 75 to 85 km
with the northern end located ~10—15 km south of the north-
ern boundary of the L-F subregion (Von Tish et al., 1985;
Planke and Smith, 1991; Wills et al., 2005). Perpendicular
to strike, the reflector can be traced westward for more than
70 km from the near surface to a depth of 12 to 15 km (All-
mendinger ef al., 1983; Von Tish et al., 1985).
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Interestingly, Niemi et al. (2004) attributed a maximum hori-
zontal Holocene slip rate of 6.6 mm/yr to the Sevier Desert
detachment, which they assumed to have an average dip of
12° based on seismic reflection profile interpretations by All-
mendinger et al. (1983) and Von Tish ef al. (1985). This de-
tachment accounts for two-thirds of Niemi et al’s estimated
maximum Holocene geologic extension rate on an east-west
profile across the L-F region. However, the Sevier Desert de-
tachment is not included in the WGUEP seismic source mod-
el due to questions about whether or not this interpreted de-
tachment is actually an active fault (discussed below) and the
lack of evidence worldwide for normal-faulting earthquakes
on faults of such shallow dip (discussed above and in Section
3.2). We note that there is no entry for the Sevier Desert de-
tachment in the Quaternary Fault and Fold Database of the
United States (USGS, 2013), although it is mentioned in the
discussions of some other faults in the region.

The geological origin and seismogenic potential of the Se-
vier Desert reflector have been controversial for more than
three decades (see Hintze and Davis, 2003, Christie-Blick et
al., 2009, and McBride et al., 2010, for reviews). Anders and
Christie-Blick (1994) and Anders ef al. (2001) argue that the
eastern part of this reflector is not a fault but an unconfor-
mity, based on their observation that cores and drill cuttings
from two industry boreholes show no increase in microfrac-
tures and other forms of fault-related deformation near the
reflector. They interpret the western part of the reflector to
be a Cretaceous thrust fault that fortuitously aligns with the
unconformity (see also Wills et al., 2005). The supporters of
the detachment hypothesis consider the borehole data of An-
ders and Christie-Blick (1994) and Anders et al. (2001) to be
unreliable due to the 3 m sampling interval (Allmendinger
and Royce, 1995; Coogan and DeCelles, 2007). Otton (1995)
proposed that a west-dipping, low-angle (18° to 24°) contact
between Miocene conglomerates and underlying Cambrian
and Precambrian rocks in the western Canyon Mountains is a
surface exposure of the Sevier Desert detachment. However,
based on their own field studies, Wills and Anders (1999) and
also Hintze and Davis (2003, p. 205) interpret this contact as
an unconformity rather than a fault.

Even if one accepts the interpretation of the Sevier Desert
reflector as a low-angle normal fault, there is no compelling
evidence that this fault is still active. No Quaternary fault
scarps are mapped in the area where the Sevier Desert reflec-
tor projects to the surface (Figure 6.7-1; USGS, 2013). Vari-
ous authors have proposed that some active fault traces far-
ther west in the Sevier Desert are splays of the Sevier Desert
detachment, most notably the east-dipping Clear Lake fault
zone and the west-dipping Black Rock fault zone (Figure
6.7-1; Von Tish et al., 1985; Niemi et al., 2004; McBride et
al., 2015). The Black Rock fault zone (Hoover, 1974; Oviatt,
1991) consists of the faults called the Pavant faults, Tabernacle
faults, Beaver Ridge faults, and Meadow-Hatton Area faults
in the Quaternary Fault and Fold Database of the United
States (USGS, 2013). The Clear Lake and Black Rock fault
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zones are close together at their southern ends and diverge
northward to form a north-trending graben ~35 km long and
up to 15 km wide, centered 25 to 35 km west of the surface
projection of the Sevier Desert reflector (Figure 6.7-1; Niemi
et al., 2004; McBride et al., 2015). This graben is imaged on
a seismic reflection profile published by McDonald (1976,
Plate II1, at the intersection of lines 2 and 3). McDonald inter-
preted this graben to be bounded by listric normal faults that
sole into the Sevier Desert detachment, based in part on his
observation that these faults do not noticeably offset the de-
tachment. On other seismic reflection lines across the Sevier
Desert, McDonald (1976, Plate I'V, line 20), Planke and Smith
(1991, lines 2, 4, and 10), and Niemi et al. (2004, their Fig-
ure 7) interpreted an east-dipping listric normal fault or fault
zone that projects upward to the Clear Lake fault scarps on
the western side of the graben (the Western Basin-Bounding
fault of Planke and Smith, 1991) and merges downward into
the Sevier Desert detachment. However, in the opinion of Mc-
Bride et al. (2015), “no published subsurface data clearly and
definitively link” the Clear Lake fault and the Sevier Desert
detachment. Wills ez al. (2005, their Figure 10) presented an
alternative interpretation of seismic reflection and well data
for the Sevier Desert that shows the Clear Lake and Black
Rock fault zones cutting the Sevier Desert reflector (which
they refer to as the Paleozoic-Tertiary contact).

In their analysis of geological extension rates across the L-F
region, Niemi ef al. (2004) treated the Black Rock fault zone
as the current primary surface trace of the Sevier Desert de-
tachment. They assigned a maximum Holocene vertical slip
rate of 1.4 mm/yr to this fault zone, based on Hoover’s (1974)
report that it displaces the 11 ka Tabernacle Hill basalt flow
by 15.2 m along the Tabernacle faults section of this fault
zone (TF on Figure 6.7-1). Niemi et al. (2004) considered this
slip rate to be a maximum value because Hecker (1993, citing
Oviatt, verbal communication, 1988) noted that the Taber-
nacle Hill flow appears to be draped over pre-existing fault
scarps. If so, then some or all of the fault displacement could
predate the flow. From this maximum vertical slip rate d, on
the Black Rock fault zone, Niemi et al. (2004) calculated a
maximum Holocene horizontal slip rate d, on the Sevier Des-
ert detachment of 6.6 mm/yr using the simple geometrical
relationship d, = d,/ tan § and an average dip & on the detach-
ment of 12°. They did not consider the slip rate on the anti-
thetic Clear Lake fault in their calculation, stating that “it is
unclear how vertical slip rates on an antithetic fault that soles
into the detachment relate to the slip rate on the detachment
at depth.” Replacement of Hoover’s (1974) approximate age
of 11 ka for the Tabernacle Hill basalt flow by a much better
determined age of 18.2 + 0.3 cal ka B.P. from Lifton et al.
(2015) reduces the maximum vertical slip rate on the Black
Rock fault zone to 0.84 mm/yr and the maximum horizontal
slip rate on the Sevier Desert detachment to 4.0 mm/yr.

There are three issues with Niemi ef al.’s (2004) assumption
that the Black Rock and Clear Lake fault zones are the active
surface traces of the Sevier Desert detachment, two of which

they acknowledge. The first is that no significant topography
has developed along either the Black Rock fault zone or the
antithetic Clear Lake fault zone. The second is that the Black
Rock fault zone is only about half as long as the mapped ex-
tent of the Sevier Desert detachment (Figure 6.7-1). These
two facts are incompatible with the large middle and late Ce-
nozoic displacements of 5.5-7.2 km (Planke and Smith, 1991)
to 28-38 km (Von Tish et al., 1985) estimated for the Sevier
Desert detachment, unless one assumes that the surface dis-
placement on this detachment has only recently shifted to the
Black Rock fault zone. Niemi et al. (2004) and others sug-
gested that such a shift has occurred, but if so, then where
are the older surface traces of the Sevier Desert detachment?
The third issue is that the Black Rock fault zone cuts Qua-
ternary volcanic rocks over most of its length and connects
four Quaternary volcanic vents (Oviatt, 1989, 1991; McBride
et al., 2015). This association with recent volcanism suggests
that the displacements along the Black Rock fault zone and
the nearby Clear Lake fault zone could be the result of local
magma movement and/or subsidence over a magma chamber,
rather than tectonic processes (Oviatt, 1989; Hecker, 1993;
Black et al., 1999; Niemi et al., 2004).

Finally, there are some significant questions regarding the
field observations on which Niemi et al’s (2004) preferred
Holocene slip rate for the Black Rock fault zone is based. The
first, as mentioned above, is the question of whether or not the
Tabernacle Hill basalt flow is cut by this fault zone or if it is
draped over pre-existing fault scarps. The second question is
whether or not the 15.2 m vertical displacement of this flow
reported by Hoover (1974) is the net vertical displacement
across the entire fault zone, which is the appropriate mea-
surement to use for a slip-rate calculation. The Tabernacle
faults section of the Black Rock fault zone is a complex zone
of both east- and west-dipping normal faults that spans the
entire 5-km width of the roughly circular Tabernacle flow
(Figure 6.7-1; Oviatt and Nash, 1989; Oviatt, 1991). Hoover
(1974) does not document where or how he measured his 15.2
m displacement on the Tabernacle faults or any of the other
vertical displacements that he provides for the Black Rock
fault zone. However, he writes that these displacements “were
measured along the master fault or extensions of it,” which
suggests that they were measured across a single fault rather
than the whole fault zone. With regard to the Tabernacle Hill
flow, Oviatt and Nash (1989) state that “The outer rim of the
basalt flow has a uniform altitude of 1,445 m” (4740 feet; see
also Oviatt, 1991). They support this statement with a geo-
logic map that shows the 1445 m elevation contour from the
1986 USGS topographic map of the area. This edition of the
map has more detailed topographic contours than the 2014
edition and, with a 20 ft (6.1 m) contour interval, is compara-
ble in resolution to the best available digital elevation model
for this area (5 m). Although a contour interval of 6.1 m is
marginal for resolving a 15.2 m elevation difference across
the Tabernacle Hill flow, the topographic map shows no evi-
dence for a linear 15.2-m elevation step on this flow. Con-
sidering the problems surrounding Hoover’s (1974) reported
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15.2-m offset of the Tabernacle Hill flow, the vertical slip rate
on the Black Rock fault zone may be much smaller than the
maximum value of 1.4 mm/yr that Niemi ez al. (2004) used
to calculate the maximum horizontal slip rate on the Sevier
Desert detachment—and our revised maximum vertical slip
rate of 0.84 mm/yr.

Niemi et al. (2004) provided three other maximum vertical
slip-rate values for the Black Rock fault zone. All three rely
heavily on Hoover (1974), and all are problematic in some
way. Niemi et al. calculated a maximum late Holocene slip
rate of ~2.0 mm/yr from a 6.1 m offset measured in the Ice
Springs basalt flow and a basalt age of 3 to 4 ka based on
“stratigraphic arguments,” all attributed to Hoover (1974).
The Ice Springs basalt flow is at the southern end of the
Pavant faults (Figure 6.7-1). The actual age of this flow is
< 660 £ 340 '*C yr B.P. (Valastro ef al., 1972; Oviatt, 1991),
which converts to < 710 +290/-330 cal yr before 2014 (2 std.
dev. uncertainties) using OxCal v. 4.2 (Bronk Ramsey and
Lee, 2013) with the Reimer ef al. (2009) terrestrial calibra-
tion curve. Combining this age with the 6.1 m offset gives a
maximum slip rate of 8.6 +7.5/-2.5 mm/yr, which is clearly
too high to be a useful limit. A more basic problem with this
slip rate is Oviatt’s (1991) observation that the Ice Springs
basalt is not cut by faults but flowed over preexisting Quater-
nary fault scarps (see also USGS, 2013). Niemi et al. (2004)
also determined a late Quaternary slip rate for the Black
Rock fault zone based on Hoover’s (1974) observation that
it offsets 128 ka Pavant 1 lava flows by up to 18.3 m but not
Bonneville shorelines (18 ka; see Reheis ef al., 2014). This
observation yields a maximum vertical slip rate of 0.17 mm/
yr, which Niemi ef al. (2004) round up to 0.2 mm/yr, but list
incorrectly as 0.3 mm/yr in their Table 4. Hoover (1974) de-
scribed his K-Ar age of 128 ka for the Pavant 1 lavas as a
“statistical maximum” at the 95% confidence limit. However,
it is unclear how he calculated this age and uncertainty limit.
The 128 ka age is close to the average age for Hoover’s (1974)
oldest sample of Pavant basalt, for which he determined two
poorly constrained ages of 93 + 78 ka and 133 + 97 ka (1 std.
dev. uncertainties). These ages have very large uncertainties
because of the small radiogenic argon content of the samples
(Hoover, 1974; Francis H. Brown, personal communication,
2015). Finally, Niemi et al. (2004) calculated a maximum
Quaternary slip rate for the Black Rock fault zone of ~0.1
mm/yr (rounded up from 0.07 mm/yr) based on Hoover’s
(1974) report of a maximum vertical displacement of 67 m on
“a fault displacing the Beaver Ridge 1 lavas” and his reason-
ably well constrained “statistical average” K-Ar age of 918 ka
for these lavas. The main problem with this slip-rate determi-
nation is that it comes from a displacement measurement on
just one of many east- and west-dipping normal faults in the
10-km-wide Beaver Ridge faults section of the Black Rock
fault zone (see Figure 6.7-1 and the geologic maps in Hoover,
1974, and Oviatt, 1991). If this fault zone is tectonic in ori-
gin, then the net displacement across all of the faults in the
zone must be accounted for in any tectonic analysis. Another
problem with this slip rate is that it is measured over a much
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longer time period than is generally considered suitable for
use in earthquake hazard analysis.

Based on the above discussion, the only one of Niemi et al.’s
(2004) slip rates for the Black Rock fault zone that appears
to be based on a reliable displacement measurement is the
late Quaternary maximum vertical slip rate of 0.17 mm/yr.
This measurement is the offset of the Pavant 1 lavas by a
maximum of 18.3 m along the Pavant faults (Devil’s Kitchen)
section of the fault zone, most of which is dominated by a
single major fault trace (Figure 6.7-1). Despite the question
about the uncertainty in the 128 ka age of the Pavant 1 lavas,
which may be as large as the age itself, we consider Niemi e?
al’s 0.17 mm/yr maximum late Quaternary slip rate to be the
least problematic of their four slip rates. Interestingly, their
estimate of the maximum late Quaternary vertical slip rate on
the Clear Lake fault zone is comparable, 0.2 mm/yr over the
past 4 Myr. Nevertheless, for the purpose of illustration, we
follow Niemi et al. (2004) and use only the late Quaternary
slip rate on the Black Rock fault zone to calculate the slip rate
on the 12°-dipping Sevier Desert detachment. Balanced cross
sections would be needed to properly account for the slip rate
on the antithetic Clear Lake fault in this calculation.

Niemi ef al’s (2004) late Quaternary slip rate is a maximum
rate because it is calculated from the maximum observed offset
of the Pavant 1 lavas along the Pavant faults. Surface slip dis-
tributions compiled by Wesnousky (2008) for eight normal and
oblique-normal faulting earthquakes have ratios of maximum
slip to average slip that range from 1.9 to 4.7, with an average
ratio of 3.2. We estimate an average late Quaternary slip rate
for the Black Rock fault zone by dividing the maximum rate
of 0.17 mm/yr (Hoover, 1974; Niemi et al., 2004) by three. To
calculate a hypothetical moment rate from the resulting aver-
age slip rate of 0.06 mm/yr, we assume that the active portion
of the Sevier Desert detachment is a planar surface dipping
12° west from the intersection with the Black Rock fault zone
down to a depth of 15 km. We estimate that the depth of the in-
tersection with the Black Rock fault zone is ~3 km based on the
seismic reflection profile in Plate III of McDonald (1976) and
an average Cenozoic rock P-wave velocity of 3.2 km/s (Anders
et al., 1995). Using the resulting depth range of 3 to 15 km and
an along-strike length within the L-F region of 62 km, based
on the contour map in Wills ef al. (2005), the late Quaternary
slip rate gives a moment rate of 3.11 x 10>} dyne-cm/yr. The
missing moment rate, adjusted for a fault dip of 12° instead of
50°, is more than a factor of 10 larger: 3.24 x 10** dyne-cm/
yr. To account for all of the missing moment rate on the Sevier
Desert detachment with this assumed fault geometry, a vertical
slip rate of 0.62 mm/yr would be required. This slip rate is less
than the two maximum Holocene slip rates that Niemi et al.
(2004) estimated from the work of Hoover (1974), but for rea-
sons explained above the observational basis for both of these
slip rates is problematic.

In summary, some or possibly all of the missing moment rate
in the L-F region could potentially be accounted for by in-
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cluding the Sevier Desert detachment as an active fault in
the WGUEP probability model. However, including this fault
in the model would require us to accept the following prem-
ises: (1) the Sevier Desert reflector is a detachment fault, not
an unconformity, (2) the Sevier Desert detachment is active
despite its low, mechanically unfavorable dip angle of 12°
and the lack of evidence for any continental normal-faulting
earthquakes on faults dipping less than 30° (Collettini and
Sibson, 2001), and (3) the Black Rock fault zone is the current
active surface trace of this detachment even though its con-
nection to the detachment is uncertain, it has no significant
topographic signature, its mapped length is only about half
that of the detachment, and it displaces predominantly Qua-
ternary basalts along an alignment of four Quaternary vol-
canic vents (Hecker, 1993; Niemi et al., 2004; USGS, 2013;
McBride et al., 2015). We consider the combination of these
assumptions to be too unlikely to warrant the inclusion of the
Sevier Desert detachment in the WGUEP model. If we did in-
clude it, and if we used Niemi et al’s (2004) late Quaternary
(~100 ka) vertical slip rate on the Black Rock fault zone to
calculate the moment rate on the Sevier Desert detachment,
then this detachment would account for less than a tenth of
the missing moment rate.

6.7.4 Other Possible Explanations

Other possible, but speculative, explanations for the moment
rate discrepancy in the L-F region include postseismic relax-
ation from a large, unrecognized prehistoric earthquake in
the region and aseismic deformation, perhaps related to salt
tectonics. A critical examination of these alternative hypoth-
eses for this moment rate discrepancy is beyond the scope of
this report.

6.8 Conclusions

In conclusion, the geodetic moment rates for the Wasatch
Front region, and for three of the four subregions that we
defined, are consistent with the geological/seismological
moment rates for these regions calculated for the WGUEP
earthquake rate model. The geodetic moment rates are not
consistent with the WGUEP earthquake rate model within
the southernmost fifth of the Wasatch Front region, an area
that encompasses the Levan and Fayette segments of the
WFZ. Further work should be undertaken to try to identify
the cause of this moment rate discrepancy.

One possible interpretation of the large moment rate discrep-
ancy in the L-F subregion is that the WGUEP earthquake rate
model is missing one or more important faults in this region
or underestimates the earthquake rates on one or more of the
faults included in the model. If this interpretation is correct,
then the WGUEP forecast would underestimate the earth-
quake probabilities for the L-F region and, to a much smaller
extent, for the Wasatch Front region as a whole. From Table
6.6-1, the excess geodetic moment rate in the L-F region is

~15% of the geodetic moment rate for the Wasatch Front re-
gion as a whole. The potential effects of this excess moment
rate on the WGUEP forecast for the whole Wasatch Front re-
gion would be ~15% of the probability values, which is much
less than the amount of uncertainty in these probabilities (Ta-
bles 8.8-1 to 8.1-3). Given this estimated effect, and the fact
that the geodetic and geological/seismological moment rates
for the Wasatch Front region agree within their uncertainty
limits, we consider the geodetic data to be consistent with the
WGUERP earthquake rate model for the Wasatch Front region
as a whole.
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7 CALCULATING EARTHQUAKE
PROBABILITIES

In this section, we describe the details of the process of cal-
culating earthquake probabilities using the Poisson and BPT
probability models. Both time-independent and time-depen-
dent probability calculations require the rate of rupture on all
rupture sources. An overview of the methodology along with
intermediate results, such as rupture rates, moment rates, and
magnitude-frequency distributions, are provided in Section
7.1, followed by details on time-independent probability cal-
culations (Section 7.2) and time-dependent probability calcu-
lations (Section 7.3). Acronyms and abbreviations are defined
on pages Xii to Xiv.

71 Methodology

The identified faults and background seismicity within the
Wasatch Front region produce a broad range of earthquake
sizes at different rates of occurrence. The rates of occurrence
of earthquakes on rupture sources are the primary inputs to
the earthquake probability calculations. The development of
rupture sources is described in Section 4. For well-defined
and complex faults, such as the WFZ, rupture sources can be
single-segments, combinations of segments, or floating rup-
tures. Other smaller faults may only be modeled with a single
rupture source. A fault rupture model consists of one to many
rupture sources that represent the long-term rupture behavior
of the fault. In this study, rupture rates are developed direct-
ly for each rupture source and input into the rupture source
probability calculations.

71.1 Rupture Source Rates

We calculated rupture source rates from recurrence intervals
of characteristic events and/or geologic slip rates. For the cen-
tral segments of the WFZ and several segments of the OG-
SLFZ, rates of characteristic events are developed directly
based on paleoseismic data. The available paleoseismic data
for these fault segments allows for calculation of recurrence
intervals of characteristic events that include statistical uncer-
tainty due to number of samples (Section 3.4). The rates of
characteristic events, 4., are calculated for each of the rup-
ture sources, not for individual segments, which eliminates
the need to partition rate from segments to single and multi-
segment ruptures. The relative distribution of magnitudes for
ruptures in all segmented fault models is assumed to follow a
Gaussian distribution (maximum magnitude recurrence mod-
el) as described in Section 3.4 and illustrated on Figure 3.4-
1. For the maximum magnitude recurrence model, the mean
rate, A, is simply the rate of the characteristic event, 4.,
(inverse of the recurrence interval of the characteristic event).

We also characterized some of the other smaller, less studied
faults (Types C and AFP as defined in Section 3.6.3) using
recurrence intervals of characteristic events (Appendix D),
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although we have not incorporated statistical uncertainty due
to sample size for Type C and AFP faults. Both the maximum
magnitude and DTGR magnitude recurrence models are
used. The DTGR model contains a range of magnitudes from
M 6.75 up to the characteristic event (Figure 3.4-2). When ap-
plying this model to a seismic source characterized with re-
currence intervals, we assumed that the moment release rate
is the same as implied by the maximum magnitude model.
To obtain the mean rupture rate of the range of events in the
DTGR model, the moment release rate implied for charac-
teristic events using the maximum magnitude model (recur-
rence rate of the characteristic events multiplied by the mean
moment of the characteristic events) is divided by the mean
moment of events in the DTGR model:

AcharM,
1= char char (7_1)

M O0pTGR

The mean moment of the characteristic events is a function
of the its mean magnitude, M, and the shape of the char-
acteristic magnitude PDF. For a Gaussian magnitude distri-
bution truncated at +2¢,,, the moment is approximately log-
normally distributed. The mean moment is calculated as in
WGCEP (2003):

2
— 1 (2 -
MOchar = _27: .[.z 101-5(M+0,, x)+16.05 =5~ 1y (7_2)

which can be approximated by the following equation:

Moypar = 101-5Mchar+16.05-0.04810m+1.7750m>  (7-3)
char

For the Gutenberg-Richter magnitude distribution truncated
at an upper and lower magnitude, the mean moment is

ﬂxlo(lé.OS exp(fMmin))x[exp(tj*Mchar)-exp (tj*Mmin)]

(7-4)
(1-exp(-p*(Mchar-Mmin)))+t;

where = 1n(10)b and ¢, = 1.5 In(10)- .

For a source with M,,,, the magnitudes modeled with the
DTGR model (M 6.75 to M,,;) are smaller than that of the
maximum magnitude model (M, = 0.24). Therefore, the
mean moment of events in the DTGR model is lower. Thus,
the resulting rate of events for the DTGR model is larger than
in the maximum magnitude model.

For the WFZ end segments, several segments of the OGSLFZ,
and most Type C and AFP faults, the limited historical and
paleoseismic records are not sufficient to directly calculate or
estimate earthquake recurrence rates. In these instances, we
used geologic slip rates to estimate rates of seismic moment
release on these faults. Estimation of earthquake rates is then
made based on the moment release rate and size of earth-
quakes that release the moment.

The calculation of rupture source rates using slip rates is
straightforward for the faults characterized with slip rates in



the Wasatch Front region. For each fault characterized with
slip rates, each segment ruptures only as part of one rupture
source, thus segment slip rates can be attributed fully to its
rupture source without any partitioning to more than one
type of rupture. The long-term moment release rate, which
is estimated as shear modulus (3.0x10"" dyne/cm?) times seis-
mogenic fault area times slip rate, is assumed to be achieved
by a repeating sequence of similar-sized earthquakes. The
mean rupture source rate, A, is simply the long-term moment
release, M, rate divided by the mean moment of the repeat-
ing earthquakes, M. For the maximum magnitude recur-
rence model, M, is M,_,,. as defined in equation (7.3). For
the DTGR model, M is My, ., as defined in equation (7.4).
Some faults have both slip rate and recurrence intervals (e.g.,
Table 4.3-7). These two types of rates are separate branches
on the logic tree with weights assigned. Figure 7.1-1 illus-
trates the calculation sequence for rupture source rates.

We computed the rates of characteristic events on rupture
sources for the WFZ central segments based on paleoseis-
mic data using the methods described in Section 3.4; these
are listed in Table 7.1-1. As described in Section 3.4, the five
discrete rates are approximations to continuous probability
distributions of mean recurrence intervals/rates that define
weighted branches of the WGUEP logic tree. Note that the in-
verse of a rupture source rate is equal to the recurrence inter-
val of characteristic events, as only the maximum magnitude
recurrence model is used for the segmented rupture models
of the WFZ. Table 7.1-1 provides rates in terms of recurrence
intervals for ease of comparison with recurrence intervals of
other faults in the WGUEP region. Rupture source rates for
the WFZ end segments and the unsegmented model for the
central segments and the WFZ as a whole are based on geo-

Segment geologic slip rates, v

Rupture Models
Average Displacement

Segment Lengths  for rypture sources

N

Earthquake probabilities for the Wasatch Front region in Utah, Idaho, and Wyoming

logic slip rates only (Sections 4.1.5 and 4.2.2). The resulting
rupture source rates are listed in Table 7.1-2. These rates are
computed based on the moment balancing of geologic slip rate
as described above. The uncertainty reflects the uncertainty
in not only the geologic slip rates, but also the uncertainty in
fault area (from length, dip, and seismogenic thickness distri-
butions) and characteristic (i.e., magnitude relations and their
inputs) and recurrence models. For the OGSLFZ, we comput-
ed rupture source rates based on paleoseismic data using the
methods described in Section 3.4 and/or geologic slip rates
(Table 7.1 3).

For other faults within the Wasatch Front region, rupture
source rates were based on geologic slip rates and/or recur-
rence intervals. Recurrence intervals were mostly based on
consensus values from the UQFPWG (Lund, 2005). Sam-
pling uncertainty was not formally incorporated using the
methods of Section 3.5. The majority of effort in determin-
ing recurrence rates was focused on the WFZ and OGSLFZ.
Future studies should consider including this uncertainty for
faults with available paleoseismic data. Table 7.1-4 lists the
rupture source rates for all other faults included in the study.

7.1.2 Segment Rates

We computed the rate of earthquakes for a fault segment in the
model by summing the rate of rupture sources that involve the
specified segment. We assumed floating ruptures to be uni-
formly distributed along the length of the fault restricting the
rupture to within the ends of the fault. We computed the par-
titioned rate for a given segment based on the segment length,
rupture length, total fault length, and location of segment
along the fault trace. For instance, a large floating rupture on

Slip Rate Approach: Rl Approach
Calculate Compute Rls for
segment rupture sources
moment rates, from paleoseismic
LAY record

N

Fault Dip | Calculate Calculate
rupture source | Merar fOr —
areas rupture sources

Calculate mean
moments, Ca]c“'atetr”pt:re 3o Probabilty
Moy and Psource rates, Calculations
Mo (see below)

DIGR

Seismogenic Thickness Rl Abbroach
LI Approach.

For Mmax model, & = Aoz = 1/RI

For DTGR model, A

where Mo = A *

Slip Rate Approach:
Rupture source rate

= Mo / Mograr
Mociag

is available moment rate based on

geologic slip rate divided by mean moment of rupture
A =u* Area * Slip Rate / Mo

Figure 7.1-1. Calculation of rupture source rates.
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Table 7.1-1. Recurrence intervals of characteristic events for the WFZ central segment models.

Utah Geological Survey

Fault Model Rupture Source Recurrence Intervals of Characteristic Events Determined from Paleoseismic Data’
1/)‘-charg(i.Sl% 1/)‘-(:h:11r78.8.’<l% 1/;\'charSO% 1n‘-chaer.ﬂ% 1/)‘-char?».49%
(wt. = 0.102) (wt. = 0.244) (wt. =0.31) (wt. = 0.244) (wt. = 0.101)
Single-Segment BCS 722 1106 1630 2543 4935
Rupture WS 732 1077 1525 2256 4003
SLCS 641 981 1446 2256 4379
PS 634 932 1319 1952 3465
NS 477 772 1209 2044 4577
Intermediate A BCS 1156 2051 3566 6986 20,588
Rupture Model WS 1050 1700 2663 4505 10,084
SLCS 783 1268 1986 3360 7521
PS 744 1138 1678 2618 5081
NS 477 772 1209 2044 4577
B+W 1376 2440 4243 8313 24,496
S+P 1837 3970 8891 25,908 173,526
Intermediate B BCS 1156 2051 3566 6986 20,588
Rupture Model WS 1050 1700 2663 4505 10,084
SLCS 641 981 1446 2256 4379
PS 744 1138 1678 2618 5081
NS 624 1108 1926 3773 11,118
B+W 1376 2440 4243 8313 24,496
P+N 1837 3970 8891 25,908 173,526
Intermediate C BCS 1156 2057 3566 6986 20,588
Rupture Model WS 1050 1700 2663 4505 10,084
SLCS 641 981 1446 2256 4379
PS 634 932 1319 1952 3465
NS 477 772 1209 2044 4577
B+W 1376 2440 4243 8313 24,496
Multisegment BCS 1784 3855 8635 25,160 168,514
Rupture Model S 2122 4587 10,273 29,935 200,499
SLCS 1583 3421 7662 22,326 149,537
PS 1191 2112 3672 7194 21,200
NS 963 2082 4663 13,587 91,000
B+W 1050 1700 2663 4505 10,084
W+S 2122 4587 10,273 29,935 200,499
S+P 1837 3970 8891 25,908 173,526
P+N 1837 3970 8891 25,908 173,526
SH+P+N 1837 3970 8891 25,908 173,526

1 1/Xehar is shown for ease of comparison with recurrence intervals for faults. A, is the rate of characteristic events based on paleoseismic data as per

Section 3.4.
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Table 7.1-2. Rupture source rates (Poisson) for the WFZ end segment and unsegmented fault models.

Fault Model Rupture Source

Rupture Source Rates!?

Asthoo (1/sthos)

)Vmean (1 /)"mean)

}"QSth% (1/)"95th%)

Segmented Rupture Model - Malad City

4.13 x 10° (242,000)

3.01 x 1075 (33,200)

7.91 x 105 (12,600)

Northern End Segments Clarkston Mountain

5.53 x 106 (180,800)

5.42 x 105 (18,500)

1.32 x 10" (7580)

Collinston 4.87 x 1076 (205,300) | 4.04 x 1075 (24,800) 1.05 x 1074 (9520)
Floating Rupture Model - Floating 1.49 x 107 (67,100) 1.09 x 107* (9170) 2.57 x 10 (3890)
Northern End Segments
Segmented Rupture Model - Levan 2.42 x 107 (41,300) 1.22 x 107* (8200) 3.09 x 1074 (3240)
Southern Segments Fayette 2.67x 10°°(375,000) | 2.49x 10” (40,200) | 6.18 x 10~ (16,200)

Levan + Fayette

2.16 x 107° (463,000)

9.03 x 105 (11,100)

2.43 x 10 (4150)

Unsegmented Rupture
Model

Floating on
BCS+WS+SLCS+PS+NS

135 x 107 (730)

4.04 x 107 (250)

8.08 x 102 (120)

Floating on all 10 segments

2.95 x 105 (33,900)

2.38 x 10 (4200)

5.67 x 10°* (1760)

! 1/Rate is shown for ease of comparison with recurrence intervals for faults.
2 Rates determined from moment balancing geologic slip rate.

the WFZ that is longer than the average segment length will
rupture central segments more frequently than end segments
when distributed evenly along the fault trace. As the rupture
length decreases to less than the average segment length, the
partitioning of rate approaches the ratio of segment length to
total fault length. The assumption of uniform distribution of
ruptures on the fault implies that slip tapers to zero at the ends
of the fault. The degree of tapering depends on the length of
the rupture relative to the fault length.

Segment rates for all segmented faults in the Wasatch Front
region are provided in Tables 7.1-5 to 7.1-11. Segment rates
are provided for each fault model and for the weighted total
of all fault models.

7.1.3 Magnitude Threshold for Probability
Calculations

We computed probabilities for the occurrence of an event
greater than a specified size. The magnitude of ruptures on
faults and in the background is described by a recurrence
model, which reflects the aleatory uncertainty in the size of
an event. To compute rupture probabilities of events great-
er than a threshold magnitude (My), the probability that a
given rupture will be larger than the Mt must be computed.
The probability calculations require the rate of events larger
than M:

ychari(M>MT) = ZZZ’;"/’ ychari Pi(M>MT) (7_5)

where P,(M>M7) is the probability that the magnitude is
greater than My, which we computed by integrating the mag-
nitude recurrence PDF from Mt upwards:
PAM>My) = 31, fon (m)dm (7-6)
We accommodated the epistemic uncertainty in rupture mag-
nitude through the use of several magnitude relations used
to determine M,,,, as described in Section 3.6. In addition,
there is uncertainty in inputs to these relations (fault length,
width, dip, and average displacement). The 5th, mean, and

95th percentile M,,, for rupture sources are provided in Sec-
tion 4 (Tables 4.1-6, 4.2-4, and Appendix D).

71.4 Magnitude-Frequency Distributions

The long-term magnitude-frequency distributions for
a fault can be calculated by combining the rate of earth-
quakes as a function of magnitude for all rupture sources
within a given fault model. Figure 7.1-2 shows the cumu-
lative magnitude-frequency distributions for the WFZ,
OGSLFZ, background seismicity, and the “other modeled
faults” combined. In addition, the observed seismicity and
the background seismicity exponential recurrence curve are
shown on Figure 7.1-2. Figure 7.1-3 shows the cumulative
magnitude-frequency distributions for all the “other mod-
eled faults” in the Wasatch Front region considered in this
study. The incremental magnitude-frequency distributions
are provided on Figures 7.1-4 and 7.1-5.
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Table 7.1-5. Segment rupture rates (Poisson) for the WFZ central segment fault models.

Fault Model Fault Segment Segment Rupture Rates!-?
)VSth% (1/)‘-5th%) )‘-mean (l/lmean) ;\'95th% (1/;"95th%)
Single-segment Rupture BCS 2.03 x 104 (4930) 6.68 x 10 (1500) 1.39 x 107 (720)
WS 2.50 x 10~ (4000) 7.02 x 10 (1430) 137 x 107 (730)
SLCS 2.28 x 10 (4390) 7.52 x 10 (1330) 1.56 x 107 (640)
PS 2.89 x 104 (3460) 8.12 x 10 (1230) 1.58 x 10 (630)
NS 2.18 x 10~ (4590) 9.21 x 10-* (1090) 2.10 x 107 (480)
Intermediate A Rupture Model BCS 1.84 x 107* (5440) 6.11 x 107* (1640) 1.21 x 103 (830)
ws 2.63 x 104 (3800) 6.97 x 10 (1440) 1.31 x 107 (760)
SLCS 2.45 x 10 (4080) 7.25 x 10-* (1380) 1.39 x 107 (720)
PS 3.09 x 10 (3240) 8.10 x 104 (1240) 1.46 x 102(690)
NS 2.18 x 10-* (4590) 9.21 x 10 (1090) 2.10 x 107 (480)
Intermediate B Rupture Model BCS 1.84 x 107* (5440) 6.11 x 107* (1640) 1.21 x 10 (830)
ws 2.63 x 104 (3800) 6.97 x 10 (1440) 1.31 x 107 (760)
SLCS 2.28 x 10 (4390) 7.52 x 10 (1330) 1.56 x 107 (640)
PS 3.09 x 104 (3240) 8.10 x 104 (1240) 1.46 x 102 (690)
NS 2.02 x 10 (4950) 779 x 10 (1280) 172 x 103 (580)
Intermediate C Rupture Model BCS 1.84 x 107* (5440) 6.11 x 107* (1640) 1.21 x 103 (830)
ws 2.63 x 104 (3800) 6.97 x 10 (1440) 1.31 x 107 (760)
SLCS 2.28 x 10 (4390) 7.52 x 10 (1330) 1.56 x 107 (640)
PS 2.89 x 104 (3460) 8.12 x 10 (1230) 1.58 x 102 (630)
NS 2.18 x 10-* (4590) 9.21 x 10-* (1090) 2.10 x 107 (480)
Multisegment Rupture Model BCS 2.15 x 10"* (4650) 5.84 x 10* (1710) 1.15 x 1073 (870)
WS 2.89 x 104 (3460) 6.99 x 104 (1430) 1.27 x 10 (790)
SLCS 2.19 x 10~ (4570) 6.51 x 10~ (1540) 1.23 x 102 (810)
PS 3.11 x 10 (3220) 8.08 x 10 (1240) 1.46 x 102 (690)
NS 1.62 x 10-* (6170) 6.31 x 10-* (1590) 1.33 x 103 (750)

1 (1/4) is shown for ease of comparison with recurrence intervals for faults.
2 These rates account for segment rupture as a single-segment and as part of a multi-segment rupture.

Table 7.1-6. Segment rupture rates (Poisson) for the WFZ end segment fault models.

Fault Model Fault Segment

Segment Rupture Rates!?

Asthon (1/A5tho6)

)‘mean (lllmean)

hosthoe (1/hosthos)

Segmented Rupture Model - Malad City

4.13 x 1076 (242,000)

3.01 x 105 (33,200)

7.91 x 107 (12,600)

Northern End Segments Clarkston Mountain

5.53 x 1070 (180,800)

5.42 x 1075 (18,500)

1.32 x 104 (7580)

Collinston 4.87 x 1076 (205,300) 3.95 x 107 (25,300) 9.97 x 105 (10,000)
Floating Rupture Model - Malad City 3.90 x 1076 (256,400) 2.98 x 10-° (33,600) 7.05 x 1075 (14,200)
Northern End Segments Clarkston Mountain 5.19 x 10-6 (192,700) 3.96 x 1075 (25,300) 9.38 x 105 (10,700)
Collinston 7.08 x 10-6 (141,200) 5.40 x 105 (18,500) 1.28 x 107 (7810)
Segmented Rupture Model - Levan 4.92 x 107 (203,000) 1.15 x 107# (8700) 3.03 x 107*(3300)
Southern Segments Fayette 2.65 x 10°5 (37,700) 2.12 x 10* (4720) 5.43 x 10 (1840)

1(1/2) is shown for ease of comparison with recurrence intervals for faults.
2 These rates account for segment rupture as a single-segment and as part of a multi-segment rupture.
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Table 7.1-7. Segment rupture rates (Poisson) for the WFZ unsegmented fault model.

Utah Geological Survey

Fault Model Fault Segment Segment Rupture Rates!2
)VSth% (] /)‘-Sth%) )‘-mean (l/lmean) )‘-95th% (] /)‘-95th%)
Unsegmented Model Malad City 3.90 x 10°° (256,400) 2.98 x 10 (33,600) 7.05 x 10 (14,200)
Clarkston Mountain 5.19 x 107 (192,700) 3.96 x 107 (25,200) 9.38 x 10 (10,700)
Collinston 7.08 x 107 (141,200) 5.40 x 107 (18,500) 1.28 x 107* (7810)
Brigham City 3.08 x 10 (3250) 8.62 x 107 (1160) 1.72 x 103 (580)
Weber 7.30 x 104 (1370) 2.09 x 103 (480) 4.16 x 103 (240)
Salt Lake City 7.36 x 104 (1360) 2.11 x 107 (470) 4.20 x 10 (240)
Provo 7.92 x 10°* (1260) 2.26x 107 (440) 4.51 x 102 (220)
Nephi 3.74 x 10°* (2670) 1.05 x 103 (950) 2.10 x 107 (480)
Levan 5.16 x 1070 (193,800) 3.94 x 105 (25,400) 9.33 x 107 (10,700)
Fayette 2.14 x 107 (467,300) 1.63 x 107 (61,400) 3.87 x 107 (25,800)

! These rates account for rate of segment participation in floating rupture.
2 These rates account for segment rupture as a single-segment and as part of a multi-segment rupture.

Table 7.1-8. Segment rupture rates (Poisson) for the WFZ.

Fault Model

Fault Segment

Segment Rupture Rates!

Asthoo (1/Astnos)

;\'mean (”xmean)

Aostnoe (1/Mg5thos)

Weighted Total of All Fault Models

Malad City

4.44 x 106 (225,200)

5.42 x 105 (18,500)

1.55 x 1074 (6450)

Clarkston Mountain

8.81 x 1076 (113,500)

6.44 x 10°5 (15,500)

1.63 x 10 (6140)

Collinston

6.58 x 1076 (152,000)

479 x 107 (20,900)

118 x 104 (8480)

Brigham City

2.03 x 10 (4930)

6.78 x 10°* (1480)

1.39 x 107 (720)

Weber

2.50 x 10" (4000)

8.46 x 10# (1180)

1.80 x 103 (560)

Salt Lake City

2.28 x 10" (4390)

8.85 x 104 (1130)

1.82 x 107 (550)

Provo

2.89 x 10 (3460)

9.58 x 1074 (1040)

1.95 x 10 (510)

Nephi

2.18 x 10" (4590)

9.24 x 10 (1080)

2.10 x 103 (480)

Levan

2.10 x 107 (47,600)

1.95 x 10 (5130)

2.24x 10 (1910)

Fayette

478 x 10°° (209,200)

1.05 x 10 (9520)

2.95x 104 (3390)

! These rates account for rupture as a single-segment and as part of multi-segment and floating ruptures.

Figure 7.1-2 shows a significant mismatch at the larger mag-
nitudes (M > 5.5) between (1) a straight line extrapolation
of the recurrence model derived from the historical seismic-
ity record (green), and (2) the total recurrence model, which
is based on both historical seismicity data and geologic data
(black). This mismatch is manifested by the upward “bulge”
in the plot for the latter model, which is the mean cumula-
tive frequency-magnitude relationship for all earthquake
sources. The red box with the horizontal red line inside in-
dicates the minimum (1/217), preferred (1/109), and maxi-
mum (1/54) rate of surface-faulting earthquakes during the
past 18 kyr as determined in Section 4.6, plotted at the esti-
mated minimum magnitude for such earthquakes of M 6.75
+ 0.25. This box serves as a check on the total recurrence
model, because the estimated rate of surface-faulting earth-
quakes was determined using a simpler approach with fewer
assumptions. The excellent agreement between the rate of
surface-faulting earthquakes shown by the box and the total
recurrence model (black line) provides some support for the
interpretation of the bulge in the latter as a real feature, rather

than as an artifact of the assumptions of the model. Interest-
ingly, the observed earthquake rates (triangles, Figure 7.1-2)
for the two highest magnitude bins, M > 5.65 and M > 6.35,
are also higher than expected based on a linear extrapolation
of the recurrence model derived from historical seismicity
data. However, the rates for these magnitude bins have large
uncertainties because the earthquake catalog has only three
independent mainshocks of M > 5.65 and one of M > 6.35
(Table 5.4-1 and Figure 5.6-1).

Possible explanations for the bulge include the following:
(1) Because of the restricted areal extent of our study region
and its dominance by the WFZ (see Figure 5.4-1), earthquake
recurrence data in the study region do not exhibit a Guten-
berg-Richter relationship. (2) The relatively short historical
earthquake record in the study region is not representative of
long-term recurrence. (3) Our judgment that the maximum
magnitude model is more appropriate than the truncated ex-
ponential model for modeling the recurrence of earthquakes
on the major faults in the region may be incorrect and greater
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Table 7.1-9. Segment rupture rates (Poisson) for OGSLFZ fault models.

Fault Model

Fault Segment

Segment Rupture Rates!

Asthoo (1/Astnos)

;\'mean (1 /;\'mean)

Asthoo (1/Mosthos)

RZ

7.09 x 10°5 (14,100)

3.01 x 10*(3320)

6.81 x 104 (1470)

PY

7.09 x 105 (14,100)

3.01 x 10 (3320)

6.81 x 10 (1470)

FI

7.31 x 105 (13,700)

3.20 x 104 (3130)

7.42 x 10°* (1350)

Al

7.09 x 10°5 (14,100)

3.01 x 10#(3320)

6.81 x 104 (1470)

NO

9.39 x 106 (106,500)

8.86 x 105 (11,300)

1.99 x 10" (5030)

SO

2.68 x 107 (37,300)

1.06 x 104 (9430)

3.00 x 107 (3330)

TH

2.64 x 1073 (37,900)

1.91 x 107* (5240)

4.65x 104 (2150)

ET

1.19 x 107 (84,000)

6.90 x 105 (14,500)

1.78 x 104 (5600)

RZ

7.09 x 10°5 (14,100)

3.01 x 107 (3320)

6.81 x 104 (1470)

PY

7.09 x 105 (14,100)

3.01 x 10 (3320)

6.81 x 10 (1470)

FI

7.31 x 105 (13,700)

3.20 x 104 (3130)

7.42 x 10°* (1350)

Al

7.09 x 10°5 (14,100)

3.01 x 107 (3320)

6.81 x 104 (1470)

NO

9.39 x 106 (106,500)

8.86 x 105 (11,300)

1.99 x 104 (5130)

SO

2.68 x 107 (37,300)

1.06 x 10 (9430)

3.00 x 107 (3330)

TH

2.64 x 1073 (37,900)

1.91 x 107* (5240)

4.65x 104 (2150)

ET

1.19 x 107 (84,000)

6.90 x 105 (14,500)

1.78 x 104 (5600)

RZ

7.09 x 10°5 (14,100)

3.01 x 107 (3320)

6.81 x 104 (1470)

PY

7.09 x 1075 (14,100)

3.01 x 10 (3320)

6.81 x 10 (1470)

FI

7.09 x 10°5 (14,100)

3.01 x 10 (3320)

6.81 x 10 (1470)

Al

7.09 x 10°5 (14,100)

3.01 x 107 (3320)

6.81 x 104 (1470)

NO

9.39 x 106 (106,500)

8.86 x 105 (11,300)

1.99 x 104 (5130)

SO

2.68 x 107 (37,300)

1.06 x 10 (9430)

3.00 x 107 (3330)

TH

2.64 x 1073 (37,900)

1.91 x 107* (5240)

4.65x 104 (2150)

ET

1.19 x 107 (84,000)

6.90 x 105 (14,500)

1.78 x 104 (5600)

RZ

7.09 x 10°5 (14,100)

3.01 x 107 (3320)

6.81 x 10# (1470)

PY

7.09 x 105 (14,100)

3.01 x 10 (3320)

6.81 x 10 (1470)

FI

7.31 x 105 (13,700)

3.20 x 104 (3130)

7.42 x 10°* (1350)

Al

7.09 x 10°5 (14,100)

3.01 x 107 (3320)

6.81 x 104 (1470)

NO

9.39 x 106 (106,500)

8.86 x 105 (11,300)

1.99 x 104 (5130)

SO

1.85 x 107 (54,100)

1.17 x 10°# (8550)

3.10 x 104 (3230)

TH

1.85 x 1073 (54,100)

1.17 x 104 (8550)

3.10 x 10 (3230)

ET

1.19 x 107 (84,000)

6.90 x 105 (14,500)

1.78 x 104 (5600)

RZ

1.81 x 104 (5530)

5.01 x 1074 (2000)

1.19 x 107 (840)

PY

3.02 x 10 (3310)

8.35 x 10 (1200)

1.98 x 102 (500)

FI

339 x 10 (2950)

9.47 x 10" (1060)

2.22 x 107 (450)

Al

2.73 x 104 (3660)

7.82 x 104 (1280)

1.77 x 103 (570)

NO

4.66 x 1075 (21,500)

2.94 x 10°* (3400)

6.90 x 10 (1450)

SO

443 x 105 (22,600)

2.79 x 10"* (3580)

6.56 x 104 (1520)

TH

3.58 x 105 (27,900)

2.26 x 10* (4430)

5.29 x 104 (1890)

ET

2.53 x 107 (39,500)

1.59 x 104 (6290)

3.74 x 104 (2670)

! These rates account for segment rupture as a single-segment and as part of multi-segment and floating ruptures.

119



120

Table 7.1-10. Segment rupture rates (Poisson) for the OGSLFZ.

Utah Geological Survey

Fault Model Fault Segment Segment Rupture Rates!

)‘-5th% (1/)"5th%) )‘-mean (l/lmean) ;"95th% (1/;\'95th%)

Weighted Total of All Fault Models RZ 7.09 x 10 (14,100) 3.40 x 104 (2940) 6.81 x 107* (1470)
PY 7.09 x 1075 (14,100) 4.05 x 10-4 (2470) 1.02 x 10 (980)

FI 7.31 x 1075 (13,700) 4.46 x 1074 (2240) 1.20 x 1073 (830)

Al 7.09 x 10 (14,100) 3.95 x 104 (2530) 9.51 x 104 (1050)

NO 1.74 x 1073 (57,500) 1.33 x 1074 (7520) 4.08 x 104 (2450)

SO 2.49 x 107 (40,200) 1.43 x 107 (6990) 4.12 x 1074 (2430)

TH 2.69 x 107 (37,200) 1.92 x 104 (5210) 4.80 x 104 (2080)

ET 1.26 x 107 (79,400) 8.75 x 10 (11,400) 2.36 x 104 (4240)

! These rates account for segment rupture as a single-segment, multi-segment rupture and as part of a floating rupture.

Table 7.1-11. Segment rupture rates (Poisson) for other segmented faults in Wasatch Front region.

Segment Rupture Rates!

;" mean (l/kmean)

Losthoo (1/Agsthoe)

1.83 x 10 (5460)

539 x 104 (1860)

2.57 x 10°# (3890)

6.69 x 104 (1500)

7.73 x 105 (12,900)

3.48 x 104 (2870)

472 x 10* (2120)

1.23 x 102 (810)

9.11 x 104 (1100)

2.72 x 107 (370)

6.84 x 10°# (1460)

2.21 x 107 (450)

4.49 x 10 (2230)

1.09 x 107 (920)

5.49 x 10 (1820)

1.86 x 10 (540)

477 x 10 (2100)

1.24 x 107 (800)

4.32 x 104 (2320)

1.06 x 107 (940)

3.61 x 10" (2770)

1.43 x 102 (700)

Fault Fault Segment
Asthos (1/hsthoe)
East Cache North 2.06 x 10 (48,500)
Central 4.12 x 107 (24,300)
South 7.29 x 10°° (137,200)
Eastern Bear Lake North 9.53 x 10~ (10,500)
Central 1.76 x 107* (5680)
South 9.45 x 10 (10,600)
Stansbury North 5.09 x 107 (19,600)
Central 5.10 x 1073 (19,600)
South 4.43 x 107 (22,600)
West Cache North 7.92 x 107 (12,600)
Central 3.64 x 107 (27,500)
South 3.78 x 107 (26,500)

2.25 x 10°* (4440)

7.20 x 10 (1390)

! These recurrence rates are participation rates which account for segment rupture as a single-segment and as part of a multi-segment rupture.

weight should be given to the latter. (4) We have overesti-
mated the geologic slip rates in the region. These potential
explanations are not mutually exclusive. It is noteworthy that
a bulge is also observed in the earthquake recurrence curve
for California (Petersen ez al., 2000; Field et al., 2009) and
British Columbia (BCHydro, 2012). The bulge in the Cali-
fornia recurrence has been removed in the UCERF3 model
(Field et al., 2013). The USGS, as part of the National Seismic
Hazard Mapping Project, compared the historical seismicity
rates with the total predicted earthquake rates for the north-
ern and central BRP, an area much larger than the Wasatch
Front region (Mark Petersen, USGS, written communication,
2015). They too noted a bulge in the magnitude range M 5.5
to 7.0, although it was considerably smaller than the one in
our recurrence model. The WGUEP acknowledges the pos-
sibility that the observed bulge for the Wasatch Front region
may be due to an overprediction of earthquakes in the M 6 to
7 range, but the bulge may indeed be a real physical feature
of earthquake recurrence in the region.

7.1.5 Antithetic Faults

The Wasatch Front region contains four antithetic fault pairs
(Section 4.4). We modeled these faults either as independent
faults or a system containing a master fault and a subsidiary
fault. When modeled as a system, the rate of the subsidiary
fault is set to the rate of the master fault (i.e., the subsidiary
fault always ruptures with the master fault). For the prob-
ability calculations, we treated this as a single event. The
magnitude of the event is based on the total moment release
from both faults. Given a magnitude of an event on the mas-
ter fault (M,,)), the moment of the master fault rupture (M )
is computed as

Mo, = 10(1.5*My 16.05) (7_7)
The magnitude of the subsidiary fault rupture is determined

from the subsidiary fault area and the magnitude-area rela-
tion (Section 3.6). We calculated the area of the subsidiary
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Cumulative Annual Number of Events

Figure 7.1-2. Mean and + 26 cumulative magnitude-frequency relationships for the WFZ, OGSLFZ, background seismicity, and “other

modeled faults.”
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Incremental Annual Number of Events
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fault for each rupture based on the dips of both the master
and subsidiary faults, separation distance, and seismogenic
thickness. If the faults intersect for a given geometry, the
subsidiary fault is truncated by the master fault. The mo-
ment of the subsidiary fault rupture, M, is determined us-
ing equation (7-7) and the magnitude of the subsidiary fault
(the m subscript is replaced with an s). The magnitude of the
coseismic event (Mcg) modeled for probability calculations
is computed as

MCS

= 2 X log(My Mgy — 107 (7-8)

71.6 Segment Moment Rates

Long-term moment rates for rupture sources can be comput-
ed based on the rupture source rates and the mean moment
of events on these rupture sources. Each rupture source mo-
ment rate is partitioned to all segments involved in the rup-
ture. The total moment rate for each segment is the sum of
all partitioned moment rates from rupture sources containing
the specified segment. For rupture sources consisting of more
than one segment, the moment rate is partitioned to the seg-
ments proportional to the segment lengths. For floating rup-
tures, the moment rate is partitioned to the segments based
on the relative rate of rupture on each segment. As discussed
above, floating ruptures are distributed uniformly along the
fault trace, thus the relative rate of rupture of each segment
is a function of the rupture length, segment length, total fault
length, and location of the segment along the fault trace.

For those faults characterized by recurrence intervals, it is
useful to compare segment moment rates from each fault
model to those based on geologic slip rate estimates. The
fault models for the WFZ central segments and the Great
Salt Lake fault zone are characterized using recurrence in-
tervals based on paleoseismic data. Figure 7.1-6 shows the
segment moment rates for the WFZ central segments for the
preferred rupture model (SSR model) compared to those
based on the geologic slip rates. The mean segment moment
rates along with the 5th to 95th range is shown on Figure
7.1-6. The mean segment moment rates for each segment
from this model (assuming Poisson behavior) compare well
with those based on the segment slip rates. In general, the
Sth to 95th percentile ranges of segment moment rates for
the model exceed the ranges based on the geologic slip rates.
The larger range for the model is likely due to the inclu-
sion of sample size uncertainty in the distribution of rupture
rates for the model (Section 3.4). Figure 7.1-7 compares the
segment moment rates for the WFZ central segments for all
fault models assuming Poisson behavior. In general, all of
the segmented models for the WFZ central segments have
similar mean segment model rates. The unsegmented model
predicts a higher segment moment rate for the SLCS than
the segmented models and the segment-specific geologic
slip rate. This result is partially due to the assumption that
floating ruptures are uniformly distributed along the fault.

The SLCS, being in the center of the fault, is involved in the
floating rupture more often than segments near the ends of
the fault. Figure 7.1-8 shows the proportion of the moment
rate from the floating ruptures in the unsegmented model
attributed to each segment. Note that we modeled the un-
segmented model for the WFZ with two floating ruptures—
one that ruptures the entire fault and one the ruptures only
the central segments—to accommodate higher geologic slip
rates on the central segments. The largest magnitude mod-
eled in the unsegmented model (M 7.6) has a rupture length
of approximately 125 km. When distributed along the five
central segments, the SLCS is always involved. When dis-
tributed along the entire fault, the SLCS is involved 66% of
the time. Segment moment rates for all ten WFZ segments
are shown on Figure 7.1-9. The larger mean moment rates
for the central segments generally agree with those based
on the geologic slip rates which are larger for the central
segments. The unsegmented rupture model appears to un-
derpredict moment rate for the southern end segments.

Figure 7.1-10 shows the segment moment rates for all models
of the OGSLFZ assuming Poisson behavior. Where available,
segment moment rates based on geologic slip rates are pro-
vided for comparison. Similar to the WFZ, the unsegmented
model has two floating ruptures. One rupture floats on all seg-
ments. A second rupture floats only on the four segments of
the Great Salt Lake fault zone to accommodate the higher geo-
logic slip rates on those segments. Figure 7.1-11 shows the pro-
portion of moment rate from the floating ruptures attributed to
each segment. The unsegmented rupture model results in mo-
ment rates on the Fremont Island and Promontory segments
that are significantly larger than the other rupture models in-
dicating that the slip rates used for the floating rupture on the
Great Salt Lake fault zone are inconsistent with the recurrence
intervals for these segments used in the other models.

Moment rates for fault segments can also be useful in com-
parisons to geodetic rates (Section 6). Total moment rates (Pois-
son model) of fault segments for all faults characterized in the
Wasatch Front region, as well as moment rates for background
seismicity, are provided in Table 7.1-12.

71.7 Implied Slip Rates

For fault models characterized entirely by recurrence inter-
vals, such as the WFZ central segments, an implied slip rate
can be computed as

Mo

A (7-9)

SRimplied:
where M, is the segment moment rate described above, p is
the rigidity, and A4 is the segment area. Implied slip rates for
the WFZ central segments using the preferred single-seg-
ment rupture models are provided in Table 7.1-13. We have
converted them to vertical slip rates. The weighted mean geo-
logic slip rates from Table 4.1-4 are shown for comparison.
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Figure 7.1-6. Segment moment rates for the WFZ central segments and the single-segment rupture fault model.
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Figure 7.1-7. Segment moment rates for the WFZ central segments and all fault rupture models.
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7.1.8 Probability Calculations

Rupture source probabilities are computed from the rup-
ture source rates of exceeding the threshold magnitude
(Section 7.2). For the time-dependent probabilities, the
COV and the time since last event are also required (Sec-
tion 7.3). Rupture source probabilities are then aggre-
gated to obtain fault rupture probabilities. Segment rup-
ture probabilities can also be obtained by combining all
rupture sources containing the specified segment and the
floating ruptures for the unsegmented model partitioned
as described above. Rupture probabilities for background
seismicity are computed from the long-term seismicity
rates described in Section 5. Fault and background seis-
micity rupture probabilities are then aggregated to obtain
the Wasatch Front regional probabilities.

The probabilities are calculated for a suite of time periods
and threshold magnitudes. We selected the time periods and
magnitudes to assist in the decisions in engineering design of
a variety of structures, retrofit of structures, and earthquake
policy. We calculated the probabilities for time periods of 30,
50, and 100 years beginning in 2014. Threshold magnitudes
(Mt) are M 5.0, 6.0, and 6.75. The results presented in Sec-
tion 8 include:

» The probabilities for a large earthquake on each rupture
source characterized in the model.

» The probabilities that each fault segment will be rup-
tured by a large earthquake.

» The probability for a large earthquake on each fault
characterized in the model.

* The probability of a background earthquake (i.e., an
event not on one of the characterized faults).

e The probability that an earthquake will occur some-
where in the region.

7.1.9 Calculation Sequence

The calculation of rupture source rates and probabilities in-
volve many models, relations, and parameters. Most of the
uncertainty is treated as epistemic uncertainty. We assigned
weights on different models (e.g., probability models or re-
currence models) or relations (e.g., magnitude—fault length
relations) based on the expert judgment of the WGUEP using
logic trees. We also treated model and relation inputs using
a logic tree approach, with a distribution represented by dis-
crete values and weights. The combination of all input, re-
lation, and model choices results in thousands of logic tree
branches or combinations of input values, relations, and mod-
els. We sampled the distribution of logic tree branches using a
Monte Carlo approach in a FORTRAN code. Mean, Sth, and
95th percentile probabilities (and selected computed param-
eters such as rates) were determined using the Monte Carlo
sampling of the full logic tree. For the full Wasatch Front re-

gion model, the use of 50,000 samples produced stable mean,
5th, and 95th values.

Within the full logic tree, correlation exists between some
inputs at the fault or regional level. For instance, for a giv-
en sampling of the full logic tree, we assumed seismogenic
thickness to be the same for all faults within the same sub-
region (the Wasatch Front region was divided into two sub-
regions to accommodate an increased possibility of thicker
seismogenic crust to the east, as described in Section 3.3).
The correlations between inputs are provided in Table 7.1-14.
Note that the recurrence model for the WFZ is correlated at
the sub-fault level. For computational reasons, we divided the
WEFZ into three sub-faults: northern end segments, central
segments, and southern end segments for which fault models
are not correlated.

7.2 Probability Models

The mean rupture source rates described in Section 7.1.1
represent the predicted long-term behavior. Calculating the
conditional probability of an earthquake occurring in a speci-
fied time interval requires a probability model. Probability
models describe how the earthquakes are distributed in time.
Probability models may take into account various amounts of
physics. The probability models selected for this study are the
Poisson model and the BPT model.

Both of these models have the same underlying mathemati-
cal model for the calculation of probabilities. The probabil-
ity of rupture for a rupture source is specified by a PDF, f{?),
that defines the chance that failure will occur in the interval
from 7 to ¢ + At, where  is the time measured from the date
of the most recent earthquake (Figure 7.2-1). The area under
f(t) between ¢t = 0 and ¢ = w0 is 1, as it is assumed that there
will be another earthquake. The area under f{¢) between
t =T and ¢ = o defines the survivor function, F(T), which
gives the probability that at least time T will elapse between
successive events.
F(T) =7 fde (7-10)

For any probability model, F(0) = 1 and F(«) = 0. The hazard
function, /(t), is the ratio of the PDF to the survivor function.
The hazard function is more useful in comparing different
probability models. It gives the instantaneous rate of failure
at time ¢ conditional upon no event having occurred up to
time ¢.

The probabilities computed in this study are conditional
probabilities. They give the probability that an earthquake
will occur on a defined rupture source (or in the background)
during a specified time interval, conditional on it not having
occurred by the year 2014. The conditional probability is
calculated by dividing the area under the PDF in the interval
of interest by the area of the density function at times equal
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Table 7.1-13. Implied slip rates for the WFZ central segments using single-segment rupture model.

Fault Implied Slip Rate! (mm/year) Geologic
Segment Slip Rate?
(mm/yr)
Single- Intermediate | Intermediate | Intermediate | Minimum | Unsegmented | Wt. Mean | Wt. Mean
Segment A Model B Model C Model Model Model All Models
Model
BCS 1.25 1.28 1.28 1.27 1.29 1.05 1.25 1.38
WS 1.69 1.86 1.66 1.65 1.69 1.52 1.69 1.57
SLCS 1.44 1.43 1.44 1.44 1.46 2.21 1.44 1.38
PS 1.96 1.92 2.02 1.97 1.94 1.65 1.96 1.61
NS 1.94 1.94 1.72 1.94 1.45 1.11 1.94 1.50
1100% Poisson branch

2 Geologic slip rates from Table 4.1-1

Table 7.1-14. Correlation of inputs.

Input

Correlation Level

Segmentation boundary location (used to compute segment
lengths)

Adjacent segments

Seismogenic thickness

Regional (entire Wasatch region divided into 2 regions — east and west)

Dip Fault

Average displacement None

Magnitude relation

All faults of the same fault type (A, B, C or D)

Geologic slip rate Fault (low, medium, high)
Paleoseismic recurrence interval None
Recurrence model Fault!
Rate approach (recurrence intervals versus geologic slip rates) | None

Probability model Region (when time-dependent probability model selected for region,
faults without this branch use Poisson model)

Cov Region

Date of Last Event None

! For computational reasons, recurrence models are not correlated between the northern end segments, southern end segments, and central segments of

the WFZ.

or greater than the start of the interval of interest (Figure
7.2-1). The conditional probability is defined by

F(T)-F(T + AT)

PI<t<T+AT|t>T)= =55

(7-11)
7.21 Time-Independent — Poisson Model

The Poisson model describes the distribution of times be-
tween successive events for a homogeneous Poisson process
(random occurrence) and is specified by the PDF
Sep(t) = he™ (7-12)
where A is the mean rate of events per unit time (reciprocal
to the mean interval between events). In our calculations, A is

the mean rupture rate of each rupture source, as described in
Section 7.1. The Poisson distribution has the important prop-

erty that the hazard function is constant, /g,(t) A. Thus, it
has no “memory” of the time of the most recent event. An
earthquake is just as likely to occur on a fault segment one
day after the most recent event as it is to occur 200 years later.
The conditional probability is also independent of the time of
the most recent event.

The Poisson model is the standard model for PSHAs. This
model is appropriate when no information other than the
mean rate of earthquake production is known; it can be
viewed as the “least-informative” model or simplest, depend-
ing on one’s perspective. However, the Poisson model fails to
incorporate the most basic physics of the earthquake process,
whereby the tectonic stress released when a fault fails must
rebuild before the next earthquake can occur at that location.
We include the Poisson model to provide a conservative esti-
mate of the probability on faults for which one suspects that
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Figure 7.2-1. Tllustration of the calculation of conditional probability from a PDF. The time interval of interest (exposure time) is from T (the
present time) to T+AT (hachured area). The survivor function at time T is equal to the shaded area. The conditional probability is the ratio of

these two areas. Source: WGCEP (2003).

the time-dependent models are either too poorly constrained
or missing some critical physics of the system (e.g., interac-
tions). The model provides a “baseline” probability calcula-
tion that reflects only the long-term rates of earthquakes in
the Wasatch Front model.

In the Poisson model, conditional probabilities for a specified
time interval depend only on the length of the interval, A¢,
and the long-term rate of rupture for each source. The condi-
tional probability for each source is given by

AAt

1—¢ (7-13)

where Af can be a range of years, e.g., 100 years.

Because the expected magnitudes of earthquakes are them-
selves probabilistic, an additional step is needed to com-
pute probabilities for earthquakes above a given magnitude
threshold M7. For each source, the rate of M > My events is
determined from the magnitude PDF. The rate at which the
rupture source produces earthquakes exceeding My is com-
puted from equation (7-6), and assigned to A in the exponent
of equation (7-11).

We modeled the background earthquakes and all rupture
sources other than the WFZ central segments and the Al and
FI segments of the OGSLFZ (Section 7.2.2) using only the
Poisson model.

7.2.2 Time-Dependent — BPT Model

In contrast to the Poisson model, a time-dependent renewal
process model embodies the expectation that after one earth-
quake on a fault segment, another earthquake on that seg-
ment is unlikely until sufficient time has elapsed for stress
to gradually re-accumulate. Such models require a minimum
of two parameters, and typically include knowledge of the
time of the most recent rupture. One required parameter is
the mean recurrence interval, p = A, and the other describes
the variability of recurrence intervals and can be related to
the variance, o2, of the distribution (for the Poisson distribu-
tion, ¢ = ). We define this variability of recurrence times as
the aperiodicity or COV, a = o/p.

The BPT model (Matthews et al., 2002) is a renewal model
that describes the statistical distribution of rupture times.
The BPT distribution is also known as the inverse Gaussian
distribution. The probability density is defined by

N2
orr €= |57t ot S22

and is illustrated on Figure 7.2-2a for a mean rate of 1 and
a suite of aperiodicity values. The exponential (Poisson) is
shown for comparison. The hazard function (instantaneous
failure rate), hgpr(f), is always zero at t = 0. This function
increases to achieve a maximum value at a time greater than
the mode of fzp7(f), and from there, decreases toward an as-

(7-14)
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Figure 7.2-2. BPT model for a mean recurrence interval of 1.0: (a) probability density functions for a range of aperiodicity values; exponential
probability density function shown for comparison; (b) hazard functions for a range of aperiodicity values; (c) survivor functions for a range of
aperiodicity values; (d) conditional probability function for a range of aperiodicity values for a prediction window of 0.3. Source: WGCEP (2003).

ymptotic value of igpr(f) = 1/(2pa?) (Figure 7.2-2b). Thus, a
BPT process always attains a finite quasi-stationary state in
which the failure rate is independent of elapsed time. For an
aperiodicity of 0.5, this quasi-stationary state is reached by
1.5 times the mean recurrence rate. After that point, condi-
tional probabilities will not continue to increase (Figure 7.2-
2d). When the aperiodicity a = 1/7/2, the asymptotic failure
rate is 1/u, which equals the asymptotic failure rate for a Pois-
son process with the same p. In practice, the behavior of a
BPT model is similar to that of a delayed Poisson process, for
which the failure rate is zero up to a finite time following an
event and then steps up to an approximately constant failure
rate at all succeeding times.

The behavior of a BPT model depends strongly on the value
of a. For smaller values of a, fzp7(f) is more strongly peaked
and remains close to zero longer. For larger values, the “de-
lay” or “dead time” becomes shorter, fzp7(f) becomes increas-
ingly Poisson-like, and its mode decreases. The hazard func-
tion in the quasi-stationary state increases with decreasing
values of o and becomes Poisson-like with increasing values
(Figure 7.2-2b).

We applied the BPT model to each of the rupture sources
with a nonzero time-dependent branch weight (WFZ cen-
tral segments and the Al and FI segments of the OGSLFZ).
We developed recurrence rates for these sources using the
approach described in Section 3.5, which includes statistical
uncertainty due to the number of samples (events). This ap-

proach involves defining a likelihood function that represents
the probability of seeing the observed sample of data (ob-
served intervals between past events) given the specified rate
parameter, A. The likelihood function is a function of the PDF
describing the distribution of events in time. Thus, the likeli-
hood function for the BPT model is not the same as that for
the Poisson model. As a result, the mean rates determined for
the BPT model are different than those presented in Section
7.1, and are a function of the aperiodicity value. The rates for
all segments with a time-dependent branch are presented in
Tables 7.2-1 and 7.2-2. Recurrence intervals (inverse of rate)
are provided for ease in comparison with Poisson recurrence
intervals. The full distribution of rates provided in Tables
7.2-1 and 7.2-2 were used in the model with the associated
weights reflecting the uncertainty in the paleoseismic data
and COV. Equivalent Poisson rates can be back calculated
from the resulting BPT probabilities by solving for the Pois-
son rate in Equation (7-13) using the BPT probabilities for
a specified time interval. Equivalent Poisson rates can be
used in a PSHA to compute time-dependent hazard. As an
example, equivalent Poisson rates were computed for a time
interval of 50 years, which is the time interval commonly
used in U.S. building codes. Tables 7.2-3 and 7.2-4 provide
the equivalent Poisson rates for the time-dependent rupture
sources in the WFZ and OGSLFZ. Comparison of the mean
time-dependent and equivalent Poisson rates in Tables 7.2-1
to 7.2-4 indicate that the time-dependent hazard is signifi-
cantly larger for the SLCS and BCS. Time-dependent and
time-independent results for the central WFZ segments and



Earthquake probabilities for the Wasatch Front region in Utah, Idaho, and Wyoming

Table 7.2-1. Recurrence intervals for time-dependent (BPT) calculations for the WFZ central segments.

Rupture | a(COV) Recurrence Intervals for Characteristic Events Determined from Paleoseismic Data
Source 1/ charge 519 1/hchar7s.83% 1/ chars0% 1/hchar21.17% 1/hchars 499
(wt. =0.101) (wt. =0.244) (wt. =0.31) (wt. =0.244) (wt. =0.101)
BCS 0.3 1891 1633 1453 1293 1115
0.5 2576 2033 1679 1385 1084
0.7 3577 2626 2034 1566 1121
WS 0.3 1703 1487 1337 1202 1053
0.5 2274 1834 1544 1300 10438
0.7 3108 2346 1866 1479 1100
SLCS 0.3 1866 1601 1418 1257 1079
0.5 2576 2015 1653 1354 1052
0.7 3608 2618 2009 1531 1081
PS 0.3 1653 1434 1281 1145 994
0.5 2177 1735 1447 1206 959
0.7 2948 2190 1718 1342 981
NS 0.3 1559 1299 1125 975 814
0.5 2289 1714 1358 1073 799
0.7 3367 2330 1716 1253 840

Table 7.2-2. Recurrence intervals for time-dependent (BPT) calculations for the OGSLFZ.

Rupture Source | a(COV) Recurrence Intervals for Characteristic Events Determined from Paleoseismic Data
1n‘-char%.Sl% 10‘0har78.83% 1/)‘-charSO% 1n‘-chaer.l?% 1n‘-char3.49%
(wt. =0.101) (wt. = 0.244) (wt. =0.31) (wt. = 0.244) (wt. =0.101)

Al 0.3 7232 5877 4976 4210 3410

0.5 10,464 7546 5765 4381 3095

0.7 15,302 10,083 7062 4868 3028

FI 0.3 5882 4764 4028 3401 2742

0.5 8521 6197 4793 3696 2659

0.7 12,395 8318 5984 4274 2784

Table 7.2-3. Equivalent Poisson rupture rates for time-dependent (BPT) rupture sources of the WFZ.

Rupture Source Equivalent Poisson Rupture Rates
Asthoe (1/hsthos) Amean (1/Amean) Agstnoe (1/Agsthos)
BCS 579 x 104 (1730) 1.63 x 107 (610) 3.91 x 103 (260)
WS 5.49 x 107 (18,200) 3.98 x 107* (2510) 8.29 x 10 (1210)
SLCS 4.50 x 104 (2220) 1.29 x 1073 (780) 278 x 1072 (360)
PS 9.56 x 1075 (10,500) 5.75 x 104 (1740) 1.50 x 1073 (670)
NS 2.16 x 107 (463,000,000) 1.03 x 10* (9710) 5.15 x 10" (1940)

Table 7.2-4. Equivalent Poisson rupture rates for time-dependent (BPT) rupture sources of the OGSLFZ.

Rupture Source

Equivalent Poisson Rupture Rates

)VSth% (1/)‘-5th%) )‘mean (l/l’mean) )‘-95th% (1/)‘-95th%)
Al <1.00x 10712 4.17 x 107 (239,900) 1.02 x 107 (98,000)
FI 4.66 x 107 (21,500) 3.64 x 107* (2450) 8.35 x 1074 (1200)
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the Al and FI segments of the OGSLFZ are discussed further
in Section 8.3.2. For fault models that have segments which
rupture both as single-segment and as part of a multi-seg-
ment rupture, we only modeled those segments that rupture
only as a single-segment as time-dependent. Paleoseismic
data were insufficient for us to estimate time-dependent re-
currence rates for multi-segment ruptures because at most,
only two such events have been identified in the paleoseismic
record for a given pair or three of the central WFZ segments
(Section 4.1.5).

Because we calculated probabilities at the rupture source
level, aggregating probabilities for fault segments, faults, and
the region is simple. We expect the BPT model to provide ac-
curate estimates of earthquake probability to the extent that
(1) the model represents the statistics of recurrence intervals
for rupture sources, and (2) the time of the most recent event
is known or constrained.

A key input to the BPT model is the time of the most recent
rupture—the time at which the renewal model is “reset.” Es-
timates of these times come from several lines of evidence,
including paleoseismic observations, dates of historical rup-
tures, and historical seismicity, as described in Section 4.

As was the case of the WGCEP (2003, 2008), we chose not
to model the other faults with a time-dependent model, even
though for a few of the faults information exists on the most
recent rupture and recurrence intervals. At most, the lat-
ter consisted of a single interval which was judged by the
WGUERP to be insufficient to include in the forecast.

7.2.3 Time-Independent versus Time-
Dependent Weights

A critical judgment in the calculation of probabilities is
the choice of weights to be assigned to the time-dependent
BPT and time-independent Poisson models. This decision
is a major source of epistemic uncertainty. As in the WG-
CEP (2003, 2008) process, the weights are decided by ex-
pert judgment after considerable discussion of the pros, cons,
and implications. As described earlier, we considered only
the WFZ central segments and the Al and FI segments of
the OGSLFZ to have sufficiently robust paleoseismic data to
calculate time-dependent probabilities. Unlike the WGCEP
process, the paleoseismic data were more plentiful than any
of the faults considered in the northern California forecasts,
and we did not need to consider stress interaction and shadow
because of the length of the paleoseismic record. Hence, the
WGUERP considered the weighting of the alternative models
for the WFZ central segments and the Al and FI segments to
be more straightforward and not plagued to the same extent
by the large uncertainties faced by the WGCEP.

The quality and quantity of the paleoseismic data were signif-
icant factors in selecting the weights. In the end, the WGUEP
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gave considerable weight, 0.8, to the BPT model and only 0.2
weight to a Poisson model for individual segment ruptures.
This reflects our judgment that the paleoseismic record is
robust enough to calculate time-dependent probabilities for
future surface-faulting earthquakes on the WFZ central seg-
ments and the Al and FI segments of the OGSLFZ in the next
100 years. More importantly, we believe that these faults do
not behave in a Poisson matter (i.e., that the elastic rebound
model is applicable). One criticism of the high weight given
to the BPT model within the WGUEP was that the recurrence
intervals were not sufficiently periodic and too variable.
However, this criticism is not germane to whether a time-de-
pendent model should be used because the periodicity or lack
thereof is addressed through the value of the COV used in the
calculations. As stated previously, a wide range of COVs was
used in the calculations.

As noted in Section 7.2.2, we did not apply the BPT model to
multi-segment ruptures due to a lack of paleoseismic data to
constrain recurrence intervals. For fault models with multi-
segment ruptures, only segments that rupture as single-seg-
ments are modeled as time-dependent. Therefore, the effec-
tive weight of the time-dependent model is less than 0.8 and
varies by segment. For example, the BCS ruptures as part of
multi-segment ruptures in all fault models except the SSR
model. The effective weight of the time-dependent model for
the BCS is 0.8 x 0.7 = 0.56. Similarly, the effective time-
dependent weights for the WS, SLCS, PS, and NS are 0.56,
0.66, 0.62, and 0.066, respectively.
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8 EARTHQUAKE PROBABILITIES

In this section, we summarize and discuss the earthquake
probabilities making up the WGUEP earthquake forecast for
the Wasatch Front region. We estimated multiple probabili-
ties, including probabilities associated with (1) all the char-
acterized earthquake sources in the region, both in aggregate
and individually; (2) different future time horizons (30, 50,
and 100 years); and (3) different magnitude thresholds. Thus,
for a specified time horizon and magnitude threshold, one
can view the probability that one or more earthquakes will
occur either in the Wasatch Front region as a whole, on an
individual fault system or segment, or in the background.
For each case examined, we report the mean or best-estimate
probability together with its formal uncertainty, specified in
terms of the 5th and 95th percentile values of the probability
distribution (as described in Section 7).

Section 8.1 describes the earthquake probabilities for the
Wasatch Front region for magnitude thresholds of M 6.75 and
M 6.0 and for time horizons of 30, 50, and 100 years (starting
from 2014). Probabilities for background earthquakes in the
region are also given. In Section 8.2, we give a breakdown
of the regional probabilities into the component probabilities
for individual faults and fault segments, focusing our discus-
sion on 50-year probabilities for earthquakes of M > 6.75. Fi-
nally, in Section 8.3, we examine and discuss the sensitivity
of the probability calculations: first, to different fault-rupture
models; second, to different probability models (time-inde-
pendent vs. time-dependent); and third, to two selected input
parameters—the COV in the time-dependent BPT model,
and the choice of the magnitude relation used in calculating
the characteristic magnitude for a fault or fault segment.

8.1 Earthquake Probabilities in the Wasatch
Front Region

8.1.1 50-Year Probabilities

Figure 8.1-1 and Table 8.1-1 summarize earthquake prob-
abilities for the next 50 years (2014 to 2063). The probability
of one or more large (M > 6.75) earthquakes somewhere in
the Wasatch Front region in the next 50 years is 43%. This
regional probability is a combined probability, obtained
from aggregating the probabilities of earthquakes on all of
the characterized faults. The probability of at least one large
surface-faulting earthquake (M > 6.75) specifically on the
Wasatch fault zone (WFZ) in the next 50 years is 18% (Table
8.1-1). Other fault zones having significant 50-year probabili-
ties of one or more M > 6.75 earthquakes are the Oquirrh—
Great Salt Lake fault zone (OGSLFZ) (5.9%) and the Eastern
Bear Lake fault (6.3%) (Figure 8.1-1). Excluding the WFZ and
the OGSLFZ, the combined probability of one or more large
earthquakes (M > 6.75) on one of the other studied faults in
the region is 25%. (We remind the reader that only the WFZ
central segments and the Antelope Island and Fremont Island

segments of the OGSLFZ were treated in a time-dependent
manner; ruptures on the other faults were modeled as time-
independent.) The total probability of at least one large (M >
6.75) earthquake near the Salt Lake City metropolitan area in
the next 50 years from the WFZ and OGSLFZ is 23%.

For each of the earthquake probabilities listed in Table 8.1-1
(and for those in following tables), the 90% confidence limits are
given. For example, the table indicates that for at least one earth-
quake of M > 6.75, the mean 50-year probability for the Wasatch
Front region as a whole is 43%; the corresponding Sth and 95th
percentile probabilities are 33% and 54%, respectively.

Considering that Utah’s population is the youngest in the
nation with a median age of 29.2 years (2010 U.S. Census
data), the 50-year probabilities imply that there is a realistic
chance that many current residents of the Wasatch Front re-
gion will experience a large (M > 6.75) earthquake in their
lifetimes—whether that earthquake is on the WFZ (18%
probability) or somewhere in the Wasatch Front region (43%
probability). For one or more earthquakes of M > 6.0, which
includes background seismicity, the 50-year probability in
the Wasatch Front region as a whole increases to 57% (Table
8.1-1), and for M > 5.0 the probability is 93%.

To gain some insight into what the 50-year probability num-
bers mean, we can consider a simple analogy (admittedly
imperfect, because the earthquake probabilities include
some time-dependent components). Consider random natural
events, for example a storm that occurs on average every 50,
100, or 250 years. During a future 50-year period, the cor-
responding probabilities for such events happening are 63%,
39%, and 18%, respectively. Thus, a 43% chance of one or
more large (M > 6.75) earthquakes happening somewhere in
the Wasatch Front region in the next 50 years is roughly the
same (39%) as for a 100-year storm in the same region. Simi-
larly, an 18% chance of one or more large earthquakes on the
WEZ in the next 50 years is the same as the chance (18%) of
a 250-year storm somewhere along the length of the fault,
and a 57% chance in 50 years of one or more earthquakes of
M > 6.0 in the Wasatch Front region is nearly the same as the
chance (63%) of a 50-year storm in the same region. In all
three cases, the earthquake probability numbers are in the
range of other real-world hazards against which communities
and individuals take sensible defensive actions.

8.1.2 30-Year, 100-Year, and Background
Seismicity Probabilities

Earthquake probabilities in the Wasatch Front region for 30-
year and 100-year time horizons are summarized in Tables
8.1-2 and 8.1-3, respectively. Compared to the 50-year prob-
abilities, corresponding probabilities for a 30-year time ho-
rizon are lower and those for a 100-year time horizon are
higher—as one would expect. Over a 30-year time horizon,
the probability of one or more large (M > 6.75) earthquakes
is 11% on the WFZ and 28% somewhere in the Wasatch Front
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Table 8.1-1. Wasatch Front region 50-year probabilities.

M=>6.0 M=>6.75
Mean 5th Percentile 95th Percentile Mean 5th Percentile 95th Percentile
WFZ 18.5% 10.5% 29.7% 18.1% 10.3% 29.3%
OGSLFZ 7.0% 3.5% 11.6% 5.9% 2.5% 10.9%
Other Faults 34.3% 23.4% 47.5% 25.2% 16.7% 36.0%
Background 14.2% 6.6% 23.1% NA NA NA
Wasatch Front Region 57.2% 46.8% 68.6% 42.5% 32.8% 54.0%
Table 8.1-2. Wasatch Front region 30-year probabilities.
M=>6.0 M=>6.75
Mean 5th Percentile 95th Percentile Mean 5th Percentile 95th Percentile
WFZ 11.5% 6.4% 18.9% 11.3% 6.3% 18.6%
OGSLFZ 4.3% 2.2% 7.2% 3.6% 1.5% 6.6%
Other Faults 22.4% 14.8% 32.1% 16.1% 10.4% 23.5%
Background 8.9% 4.0% 14.6% NA NA NA
Wasatch Front Region 40.1% 31.4% 50.0% 28.3% 21.2% 37.1%
Table 8.1-3. Wasatch Front region 100-year probabilities.
M=>6.0 M=>6.75
Mean 5th Percentile 95th Percentile Mean 5th Percentile 95th Percentile
WFZ 33.7% 20.1% 51.4% 33.1% 19.7% 50.8%
OGSLFZ 13.5% 7.0% 21.9% 11.4% 4.9% 20.6%
Other Faults 56.3% 41.4% 72.5% 43.7% 30.6% 59.1%
Background 26.2% 12.8% 40.9% NA NA NA
Wasatch Front Region 81.5% 71.8% 90.2% 66.8% 55.0% 79.0%
region. Over a century, there is a 2-out-of-3 chance (67%) that ~ Table 8.1-4. Background seismicity probabilities.
at least one large (M > 6.75) earthquake will occur some-
where in the Wasatch Front region, and the chance of at least M=25.0 M=5.5
one occurring on the WFZ, undoubtedly with damaging im- | 30 years 69.2% 29.5%
pact, is roughly 1 in 3 (33%). Also over a century, the prob- [ 5, years 851% 437%
ability of at least one potentially damaging earthquake of M
> 6.0 in the Wasatch Front region is relatively high (82%). [ 100 years 97.1% 67.1%

One factor that adds to the risk in the coming decades is
that Utah’s population, with continued concentration in the
Wasatch Front urban corridor, is projected to nearly double
by 2050 (Utah Foundation, 2014).

Table 8.1-4 summarizes the probabilities for background earth-
quakes of M > 5.0 and M > 5.5 in the Wasatch Front region.
There is a 69% chance that one or more background earth-
quakes of M > 5.0 will occur in the next 30 years and an 85%
chance in the next 50 years. Preparing for earthquakes requires
keeping in mind that even earthquakes in the M 5 range can
cause significant localized damage. Damaging shocks in the
Wasatch Front region (discussed in Appendix E) include the M
5.8 Cache Valley, Utah, earthquake in August 1962, and even
the M 4.9 Magna, Utah, earthquake in September 1962.

8.2 Probabilities for Individual Faults and
Fault Segments

In this section, we provide the probabilities that were comput-
ed for individual segments of the WFZ and OGSLFZ and for
other faults and fault segments in the Wasatch Front region
that were considered in the WGUEP forecast. Probabilities
are given for both M > 6.0 and M > 6.75. The probabilities for
these two magnitude thresholds are roughly the same for the
WFZ segments and generally comparable for the OGSLFZ
segments and other faults. This is essentially due to the use
of the recurrence models, particularly for the WFZ and OG-
SLFZ, where moderate-sized earthquakes (M 6 to 6.75) are
not being modeled.
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Table 8.2-1 and Figure 8.2-1 show the 50-year probabilities for
large (M > 6.75) earthquakes on the WFZ. As expected, the
probabilities are higher for the central segments. The prob-
abilities of the end segments are small, less than 1%. The two
central segments with the highest probabilities, each ~6%,
are the Brigham City segment and the Salt Lake City segment
(Table 8.2-1). The elapsed time since the most recent event
on the Salt Lake City segment is approximately equivalent
to its recurrence interval and, as well documented (Section
4), the elapsed time on the Brigham City segment has signifi-
cantly exceeded its mean recurrence interval. Intuitively, one
would expect the probability on the Brigham City segment to
be much higher than 6% (Section 8.3). However, the effective
time-dependent weight for the Brigham City segment is only
0.56. For the Salt Lake City segment, the time-dependent
weight is 0.66 (Section 7.2.3).

The other major segmented fault is the OGSLFZ. Table 8.2-2
shows the 50-year probabilities for the OGSLFZ segments,
and indicates that the probability for at least one large (M >
6.75) earthquake on each individual segment is small, 2% or
less. Table 8.2-3 shows the 50-year probabilities for the oth-

Table 8.2-1. WFZ segment 50-year probabilities.
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er, mostly unsegmented, faults in the Wasatch Front region.
Ruptures on all these faults are modeled as time-independent.
Five faults in the “other” category have the relatively highest
50-year probabilities for generating at least one large (M >
6.75) earthquake (Table 8.2-3, Figure 8.1-1). The segmented
Eastern Bear Lake fault, which has a relatively high slip rate
centered on 0.6 mm/yr (Appendix D), has a total probabil-
ity of 6%. The segmented Stansbury fault zone, which has a
best-estimate slip rate of 0.4 mm/yr, has a total probability
of 4%. The other three faults are the Rock Creek fault (un-
segmented, 3.4% probability), the Bear River fault (unseg-
mented, 2.8% probability), and the segmented West Cache
fault (segmented, 2.5% total probability). The probabilities
for M > 6.0 events are consistently lower if not the same as
the M > 6.75 events (i.e., the larger the earthquake, the less
frequent it is).

Tables 8.2-4 through 8.2-9 summarize the 30-year and 100-
year probabilities for the WFZ, OGSLFZ, and the “other
modeled faults” in the Wasatch Front region. The same gen-
eral patterns exhibited in the 50-year probabilities discussed
above are reflected in the 30-year and 100- year probabilities.

Fault Segment M=>6.0 M=>6.75
Mean 5th Percentile 95th Percentile Mean 5th Percentile 95th Percentile
Malad City 0.3% <0.1% 0.8% 0.3% <0.1% 0.8%
Clarkston Mtn 0.3% <0.1% 0.8% 0.3% <0.1% 0.7%
Collinston 0.2% <0.1% 0.6% 0.2% <0.1% 0.5%
Brigham City 5.8% 1.6% 15.1% 5.6% 1.4% 15.5%
Weber 3.2% 0.3% 8.1% 3.2% 0.3% 8.3%
Salt Lake City 5.9% 1.9% 13.3% 5.8% 1.8% 13.3%
Provo 3.9% 0.5% 8.9% 3.9% 0.5% 9.0%
Nephi 1.8% <0.1% 6.3% 1.8% <0.1% 6.3%
Levan 1.0% <0.1% 2.6% 0.9% 0.1% 2.4%
Fayette 0.5% <0.1% 1.5% 0.5% <0.1% 1.3%
Table 8.2-2. OGSLFZ segment 50-year probabilities.
Fault Segment M=>6.0 M > 6.75
Mean 5th Percentile 95th Percentile Mean 5th Percentile 95th Percentile

Rozelle 1.7% 0.4% 3.4% 1.5% 0.3% 3.4%

Promontory 2.0% 0.4% 5.0% 1.6% 0.1% 5.0%

Fremont Island 2.3% 0.4% 6.3% 2.0% 0.2% 6.1%

Antelope Island 1.2% <0.1% 4.8% 1.2% <0.1% 4.8%

Northern Oquirrh 0.7% 0.1% 2.1% 0.6% 0.1% 2.0%

Southern Oquirrh 0.7% 0.1% 2.1% 0.7% 0.1% 1.9%

Topliff Hills 0.9% 0.1% 2.4% 0.7% 0.1% 1.8%

East Tintic 0.4% 0.1% 1.2% 0.4% 0.1% 1.1%
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Table 8.2-3. “Other modeled fault” 50-year probabilities.

Utah Geological Survey

Fault or Fault Segment M=>6.0 M >6.75
Mean 5th Percentile | 95th Percentile Mean 5th Percentile | 95th Percentile
Bear River 3.0% 1.4% 6.4% 2.8% 1.2% 6.4%
Carrington 1.7% 0.4% 3.6% 1.4% 0.4% 3.6%
Crater Bench and Drum Mountains 0.2% <0.1% 0.7% 0.2% <0.1% 0.7%
Crawford Mountains 0.1% <0.1% 0.4% 0.1% <0.1% 0.2%
Curlew Valley 2.2% 0.3% 6.4% 0.5% 0.1% 2.0%
East Cache - Total 2.0% 0.4% 5.1% 1.4% 0.2% 3.8%
East Cache - North 0.9% 0.1% 2.7% 0.9% 0.1% 2.7%
East Cache - Central 1.3% 0.2% 3.3% 0.7% <0.1% 2.6%
East Cache - South 0.4% <0.1% 1.7% 0.4% <0.1% 1.7%
East Dayton-Oxford 0.3% <0.1% 0.7% 0.1% <0.1% 0.3%
Eastern Bear Lake - Total 7.4% 1.8% 17.7% 6.3% 1.3% 16.1%
Eastern Bear Lake - North 2.3% 0.5% 5.8% 1.6% 0.1% 5.4%
Eastern Bear Lake - Central 4.3% 0.9% 12.5% 3.8% 0.5% 12.1%
Eastern Bear Lake - South 3.3% 0.5% 10.2% 3.2% 0.5% 10.2%
Faults along the edge of Scipio Valley- 0.8% 0.1% 2.9% 0.8% 0.1% 299
Pavant Range
Gunnison 0.6% 0.1% 2.3% 0.6% 0.1% 2.3%
Hansel Valley 0.4% <0.1% 1.5% 0.1% <0.1% 0.3%
Joes Valley 0.4% <0.1% 1.0% 0.3% <0.1% 1.0%
Little Valley 1.0% 0.1% 3.3% 0.2% <0.1% 0.9%
Main Canyon 0.1% <0.1% 0.5% 0.1% <0.1% 0.2%
Morgan 0.2% <0.1% 0.4% <0.1% <0.1% 0.2%
North Promontory 1.6% 0.3% 4.8% 1.0% 0.2% 2.8%
Porcupine Mountain 0.1% <0.1% 0.4% 0.1% <0.1% 0.3%
Rock Creek 3.4% 0.5% 8.5% 3.4% 0.5% 8.3%
Skull Valley 1.5% 0.2% 3.6% 1.4% 0.2% 3.6%
Snow Lake Graben 0.3% <0.1% 1.0% 0.1% <0.1% 0.5%
Stansbury - Total 5.8% 0.6% 13.7% 4.0% 0.4% 11.4%
Stansbury - North 2.2% 0.3% 5.3% 1.7% 0.2% 4.6%
Stansbury - Central 2.7% 0.3% 8.8% 2.5% 0.2% 8.0%
Stansbury - South 2.3% 0.2% 6.0% 1.1% <0.1% 4.0%
Stinking Springs 1.3% 0.2% 4.1% <0.1% <0.1% 0.2%
Strawberry 0.6% 0.2% 1.8% 0.6% 0.1% 1.5%
Utah Lake 1.0% <0.1% 4.3% 0.4% <0.1% 1.7%
West Cache - Total 3.5% 0.8% 8.4% 2.5% 0.4% 7.0%
West Cache - North 2.1% 0.4% 5.0% 1.5% 0.2% 3.7%
West Cache - Central 1.8% 0.2% 6.9% 1.6% 0.1% 6.9%
West Cache - South 1.1% 0.2% 3.5% 0.9% 0.1% 3.5%
West Valley 0.7% <0.1% 4.6% <0.1% <0.1% 0.1%
Western Bear Lake 1.2% <0.1% 6.7% 0.1% <0.1% 0.9%




Table 8.2-4. WFZ segment 30-year probabilities.

Earthquake probabilities for the Wasatch Front region in Utah, Idaho, and Wyoming

Fault Segment M=>6.0 M >6.75
Mean 5th Percentile 95th Percentile Mean 5th Percentile 95th Percentile
Malad City 0.2% <0.1% 0.5% 0.2% <0.1% 0.5%
Clarkston Mtn 0.2% <0.1% 0.5% 0.2% <0.1% 0.4%
Collinston 0.1% <0.1% 0.4% 0.1% <0.1% 0.3%
Brigham City 3.5% 1.0% 9.6% 3.4% 0.8% 9.6%
Weber 1.9% 0.2% 5.1% 1.9% 0.2% 5.0%
Salt Lake City 3.6% 1.1% 8.1% 3.6% 1.1% 8.1%
Provo 2.3% 0.3% 5.6% 2.3% 0.3% 5.6%
Nephi 1.1% <0.1% 3.8% 1.1% <0.1% 3.8%
Levan 0.6% <0.1% 1.6% 0.5% <0.1% 1.4%
Fayette 0.3% <0.1% 0.9% 0.3% <0.1% 0.8%
Table 8.2-5. OGSLFZ segment 30-year probabilities.
Fault Segment M=>6.0 M >6.75
Mean 5th Percentile 95th Percentile Mean 5th Percentile 95th Percentile
Rozelle 1.0% 0.2% 2.0% 0.9% 0.2% 2.0%
Promontory 1.2% 0.2% 3.1% 1.0% 0.1% 3.1%
Fremont Island 1.4% 0.2% 3.9% 1.2% 0.1% 3.7%
Antelope Island 0.7% <0.1% 2.9% 0.7% <0.1% 2.9%
Northern Oquirrh 0.4% 0.1% 1.3% 0.4% <0.1% 1.2%
Southern Oquirrh 0.4% 0.1% 1.2% 0.4% 0.1% 1.2%
Topliff Hills 0.6% 0.1% 1.4% 0.4% 0.1% 1.1%
East Tintic 0.3% <0.1% 0.7% 0.3% <0.1% 0.7%

8.3 Sensitivity of Results to Models and
Parametric Uncertainty

The probabilities in the WGUEP forecast are a function of
many models, relations, and input parameters. In this sec-
tion we investigate the sensitivity to some of these variables.
First, for the WFZ and OGSLFZ, we look at the sensitivity
to the various fault rupture models (Section 8.3.1). Then, we
explore the sensitivity to the selected probability model and,
for those segments modeled as time-dependent, to the COV
(Section 8.3.2). Finally, we examine the sensitivity to the
choice of magnitude relation used in calculating the charac-
teristic magnitude for a fault or fault segment (Section 8.3.3).

8.3.1 Fault Rupture Models

For the central segments of the WFZ, the sensitivity of the 50-
year probabilities of earthquakes of M > 6.75 to fault rupture
model is shown in Table 8.3-1. The single-segment rupture
model, which was given the largest weight, results in the highest
probabilities for the Brigham City and Salt Lake City segments.
Note that the weight assessed for the time-dependent model is
not equal for each of the fault rupture models, as discussed in
Section 7.2.3. The Brigham City segment was not modeled as

time-dependent in any fault rupture model except the single-seg-
ment rupture model. Similarly, the impact of time-dependence
can be seen with the Nephi segment. For rupture models of the
Nephi segment where a time-dependent branch was included
(single-segment rupture, Intermediate A and Intermediate C),
the probabilities are much lower than for those rupture models
where only the Poisson model was used (Table 8.3-1).

For each of the WFZ central segments, except for the
Brigham City segment, the unsegmented model results in a
higher probability than the segmented models (Table 8.3-1).
Although the segment moment rates for the unsegmented
model are similar to those of the other fault models (Fig-
ure 7.1-6), the range of magnitudes for the unsegmented
model, which uses the DTGR recurrence model, includes
many more smaller events; hence, the rate of these events
is higher.

Table 8.3-2 shows the sensitivity to fault rupture model
for the OGSLFZ. As with the WFZ, the unsegmented fault
model (Model 5) results in the highest probabilities due to
the use of the DTGR recurrence model. All segmented rup-
ture models (models 1-4) use only the maximum magnitude
recurrence model.
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Table 8.2-6. “Other modeled fault” 30-year probabilities.

Utah Geological Survey

Fault or Fault Segment M=>6.0 M >6.75
Mean 5th Percentile | 95th Percentile Mean 5th Percentile | 95th Percentile
Bear River 1.8% 0.9% 3.9% 1.7% 0.7% 3.9%
Carrington 1.0% 0.2% 2.2% 0.9% 0.2% 2.2%
Crater Bench and Drum Mountains 0.1% <0.1% 0.4% 0.1% <0.1% 0.4%
Crawford Mountains 0.1% <0.1% 0.2% <0.1% <0.1% 0.1%
Curlew Valley 1.3% 0.2% 3.9% 0.3% <0.1% 1.2%
East Cache - Total 1.2% 0.2% 3.1% 0.9% 0.1% 2.3%
East Cache - North 0.5% 0.1% 1.6% 0.5% 0.1% 1.6%
East Cache - Central 0.8% 0.1% 2.0% 0.4% <0.1% 1.6%
East Cache - South 0.2% <0.1% 1.0% 0.2% <0.1% 1.0%
East Dayton-Oxford 0.2% <0.1% 0.4% 0.1% <0.1% 0.2%
Eastern Bear Lake - Total 4.6% 1.1% 11.0% 3.9% 0.8% 10.0%
Eastern Bear Lake - North 1.4% 0.3% 3.5% 1.0% 0.1% 3.4%
Eastern Bear Lake - Central 2.7% 0.5% 7.8% 2.3% 0.3% 7.5%
Eastern Bear Lake - South 2.0% 0.3% 6.3% 2.0% 0.3% 6.3%
i:t:ztaflf;lggzhe edge of Scipio Valley- | &, <0.1% 1.8% 0.5% <0.1% 1.8%
Gunnison 0.4% <0.1% 1.4% 0.4% <0.1% 1.4%
Hansel Valley 0.2% <0.1% 0.9% <0.1% <0.1% 0.2%
Joes Valley 0.2% <0.1% 0.6% 0.2% <0.1% 0.6%
Little Valley 0.6% <0.1% 2.0% 0.1% <0.1% 0.5%
Main Canyon 0.1% <0.1% 0.3% <0.1% <0.1% 0.1%
Morgan 0.1% <0.1% 0.3% <0.1% <0.1% 0.1%
North Promontory 0.9% 0.2% 2.9% 0.6% 0.1% 1.7%
Porcupine Mountain 0.1% <0.1% 0.2% 0.1% <0.1% 0.2%
Rock Creek 2.1% 0.3% 5.2% 2.1% 0.3% 5.0%
Skull Valley 1.0% 0.1% 2.2% 0.8% 0.1% 2.2%
Snow Lake Graben 0.2% <0.1% 0.6% 0.1% <0.1% 0.3%
Stansbury - Total 3.6% 0.4% 8.4% 2.4% 0.2% 7.0%
Stansbury - North 1.3% 0.2% 3.2% 1.0% 0.1% 2.8%
Stansbury - Central 1.6% 0.2% 5.4% 1.5% 0.1% 4.9%
Stansbury - South 1.4% 0.1% 3.7% 0.7% <0.1% 2.4%
Stinking Springs 0.8% 0.1% 2.5% <0.1% <0.1% 0.1%
Strawberry 0.4% 0.1% 1.0% 0.3% 0.1% 0.9%
Utah Lake 0.7% <0.1% 2.7% 0.3% <0.1% 1.0%
West Cache - Total 2.1% 0.5% 5.1% 1.5% 0.2% 4.2%
West Cache - North 1.3% 0.2% 3.1% 0.9% 0.1% 2.2%
West Cache - Central 1.1% 0.1% 4.2% 1.0% 0.1% 4.2%
West Cache - South 0.7% 0.1% 2.1% 0.5% <0.1% 2.1%
West Valley 0.4% <0.1% 2.5% <0.1% <0.1% 0.1%
Western Bear Lake 0.7% <0.1% 4.2% 0.1% <0.1% 0.5%
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Table 8.2-7. WFZ 100-year probabilities.

Fault Segment M=>6.0 M=6.75
Mean 5th Percentile 95th Percentile Mean 5th Percentile 95th Percentile
Malad City 0.5% <0.1% 1.5% 0.5% <0.1% 1.5%
Clarkston Mtn 0.6% 0.1% 1.6% 0.5% <0.1% 1.5%
Collinston 0.5% 0.1% 1.2% 0.4% 0.1% 1.1%
Brigham City 11.0% 3.1% 28.4% 10.7% 2.8% 28.4%
Weber 6.3% 0.8% 15.3% 6.3% 0.8% 15.3%
Salt Lake City 11.2% 3.8% 25.2% 11.2% 3.8% 25.2%
Provo 7.7% 1.4% 16.4% 7.7% 1.4% 16.4%
Nephi 3.6% <0.1% 12.1% 3.6% <0.1% 12.1%
Levan 1.9% 0.2% 5.1% 1.7% 0.2% 4.7%
Fayette 1.0% <0.1% 2.9% 0.9% <0.1% 2.6%
Table 8.2-8. OGSLFZ segment 100-year probabilities.
Fault Segment M=>6.0 M =>6.75
Mean 5th Percentile 95th Percentile Mean 5th Percentile 95th Percentile
Rozelle 3.3% 0.7% 6.6% 2.9% 0.7% 6.6%
Promontory 3.9% 0.7% 9.7% 3.2% 0.3% 9.6%
Fremont Island 4.5% 0.7% 12.1% 4.0% 0.5% 11.7%
Antelope Island 2.3% <0.1% 9.2% 2.3% <0.1% 9.2%
Northern Oquirrh 1.3% 0.2% 4.1% 1.3% 0.2% 3.8%
Southern Oquirrh 1.4% 0.2% 4.0% 1.3% 0.2% 3.7%
Topliff Hills 1.9% 0.3% 4.6% 1.4% 0.2% 3.5%
East Tintic 0.9% 0.1% 2.3% 0.8% 0.1% 2.3%

8.3.2 Probability Models

We examined sensitivity to probability model for the segments
of the WFZ and OGSLFZ that we modeled using both the time-
independent (Poisson) and time-dependent (BPT) probability
models. Table 8.3-3 reports the nominal time-independent and
time-dependent probabilities for the central segments of the
WEFZ for one or more M > 6.75 earthquakes for the next 30, 50,
and 100 years. Because these probabilities are the weighted
mean from all fault models, the listed “time-dependent” prob-
abilities are not 100% time-dependent, as explained in the
footnote in Table 8.3-3. The sensitivity to the time-dependent
model is better examined using the probabilities for the single-
segment rupture model, where all segments are time-depen-
dent. As seen in Table 8.3-4, the BPT model gives significantly
higher probabilities than the Poisson model for the Brigham
City and Salt Lake City segments. In contrast, the probabilities
using the BPT model are lower than the Poisson model for the
other three segments, especially the Nephi segment which has
an elapsed time since the most recent event of less than one-
third of its mean recurrence interval.

As discussed in Section 7.2.2, the BPT model is very sensi-
tive to the value of COV. A small COV indicates very period-
ic behavior, while a large COV models less periodic behavior.
The BPT model has a delay period where the probability of

another event is low immediately following an event. This
delay is shorter for larger values of COV. A COV of 0.7 mod-
els close-to-Poisson behavior once the elapsed time nears the
mean recurrence interval (Figure 7.2-1b).

Table 8.3-5 provides the segment BPT probabilities for each
of the three values of COV (0.3, 0.5 and 0.7) compared to
the Poisson probabilities. For the Brigham City segment, a
COV of 0.3 results in a probability (14.9%) that is 4.6 times
larger than the Poisson probability. The ratio of elapsed time
to mean recurrence interval is provided to help understand
sensitivity to the BPT model. Looking at Figure 7.2-1b, the
x-axis labeled time is this ratio, while the y-axis, or instan-
taneous failure rate can also be thought of as the ratio of the
BPT probability to the Poisson probability. For the Salt Lake
City segment, which has an elapsed time approximately equal
to the mean recurrence interval, the BPT probability for a
COV of 0.3 (10.3%) is 2.9 times larger than the Poisson prob-
ability (as discussed in Section 7.2.2, the mean recurrence
interval for the BPT model is also a function of COV). The
other three segments have mean elapsed times less than or
equal to one-half their mean recurrence intervals.

The BPT model with a COV of 0.3 implies that the fault seg-
ments are still in the delay period of the stress renewal model.
The resulting BPT probabilities range from less than 0.1%
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Table 8.2-9. “Other modeled fault” 100-year probabilities.

Utah Geological Survey

Fault or Fault Segment M=>6.0 M > 6.75
Mean 5th Percentile | 95th Percentile Mean 5th Percentile | 95th Percentile
Bear River 5.8% 2.8% 12.3% 5.5% 2.5% 12.3%
Carrington 3.3% 0.7% 7.1% 2.8% 0.7% 7.1%
Crater Bench and Drum Mountains 0.3% <0.1% 1.5% 0.3% <0.1% 1.5%
Crawford Mountains 0.3% 0.1% 0.8% 0.1% <0.1% 0.4%
Curlew Valley 4.2% 0.5% 12.4% 1.1% 0.1% 3.9%
East Cache - Total 4.0% 0.8% 9.9% 2.8% 0.4% 7.4%
East Cache - North 1.8% 0.2% 5.2% 1.8% 0.2% 5.2%
East Cache - Central 2.5% 0.5% 6.5% 1.3% <0.1% 5.1%
East Cache - South 0.7% 0.1% 3.3% 0.7% 0.1% 3.3%
East Dayton-Oxford 0.6% 0.1% 1.4% 0.2% <0.1% 0.6%
Eastern Bear Lake - Total 13.9% 3.5% 32.3% 11.4% 2.4% 29.5%
Eastern Bear Lake - North 4.4% 0.9% 11.1% 3.2% 0.3% 10.1%
Eastern Bear Lake - Central 8.3% 1.8% 23.2% 7.3% 1.0% 22.4%
Eastern Bear Lake - South 6.2% 0.9% 18.9% 6.1% 0.9% 18.8%
i:::ztag);lggtehe edge of Scipio Valley- | o, 0.1% 5.8% 1.5% 0.1% 5.8%
Gunnison 1.2% 0.1% 4.6% 1.2% 0.1% 4.6%
Hansel Valley 0.7% <0.1% 3.0% 0.1% <0.1% 0.6%
Joes Valley 0.7% 0.1% 2.0% 0.5% <0.1% 2.0%
Little Valley 2.0% 0.2% 6.4% 0.5% <0.1% 1.7%
Main Canyon 0.3% 0.1% 0.9% 0.2% <0.1% 0.4%
Morgan 0.3% 0.1% 0.9% 0.1% <0.1% 0.3%
North Promontory 3.1% 0.5% 9.3% 2.1% 0.4% 5.5%
Porcupine Mountain 0.3% 0.1% 0.8% 0.3% 0.1% 0.7%
Rock Creek 6.7% 1.0% 16.3% 6.6% 1.0% 15.8%
Skull Valley 3.1% 0.4% 7.1% 2.6% 0.3% 7.1%
Snow Lake Graben 0.6% 0.1% 2.0% 0.3% <0.1% 1.0%
Stansbury - Total 11.0% 1.2% 25.4% 7.7% 0.8% 21.5%
Stansbury - North 4.2% 0.5% 10.0% 3.3% 0.3% 8.9%
Stansbury - Central 5.2% 0.5% 16.8% 4.8% 0.4% 15.2%
Stansbury - South 4.5% 0.4% 11.7% 2.1% <0.1% 7.8%
Stinking Springs 2.6% 0.3% 8.0% 0.1% <0.1% 0.4%
Strawberry 1.3% 0.3% 3.5% 1.1% 0.3% 3.0%
Utah Lake 2.1% <0.1% 8.6% 0.8% <0.1% 3.4%
West Cache - Total 6.8% 1.5% 16.0% 4.9% 0.7% 13.4%
West Cache - North 4.1% 0.8% 9.6% 2.8% 0.4% 7.2%
West Cache - Central 3.4% 0.4% 13.3% 3.2% 0.2% 13.3%
West Cache - South 2.2% 0.4% 6.7% 1.7% 0.1% 6.7%
West Valley 1.2% <0.1% 8.0% <0.1% <0.1% 0.2%
Western Bear Lake 2.3% <0.1% 13.4% 0.2% <0.1% 1.7%
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Table 8.3-1. Sensitivity of 50-year probabilities for M > 6.75 earthquakes to fault rupture models used for the WFZ central segments.

Fault Single- Intermediate Intermediate Intermediate Minimum | Unsegmented | Wt. Mean
Segment Segment Rupture Rupture Rupture Rupture (wt 0.1)
Rupture Model A Model B Model C Model
Model (Wt 0.05) (wt 0.05) (Wt 0.075) (Wt 0.025)

(wt 0.70)
Brigham City 6.6% 3.0% 3.0% 3.0% 2.9% 3.8% 5.6%
Weber 2.3% 3.4% 3.4% 3.4% 3.4% 9.2% 3.2%
Salt Lake City 5.6% 3.5% 5.6% 5.6% 3.2% 9.3% 5.8%
Provo 3.1% 3.9% 3.9% 3.1% 4.0% 9.9% 3.9%
Nephi 1.3% 1.3% 3.8% 1.3% 3.1% 4.6% 1.8%

Table 8.3-2. Sensitivity of 50-year probabilities for M > 6.75 earthquakes to fault rupture models used for the OGSLFZ segments.

Fault Segment Model 1 Model 2 Model 3 Model 4 Model 5 Wt. Mean
Rozelle 1.3% 1.3% 1.3% 1.3% 2.4% 1.5%
Promontory 1.0% 1.0% 1.0% 1.0% 4.0% 1.6%
Fremont Island 1.4% 1.4% 1.5% 1.4% 4.5% 2.1%
Antelope Island 0.3% 0.3% 1.5% 0.3% 3.7% 1.2%
Northern Oquirrh 0.6% 0.4% 0.4% 0.4% 0.6% 0.6%
Southern Oquirrh 0.6% 0.5% 0.5% 0.6% 1.4% 0.7%
Topliff Hills 0.6% 0.6% 0.6% 0.6% 1.1% 0.7%
East Tintic 0.3% 0.3% 0.3% 0.3% 0.8% 0.4%

Table 8.3-3. WFZ central segments, all fault models, M > 6.75 earthquake probabilities.

Fault Segment 30 Years 50 Years 100 Years
Poisson Time-Dependent? Poisson Time-Dependent? Poisson Time-Dependent?
Brigham City 2.0% 3.8% 3.2% 6.2% 6.2% 11.8%
Weber 2.5% 1.8% 4.0% 3.0% 7.7% 6.0%
Salt Lake City 2.6% 3.8% 4.2% 6.2% 8.0% 11.9%
Provo 2.8% 2.2% 4.6% 3.7% 8.7% 7.4%
Nephi 2.7% 0.7% 4.4% 1.1% 8.4% 2.4%

!'Note that for fault models with multi-segment ruptures, not all segments are time-dependent. The time-dependent probabilities are not 100% time-depen-
dent. The effective time-dependent weight for the probabilities listed above are: BCS 0.7, WS 0.7, SLCS 0.83, PS 0.78, NS 0.83.

Table 8.3-4. WFZ central segments, single-segment rupture model, M > 6.75 earthquake probabilities.

Fault Segment 30 Years 50 Years 100 Years
Poisson BPT Poisson BPT Poisson BPT
Brigham City 1.9% 4.6% 3.2% 7.5% 6.2% 14.2%
Weber 2.1% 1.2% 3.5% 2.0% 6.8% 4.3%
Salt Lake City 2.2% 3.7% 3.6% 6.1% 7.1% 11.8%
Provo 2.4% 1.7% 4.0% 2.8% 7.7% 6.0%
Nephi 2.7% 0.3% 4.4% 0.5% 8.6% 1.3%
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(Nephi segment) to 40% (Provo segment) of the Poisson prob-
abilities. At the other end of the range of COV values (COV
= 0.7), the BPT probabilities for the Brigham City and Salt
Lake City segments are similar to the Poisson probabilities.
The BPT probabilities for the other three segments are less
than the Poisson probabilities because the ratio of the mean
elapsed time to mean recurrence intervals for those segments
(0.2 to 0.4) indicates these segments are still in the delay pe-
riod for a COV of 0.7.

Table 8.3-6 provides a comparison of the Poisson and BPT seg-
ment probabilities for the Fremont Island and Antelope Island
segments of the OGSLFZ for fault model 2 (single-segment rup-
ture model). The BPT probabilities are larger for the Fremont Is-
land segment, and lower for the Antelope Island segment. Table
8.3-7 provides the sensitivity to COV for these segments.

8.3.3 Magnitude Relations

The choice of magnitude relation used in calculating the char-
acteristic magnitude for a fault or fault segment does not have
a notable impact on probabilities for the WFZ (Table 8.3-8).

Utah Geological Survey

(One can examine, for example, the ratio of the highest to the
lowest probabilities in a given row of Table 8.3-8.) There is
some impact for the northern and southern end segments of
the WFZ, but little impact for the central segments, where
earthquake rates are determined by recurrence intervals. The
primary impact of the different magnitude relations is on the
characteristic magnitude.

For the OGSLFZ, the impact of the choice of magnitude rela-
tion on earthquake probabilities (Table 8.3-9) is more com-
parable to that for the WFZ end segments than for its central
segments. This again appears to reflect how earthquake rates
were calculated; the probabilities for segments that have rates
calculated using geologic slip rates show more variability
than those calculated using recurrence intervals. The extent
of the variability was examined for two other modeled faults
having high slip rates: the East Cache fault zone and Eastern
Bear Lake fault. The results, shown in Table 8.3-10, indicate
that the choice of magnitude relation leads to a variability in
probability similar to that seen for the end segments of the
WFZ and for the segments of the OGSLFZ.

Table 8.3-5. Sensitivity to COV: WFZ central segments, single-segment rupture model, M > 6.75 earthquake 50-year probabilities.

Fault Poisson BPT, a.=0.3 BPT, a=0.5 BPT, a.=0.7
Segment | Probability | Probability | Lapse Ratio of | Probability | Lapse Ratio of | Probability | Lapse Ratio of
Time/ BPT to Time/ BPT to Time/ BPT to
Mean R1 Poisson Mean R1 Poisson Mean RI Poisson
Probability Probabiltiy Probability
Brigham 3.2% 14.9% 1.7 4.6 6.3% 1.5 2.0 3.7% 1.3 1.2
City
Weber 3.4% 1.1% 0.5 0.3 2.0% 0.4 0.6 2.6% 0.38 0.8
Salt Lake 3.6% 10.3% 1.0 2.9 5.5% 0.9 1.5 3.7% 0.74 1.0
City
Provo 4.0% 1.7% 0.5 0.4 3.1% 0.5 0.8 3.2% 0.39 0.8
Nephi 4.4% <0.1% 0.3 0.007 0.48% 0.3 0.1 1.0% 0.21 0.2
Table 8.3-6. OGSLFZ, single-segment rupture model, M > 6.75 earthquake probabilities.
Fault Segment 30 Years 50 Years 100 Years
Poisson BPT Poisson BPT Poisson BPT
Fremont Island 0.8% 0.8% 1.2% 1.4% 2.5% 2.8%
Antelope Island 0.9% 0.01% 1.4% 0.02% 2.8% 0.05%

Table 8.3-7. Sensitivity to COV: OGSLFZ, single-segment rupture model, M > 6.75 earthquake 50-year probabilities.

Fault Segment Poisson BPT, a=0.3 BPT, 0.=0.5 BPT, a=0.7
Fremont Island 1.2% 2.1% 1.3% 0.9%
Antelope Island 1.4% <0.01% <0.01% 0.07%




Table 8.3-8. Sensitivity to magnitude relations: WFZ central segments, M > 6.75 earthquake 50-year probabilities.
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Fault Segment

Magnitude-Moment

Magnitude - SRL

Magnitude — SRL

Magnitude — SRL

(Hanks and (Wesnousky, 2008) | (Wells and Coppersmith, 1994) | (Stirling et al., 2002)
Kanamori, 1979)
Total Fault 18.0% 17.1% 16.8% 17.8%
Malad City 0.22% 0.27% 0.38% 0.24%
Clarkston Mountain 0.22% 0.25% 0.28% 0.24%
Collinston 0.20% 0.22% 0.29% 0.20%
Brigham City 5.7% 4.8% 4.7% 5.8%
Weber 3.2% 3.2% 3.2% 3.2%
Salt Lake City 5.8% 5.6% 5.5% 5.9%
Provo 3.9% 3.9% 3.9% 3.9%
Nephi 1.8% 1.7% 1.7% 1.8%
Levan 0.77% 0.88% 1.32% 0.75%
Fayette 0.39% 0.47% 0.72% 0.42%

Table 8.3-9. Sensitivity to magnitude relations: OGSLFZ, M > 6.75 earthquake 50-year probabilities.

Fault Segment

Magnitude-Moment

Magnitude — SRL

Magnitude — SRL

Magnitude — SRL

(Hanks and (Wesnousky, 2008) | (Wells and Coppersmith, 1994) | (Stirling et al., 2002)
Kanamori, 1979)
Total Fault 5.4% 5.7% 5.1% 6.8%
Rozelle 1.4% 1.3% 1.2% 1.7%
Promontory 1.3% 1.4% 1.3% 2.0%
Fremont Island 1.8% 2.0% 1.8% 2.4%
Antelope Island 1.0% 1.5% 1.4% 1.2%
Northern Oquirrh 0.54% 0.86% 0.79% 0.66%
Southern Oquirrh 0.57% 0.95% 0.88% 0.68%
Topliff Hills 0.64% 0.79% 0.69% 0.70%
East Tintic 0.35% 0.67% 0.65% 0.39%

Table 8.3-10. Sensitivity to magnitude relations: East Cache and Eastern Bear Lake faults, M > 6.75 earthquake 50-year probabilities.

Fault Magnitude-Moment Magnitude — SRL Magnitude — SRL Magnitude — SRL
(Hanks and (Wesnousky, 2008) | (Wells and Coppersmith, 1994) | (Stirling et al., 2002)
Kanamori, 1979)
East Cache 1.2% 1.8% 1.7% 1.5%
Eastern Bear Lake 5.8% 7.4% 7.2% 5.6%
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9 FUTURE DIRECTIONS AND LIMITATIONS

The formal analysis of earthquake probabilities in Califor-
nia extends back almost three decades; however, the Wasatch
Front region has not had adequate information for similar
analyses until this decade. This study represents the first for-
mal community estimate of earthquake probabilities in the
Wasatch Front region as well as the first formal earthquake
forecast in the U.S. outside of California. The assessment was
carried out by nationally recognized experts with first-hand
knowledge of the paleoseismology, seismology, and geodesy
of the study region and the surrounding Intermountain West.

In the process of this study, much has been learned. Indeed,
the efforts described in this report have notably advanced the
earthquake science of the Wasatch Front region. At the same
time, we have identified some key issues for which lack-of-
knowledge uncertainties should be reduced. The WGUEP
hopes and intends that this forecast will be a cornerstone for
future forecasts of earthquake probabilities in this region that
will inevitably benefit from new data, continually improving
methods of analysis, and further research.

The WFZ, the principal focus of this forecast, is now one of
the best characterized faults in the world with a well quantified
paleoseismic record that extends back to at least the middle
Holocene for its central segments, thanks to numerous paleo-
seismic trench investigations since the late 1960s. Despite this
progress, important questions persist regarding the nature of
fault segmentation, earthquake rupture extent, and the timing
and recurrence of mid- to early Holocene earthquakes.

Additional work is necessary to more rigorously test the
WEFZ segmentation model. Our analyses focused on the per-
segment earthquake histories, which served to refine the
earthquake data, but also limited our ability to exhaustively
define and evaluate all possible rupture permutations. For
example, what is the frequency and rupture extent of earth-
quakes that have ruptured only part of a segment or crossed
a segment boundary? Understanding the segmentation of the
fault over the Holocene and the rupture extent of individual
earthquakes (e.g., by targeted paleoseismic investigations
near segment boundaries) would serve to improve models of
multi-segment rupture on the fault. Ultimately, we suggest
that an evaluation of possible ruptures across the WFZ seg-
ment boundaries using the site earthquake data be conducted
to yield a more comprehensive suite of rupture models (e.g.,
Biasi and Weldon, 2009).

Poorly constrained mid-Holocene to latest Pleistocene earth-
quakes add uncertainty to the rupture behavior of the WFZ.
Thus, additional paleoseismic data for this time period would
serve to refine individual rupture extents and improve inter-
event and mean recurrence data for the fault. For example,
questions remain regarding long (~2 kyr) inter-event periods
on the segments that could reflect either variability in strain
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accumulation and moment release (e.g., aperiodic earthquake
behavior) or could be the product of incomplete paleoseis-
mic records. Continuing to improve the paleoseismic data
for the central segments would result in more robust mean-
recurrence and COV estimates for the WFZ, and ultimately,
a more accurate Wasatch Front earthquake forecast. For the
WFZ end segments, individual earthquake times and dis-
placements are needed to better constrain mean recurrence
intervals and slip rates for these less-active parts of the fault
zone. Finally, improving the understanding of the subsurface
geometry of the fault (e.g., planar versus listric) is important
for comparing geologic slip rates for the WFZ to geodetic
extension rates for the region.

Substantial uncertainties also exist in the characterization of
the “other modeled faults” in the Wasatch Front region. We
have attempted to quantify those uncertainties and include
them in our forecast; however, additional paleoseismic data,
and the systematic review and synthesis of previous data are
necessary to better understand the hazard posed by these faults.

The approach taken in our Wasatch Front region forecast is
generally straightforward and has leaned heavily on meth-
odologies developed by the Working Groups on California
Earthquake Probabilities (WGCEP). Compared to the Cali-
fornia efforts, our task has been easier in one regard, in that
we did not have to deal with the complexities of being along
a plate boundary.

Our WGUEP forecast depends to a large degree on expert
judgment. Compared to the WGCEP exercises, the involve-
ment of scientists outside our immediate working group was
limited due to the smaller community of experts on earth-
quake processes in the Wasatch Front region. However, we
did attempt to capture the views of others not taking part in
the WGUEP deliberations. Our WGUEP forecast should be
viewed as a “consensus” forecast in the sense that our delib-
erations were extensive and consensus was reached for the
vast majority of inputs. The appropriate role of geodetic in-
formation in characterizing the rate of fault activity is still
controversial, and total agreement was not reached on its use
in this forecast. Geodetic information was not used to esti-
mate fault slip rates in our evaluation (see Section 9.3).

A number of the issues recognized by the WGCEP beginning
in 1988 also apply to the Wasatch Front region and the BRP as
well. In particular, the following issues have been the subject
of ongoing study in the Wasatch Front region and we suggest
should continue to be targets for future research.

9.1 Characteristic Earthquake Model and
Fault Segmentation

Current concepts of a “characteristic earthquake” and fault
segmentation had their beginnings in paleoseismic studies
of the WFZ (Section 3.1). The WGUEP gave considerable
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weight to the maximum magnitude model, a variation on the
characteristic earthquake model, because the paleoseismic
evidence strongly suggests that it is applicable to the WFZ.
Based on limited data, the model also appears to apply to
some other faults in the Wasatch Front region. We made the
decision to apply the maximum magnitude model to all of the
longer faults in the region.

In California, the segmentation model has lost its consensus
support. However, that is not the case in Utah and the BRP
because the paleoseismic data are, in large part, consistent
with fault segmentation. This is not to suggest that multi-
segment ruptures are not possible. Some observations of pa-
leoearthquake timing, especially when including associated
uncertainties, permit, but do not require multi-segment rup-
tures. The WGUEP did include some multi-segment ruptures
in the forecast. Paleoseismic investigations (e.g., DuRoss and
Hylland, 2015) continue to assess the applicability of differ-
ent rupture models to the central WFZ.

9.2 Fault Interactions

The WGCEP strongly considered fault interactions and stress
shadows in their Uniform California Earthquake Rupture
Forecasts (UCERF2 and, most recently, UCERF3). Fault-
interaction and stress-shadow models have not yet been com-
prehensively evaluated in the Wasatch Front region. At least
one study (Chang and Smith, 2002) suggests that fault inter-
action may be an operative process along the WFZ central
segments. These possible factors influencing the recurrence
intervals of the major faults on the Wasatch Front region may
need to be considered in future analyses.

9.3 Use of Geodetic Data

Estimating fault slip rates from geodetic data has become
increaslingly popular. Most recently in UCERF3, the WG-
CEP used geodetic data to determine slip rates in California.
As described in Section 6, the geodetic moment rates for the
Wasatch Front region and three of the four defined subregions
are consistent with the geological/seismological moment
rates for these regions calculated for the WGUEP earthquake
rate model. However, the WGUEP judged at an early stage
that the use of geodetic data to estimate fault slip rates in the
region was still premature. Future studies are required before
geodetic data can be used confidently to estimate fault slip
rates in the Wasatch Front region. The geodetically-derived
rates can be used in a logic tree framework as an alternative
to geologic slip rates.

9.4 Estimating Characteristic Magnitudes

Magnitude regressions used in this study characterize the
upper and lower bounds of the uncertainty in the estimated
characteristic magnitude M for the analyzed faults. However,
questions remain regarding (1) the source of the discrepancy

in estimates of M between displacement- and length-based
regressions, (2) the best way to address this M discrepancy
for faults in the region that have length but not displacement
data, (3) the use of Ly, Ly, or SRL in the calculation of A
and M, (see Section 3.6), and (4) the suitability of all-fault-
type regressions to BRP normal faults. Certainly, more em-
pirical data would help address these questions. In the mean-
time, multiple branches are required in a logic tree approach
as was employed in this study.

9.5 COV

As described in Section 7.2.2, the coefficient of variation
(COV) in the BPT model is a critical parameter. We have ad-
opted a COV range of 0.5 + 0.2 for the central WFZ segments
and the OGSLFZ based on a global COV (Ellsworth et al.,
1999), as well as a composite COV for the central WFZ seg-
ments (Section 4.1.3). Segment-specific COVs range from 0.2
to 0.6, although the datasets are small (Section 4.1.2). The
use of actual segment-specific COVs would have resulted in
significantly different probabilities (Section 8.3.2). Obtaining
complete paleoseismic records beyond 6.0 ka for the WFZ
central segments would refine segment-specific COVs and,
hence, potentially improve time-dependent probabilities.

9.6 Time-Dependent Model Weights

As described in Section 7.2.3, the WGUEP assigned a weight
of 0.8 to the time-dependent BPT model and 0.2 weight to the
time-independent Poisson model for the WFZ central segment
ruptures. We judged that the elastic rebound model is applica-
ble to both the central WFZ and to the Antelope Island and Fre-
mont Island segments of the OGSLFZ and that available data
on the rupture histories of these segments do not favor Pois-
son behavior. We emphasize, however, that the assigned time-
dependent model weight for each of these segments is diluted
because multi-segment ruptures required a time-independent
model weight of 1.0, due to a lack of paleoseismic data to con-
strain recurrence intervals. For example, for the Brigham City
segment, which is of significant concern because of its long
elapsed time, the effective time-dependent weight is only 0.56.
The reduced time-dependent model rate for this and the other
central WFZ segments has an obvious influence on the prob-
abilities estimated in this study. Ultimately, a longer and more
complete paleoseismic record is needed to reduce uncertainties
relating to modeling rupture behavior on the WFZ and other
major faults such as the OGSLFZ.
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