by Anthony J. Crone, Sz‘ephenF Person/us Chr/stopherB DuRoss

e £ S f_ﬁ { Michael . Machette and ShannonA Mahan ey SR PN
: Ll P S R A <t Wrr ko :







PALEOSEISMOLOGY OF UTAH, VOLUME 25

HISTORY OF LATE HOLOCENE EARTHQUAKES AT THE
WILLOW CREEK SITE AND ON THE NEPHI SEGMENT,
WASATCH FAULT ZONE, UTAH

by Anthony J. Crone’, Stephen F. Personius?, Christopher B. DuR0ss?,
Michael N. Machette?, and Shannon A. Mahan®

"U.S. Geological Survey retired, Boulder, Colorado, 80304

2 Geologic Hazards Science Center, U.S. Geological Survey,
Denver, Colorado, 80225-0046
% Utah Geological Survey, PO. Box 146100, Salt Lake City, Utah, 84114-6100
“U.S. Geological Survey retired, Port Townsend, Washington, 98368

% Crustal Imaging and Characterization Science Center, U.S. Geological Survey,
Denver, Colorado, 80225-0046

Cover photo: View looking east toward the Willow Creek South Trench.
Photo by Stephen F. Personius.

ISBN: 978-1-55791-894-9

SPECIAL STUDY 151
DNR UTAH GEOLOGICAL SURVEY
a division of
UTAH DEPARTMENT OF NATURAL RESOURCES
2014



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 84114

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 84114
telephone: 801-537-3300
website: geology.utah.gov

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 Utah Department
of Natural Resources, Utah Geological Survey, or the U.S. Government.



FOREWORD

This Utah Geological Survey Special Study, History of Late Holocene Earthquakes at the Willow Creek Site and on the Nephi
Segment, Wasatch Fault Zone, Utah, is the twenty-fifth report in the Paleoseismology of Utah series. This series makes the
results of paleoseismic investigations in Utah available to geoscientists, engineers, planners, public officials, and the general
public. These studies provide critical paleoseismic information such as earthquake timing, recurrence, displacement, slip rate,
fault geometry, and segmentation, which can be used to characterize potential seismic sources and evaluate the long-term
seismic hazard of Utah’s Quaternary faults.

This report presents new data from the Willow Creek site that provides well-defined and narrow bounds on the times of the three
youngest earthquakes on the southern strand of the Nephi segment, Wasatch fault zone, and refines the time of the youngest
earthquake to about 200 years ago. This is the youngest surface rupture on the entire Wasatch fault zone, which occurred about
a century or less before European settlers arrived in Utah. Two trenches at the Willow Creek site (WCN and WCS) exposed
three scarp-derived colluvial wedges that are evidence of three paleoearthquakes (WC1, WC2, and WC3). The three wedges
are younger than the 2.4 + 0.2 ka Willow Creek alluvial fan at the WCS trench site. Stratigraphic relations in the WCN trench
indicate that a fourth earthquake (WC4) (and possibly others) occurred prior to 2.4 ka and is younger than the 6.2-ka faulted
alluvial fan at the WCN site. OxCal modeling of ages from Willow Creek indicate that paleoearthquake WC1 occurred at 0.2
+ 0.1 ka, WC2 occurred at 1.2 + 0.1 ka, and WC3 occurred at 1.9 + 0.6 ka (all 20 uncertainty). Stratigraphic constraints on the
time of paleoearthquake WC4 are extremely poor, so OxCal modeling only yields a broadly constrained age of 4.7 + 1.8 ka.

Results from the Willow Creek site significantly refine the times of late Holocene earthquakes on the southern strand of
the Nephi segment, and this result, when combined with a reanalysis of the stratigraphic and chronologic information
from previous investigations at North Creek and Red Canyon, yield a stronger basis for correlating individual earthquakes
between all three sites. An OxCal model used to develop a segment-wide chronology for the last three surface-rupturing
earthquakes on the southern strand showed the time of earthquake N1 (N denotes an earthquake recognized at all three trench
sites) is 0.2 £ 0.1 ka (210 £ 90 yr B.P.), the time of N2 is 1.2 £ 0.1 ka (1230 £ 100 yr B.P.), and the time of N3 is 2.0 + 0.4 ka
(2000 + 390 yr B.P.) (all 20 uncertainty). Using the two intervals between the best-constrained earthquakes (N3—N1), the
mean late Holocene recurrence for the southern strand is 0.9 + 0.2 kyr.

The frequency of earthquakes combined with the amount of associated vertical displacement indicates an anomalously high,
post-middle Holocene slip rate for the southern strand of the Nephi segment. The high rate is attributed to a cluster of late
Holocene earthquakes because the high short-term rate is at least a factor of 10 greater than the rates for mid-Pleistocene
and longer periods of time. The cumulative paleoseismic data from all sites on the Nephi segment and from the southern part
of the adjacent Provo segment suggest a complex pattern of Holocene surface ruptures. However, details of the interaction
between the two segments remain unclear and require a longer and more complete paleoseismic record for both the northern
and southern strands of the Nephi segment in order to make a more rigorous comparison with the history of earthquakes on the
Provo segment.

The new data from the Willow Creek site and the resulting segment-wide history of earthquake ruptures provide insight into the
interaction of the two Nephi-segment fault strands and between the Nephi and adjacent Provo segment to the north. Developing
a greater understanding of the paleoseismic parameters of the Holocene-active Nephi segment is critical for developing better
models of probabilistic ground shaking; refining probabilistic earthquake-hazard assessments; and improving earthquake-
hazard evaluations for the Wasatch Front, all of which help reduce earthquake risks to the region’s residents.

William Lund, Editor
Paleoseismology of Utah Series



PALEOSEISMOLOGY OF UTAH SERIES PUBLICATIONS

UGS publications produced as part of the Paleoseismology of Utah series may be found online at http://geology.utah.gov/ghp/
consultants/paleoseismic_series.htm and with the links given for each publication below.

1. Fault behavior and earthquake recurrence on the Provo segment of the Wasatch fault zone at Mapleton, Utah County, Utah—
Paleoseismology of Utah, Volume 1, 1991, by Lund, W.R., Schwartz, D.P., Mulvey, W.E., Budding, K.E., and Black, B.D.: Utah

Geological Survey Special Study 75, 41 p., available online at http://ugspub.nr.utah.gov/publications/special_studies/SS-75.
pdf.

2. Paleoseismic analysis of the Wasatch fault zone at the Brigham City trench site, Brigham City, Utah and the Pole Patch trench
site, Pleasant View, Utah—Paleoseismology of Utah, Volume 2, 1991, by Personius, S.F.: Utah Geological Survey Special

Study 76, 39 p., available online at http://ugspub.nr.utah.gov/publications/special_studies/SS-76.pdf.

3. The number and timing of paleoseismic events on the Nephi and Levan segments, Wasatch fault zone, Utah—Paleoseismol-
ogy of Utah, Volume 3, 1991, by Jackson, M.: Utah Geological Survey Special Study 78, 23 p., 3 plates, available online at

http://ugspub.nr.utah.gov/publications/special studies/SS-78.pdf.

4. Seismotectonics of north-central Utah and southwestern Wyoming—Paleoseismology of Utah, Volume 4, 1994, by West,
M.W.: Utah Geological Survey Special Study 82, 93 p., 5 plates, scale 1:100,000, available online at http://ugspub.nr.utah.gov/
publications/special_studies/SS-82.pdf.

5. Neotectonic deformation along the East Cache fault zone, Cache County, Utah—Paleoseismology of Utah, Volume 5, 1994,
by McCalpin, J.P.: Utah Geological Survey Special Study 83, 37 p., available online at http://ugspub.nr.utah.gov/publications/

special studies/ss-83.pdf.

6. The Oquirrh fault zone, Tooele County, Utah—surficial geology and paleoseismicity—Paleoseismology of Utah, Volume 6,
1996, by Lund, W.R., editor: Utah Geological Survey Special Study 88, 64 p., 2 plates, scale 1:24,000, available online at http://

ugspub.nr.utah.gov/publications/special studies/SS-88.pdf.

7. Paleoseismic investigation on the Salt Lake City segment of the Wasatch fault zone at the South Fork Dry Creek and Dry
Gulch sites, Salt Lake County, Utah—Paleoseismology of Utah, Volume 7, 1996, by Black, B.D., Lund, W.R., Schwartz, D.P.,
Gill, H.E., and Mayes, B.H.: Utah Geological Survey Special Study 92, 22 p., 1 plate, available online at http://ugspub.nr.utah.
gov/publications/special_studies/SS-92.pdf.

8. Paleoseismic investigation at Rock Canyon, Provo segment, Wasatch fault zone, Utah County, Utah—Paleoseismology of
Utah, Volume 8, 1998, by Lund, W.R., and Black, B.D.: Utah Geological Survey Special Study 93, 21 p., 2 plates, available

online at http://ugspub.nr.utah.gov/publications/special_studies/SS-93.pdf.

9. Paleoseismic investigation of the Clarkston, Junction Hills, and Wellsville faults, West Cache fault zone, Cache County,
Utah—Paleoseismology of Utah, Volume 9, 2000, by Black, B.D., Giraud, R.E., and Mayes, B.H.: Utah Geological Survey

Special Study 98, 23 p., 1 plate, available online at http://ugspub.nr.utah.gov/publications/special_studies/SS-98.pdf.

10. Post-Bonneville paleoearthquake chronology of the Salt Lake City segment, Wasatch fault zone, from the 1999 “mega-
trench” site—Paleoseismology of Utah, Volume 10, 2002, by McCalpin, J.P.: Utah Geological Survey Miscellaneous Publica-

tion 02-7, 38 p., available online at http://ugspub.nr.utah.gov/publications/misc_pubs/MP-02-7WFZ-SLC.pdf.

11. Post-Provo paleoearthquake chronology of the Brigham City segment, Wasatch fault zone, Utah—Paleoseismology of
Utah, Volume 11, 2002, by McCalpin, J.P., and Forman, S.L.: Utah Geological Survey Miscellaneous Publication 02-9, 46 p.,
available online at http://ugspub.nr.utah.gov/publications/misc_pubs/MP-02-9WFZ-BrigCity.pdf.

12. Neotectonics of Bear Lake Valley, Utah and Idaho; a preliminary assessment—Paleoseismology of Utah, Volume 12, 2003,
by McCalpin, J.P.: Utah Geological Survey Miscellaneous Publication 03-4, 43 p., available online at http://ugspub.nr.utah.gov/

publications/misc_pubs/MP-03-4.pdf.


http://geology.utah.gov/ghp/consultants/paleoseismic_series.htm
http://geology.utah.gov/ghp/consultants/paleoseismic_series.htm
http://ugspub.nr.utah.gov/publications/special_studies/SS-75.pdf
http://ugspub.nr.utah.gov/publications/special_studies/SS-75.pdf
http://ugspub.nr.utah.gov/publications/special_studies/SS-76.pdf
http://ugspub.nr.utah.gov/publications/special_studies/SS-78.pdf
http://ugspub.nr.utah.gov/publications/special_studies/SS-82.pdf
http://ugspub.nr.utah.gov/publications/special_studies/SS-82.pdf
http://ugspub.nr.utah.gov/publications/special_studies/ss-83.pdf
http://ugspub.nr.utah.gov/publications/special_studies/ss-83.pdf
http://ugspub.nr.utah.gov/publications/special_studies/SS-88.pdf
http://ugspub.nr.utah.gov/publications/special_studies/SS-88.pdf
http://ugspub.nr.utah.gov/publications/special_studies/SS-92.pdf
http://ugspub.nr.utah.gov/publications/special_studies/SS-92.pdf
http://ugspub.nr.utah.gov/publications/special_studies/SS-93.pdf
http://ugspub.nr.utah.gov/publications/special_studies/SS-98.pdf
http://ugspub.nr.utah.gov/publications/misc_pubs/MP-02-7WFZ-SLC.pdf
http://ugspub.nr.utah.gov/publications/misc_pubs/MP-02-9WFZ-BrigCity.pdf
http://ugspub.nr.utah.gov/publications/misc_pubs/MP-03-4.pdf
http://ugspub.nr.utah.gov/publications/misc_pubs/MP-03-4.pdf

13. Holocene earthquake history of the northern Weber segment of the Wasatch fault zone, Utah—Paleoseismology of Utah,
Volume 13, 2006, by Nelson, A.R., Lowe, M., Personius, S., Bradley, L., Forman, S.L., Klauk, R., and Garr, J.: Utah Geological
Survey Miscellaneous Publication 05-8, 39 p., 2 plates, available online at http://ugspub.nr.utah.gov/publications/misc_pubs/

MP-05-8.pdf.

14. Paleoseismic investigation and long-term slip history of the Hurricane fault in southwestern Utah—Paleoseismology of
Utah, Volume 14, 2007, by Lund, W.R., Hozik, M.J., and Hatfield, S.C.: Utah Geological Survey Special Study 119, 81 p., CD,

available online at http://ugspub.nr.utah.gov/publications/special_studies/SS-119.pdf.

15. Surficial-geologic reconnaissance and scarp profiling on the Collinston and Clarkston Mountain segments of the Wasatch
fault zone, Box Elder County, Utah—paleoseismic inferences, implications for adjacent segments and issues for diffusion-
equation scarp-age modeling—Paleoseismology of Utah, Volume 15, 2007, by Hylland, M.D.: Utah Geological Survey Special
Study 121, 18 p., CD, available online at http://ugspub.nr.utah.gov/publications/special_studies/SS-121.pdf.

16. Paleoseismic reconnaissance of the Sevier fault, Kane and Garfield Counties, Utah—Paleoseismology of Utah, Volume 16,
2008, by Lund, W.R, Knudsen, T.R., and Vice, G.S.: Utah Geological Survey Special Study 122, 31 p., CD, available online at
http://ugspub.nr.utah.gov/publications/special_studies/SS-122.pdf.

17. Paleoseismic investigation of the northern strand of the Nephi segment of the Wasatch fault zone at Santaquin, Utah—Pa-
leoseismology of Utah, Volume 17, 2008, by DuRoss, C.B., McDonald, G.N., and Lund, W.R.: Utah Geological Survey Special

Study 124, 33 p., 1 plate, available online at http://geology.utah.gov/online/ss/ss-124.pdf.

18. Paleoseismic investigation of the northern Weber segment of the Wasatch fault zone at Rice Creek trench site, North Og-
den, Utah—Paleoseismology of Utah, Volume 18, 2009, by DuRoss, C.B., Personius, S.F., Crone, A.J., McDonald, G.N., and
Lidke, D.J.: Utah Geological Survey Special Study 130, 37 p., 2 plates, CD, available online at http://geology.utah.gov/online/

ss/ss-130.pdf.

19. Late Quaternary faulting in East Canyon Valley, Northern Utah—Paleoseismology of Utah, Volume 19, 2010, by Piety,
L.A., Anderson, L.W., and Ostenaa, D.A.: Utah Geological Survey Miscellaneous Publication 10-5, 40 p., CD, available online
at http://geology.utah.gov/online/mp/mp10-05/mp10-05.pdf.

20. Compilation of U.S. Bureau of Reclamation Seismotectonic Studies in Utah, 1982-1999—Paleoseismology of Utah, Vol-
ume 20, 2011, compiled by Lund, W.R., Bowman, S.D., and Piety, L.A.: Utah Geological Survey Miscellaneous Publication
11-2, variously paginated, CD, available online at http://geology.utah.gov/online/mp/mp11-02/mp11-2.pdf.

21. Compilation of 1982-83 seismic safety investigation reports of eight SCS dams in southwestern Utah (Hurricane and Wash-
ington fault zones) and low-sun-angle aerial photography, Washington and Iron Counties, Utah, and Mohave County, Arizona
— Paleoseismology of Utah, Volume 21, 2011, by Bowman, S.D., Young, B.W., and Unger, C.D.: Utah Geological Survey
Open-File Report 583, 4 p., 2 plates, 6 DVD set, available online at http://geology.utah.gov/online/oft/ofr-583/ofr-583.pdf.

22. Late Holocene earthquake history of the Brigham City segment of the Wasatch fault zone at the Hansen Canyon, Kotter
Canyon, and Pearsons Canyon trench sites, Box Elder County, Utah —Paleoseismology of Utah, Volume 22, 2012, by DuRoss,
C.B., Personius, S.F., Crone, A.J., McDonald, G.N., and Briggs, R., 2012,: Utah Geological Survey Special Study 142, 28 p., 3

plates, 5 appendices, available online at http://geology.utah.gov/online/ss/ss-142/ss-142.pdf.

23. Compilation of U.S. Geological Survey National Earthquake Hazards Reduction Program Final Technical Reports for Utah,
2013, compiled by Bowman, S.D., and Lund, W.R.: Utah Geological Survey Miscellaneous Publication 13-3, 9 p. + 56 reports,
available online at http://geology.utah.gov/online/mp/mp13-03/mp13-03.pdf.

24. Evaluating surface faulting chronologies of graben-bounding faults in Salt Lake Valley, Utah—New paleoseismic data from
the Salt Lake City segment of the Wasatch fault zone and the West Valley fault zone—Paleoseismology of Utah, Volume 24,
2014, by DuRoss, C.B., and Hylland, M.D.: Utah Geological Survey Special Study 149, 76 p. + 14 appendices, 2 plates, CD,
available online at http://geology.utah.gov/online/ss/ss-149/ss-149.pdf.



http://ugspub.nr.utah.gov/publications/misc_pubs/MP-05-8.pdf
http://ugspub.nr.utah.gov/publications/misc_pubs/MP-05-8.pdf
http://ugspub.nr.utah.gov/publications/special_studies/SS-119.pdf
http://ugspub.nr.utah.gov/publications/special_studies/SS-121.pdf
http://ugspub.nr.utah.gov/publications/special_studies/SS-122.pdf
http://geology.utah.gov/online/ss/ss-124.pdf
http://geology.utah.gov/online/ss/ss-130.pdf
http://geology.utah.gov/online/ss/ss-130.pdf
http://geology.utah.gov/online/mp/mp10-05/mp10-05.pdf
http://geology.utah.gov/online/mp/mp11-02/mp11-2.pdf
http://geology.utah.gov/online/ofr/ofr-583/ofr-583.pdf
http://geology.utah.gov/online/ss/ss-142/ss-142.pdf
http://geology.utah.gov/online/mp/mp13-03/mp13-03.pdf
 http://geology.utah.gov/online/ss/ss-149/ss-149.pdf

CONTENTS

ABSTRACT ... ettt a et a et eb e he et e eb e b e eb e ka4 a4 e e e m s emeem e ea e es e e et eh e eh e e bt e bt ek e b e e b e ket et et et ent e st enteneeneeneebeebes 1
INTRODUCTION ...ttt sttt ettt e h e eh e bt st e e bt e bt e e et e b e s emeemtentemees e ebeebeeb e ebeabesb et e b e neentenseneeneeneeseeseeneanes 1
OVETVIBW ...ttt ettt ettt sttt ettt e et e st eateh e eb e e bt sh e eh e e bt ee ek e b e e4 et em s et ea e en e em e es e eb e eb e ebe e bt ekt ebeee e e b et e b e e emtemtenteneenteneeneeneabeaneabea 1
The NEPRI SEEIMENL .......icuiiiiiiiiti ettt ettt et et e bt e e e bt estesteessesseessesssesseessessesssasseessasseessesssessesseessesssessesssessensaans 4
THE WILLOW CREEK TRENCH SITE ..ottt h bt sttt ettt e et et et e st eneeneeseeneeneas 4
ODbjectives and Site CRATACEIISTICS ......cveiierieieeiteeiestietertietesteeee st etesteesesteessesseessesssessesssasseessasseessesseessesseessesssessesssessesssnns 4
WILLOW Creek NOTth TIEINCH. .....cueitiitiitiiteetie ettt ettt ettt et e bttt ke bt st et e et et enseneeneeneebeebeeaeas 6
Setting and General Strati@IaPRY ........ccciiieiieiiiicece ettt et et e e ea et e estesteessesseessesseessesseessesssessesssesseeseens 6
Evidence of Prehistoric EarthqUaKES..........ccueiiiiiiieiiiiciecieieetete ettt ettt sttt te e esta e b e eseesseesaessaessesseessesseeneas 9
TIMES OFf EAITNGUAKES ....c.veevieeiiiiceiecie ettt ettt te et e seeesbesae e beesa e beesbesbeessasseessesseessesseessesseessesssesseassans 12
WILLOW Creek SOUL TIEMCI. .....couiiiiitiitiitieteete ettt ettt et s e bt b e bt et e e b e st e st et et e e e s ene et eneeneeneene 13
Setting and General StratiZrAPNY ........c.ociiiiieiieriieici ettt ettt ettt e b e e te e b e ereesseeseesseesaesseessesseessesssessesssensenssanns 13
Evidence of PrehiStoric EarthqUAaKES..........couiiiiiiiiiiiiieieiieieete ettt sttt ettt beessesteessesteesseeseesseesaessessaesseessans 13
TIMES OFf EAITNGUAKES ....c.veevieeiiiiceiecie ettt ettt te et e seeesbesae e beesa e beesbesbeessasseessesseessesseessesseessesssesseassans 13
Model for Times of Prehistoric Earthquakes..........c.ccoviiiiiiiiiiiiiieieceeeee ettt st be s sseeseenns 15
Displacement per Earthquake at WilloW CIEeK..........coiieiiiiiiiiiiieieiieie ettt ettt esae e sbesreesbesseessesssesseessenns 16
Late Holocene Vertical Slip Rate at WIlloW CIEeK........c.cciiiiiiiiiiiiiiieiesieeiestecte ettt et see s sbe e sesseesseessenns 19
PREVIOUS STUDIES OF PREHISTORIC RUPTURES ON THE NEPHI SEGMENT .......ccccccoiviiniiiniiieieieeieieeeeeeees 20
Paleoseismology Of the NOTth CIEeK SIte.......cciiviiiiiriiiieiiieete sttt ettt este et e s teesaesteesaesreessesaaessesseessesssensenssenns 21
OxCal Model of Prehistoric Earthquakes at the North Creek Site ........ccovivciiiiiciiiiciicieeeeeeeee e 23
Paleoseismology of the Red CanyOn Site........ccicciiieriiiieriiiieteieeieeteeie ettt ste et e steeseesseeseesaeesaesseessesssessesssessesssessenseenns 23
OxCal Model of Prehistoric Earthquakes at the Red Canyon Site.........ccocveeviiiieiiiiieiiieieiiciece e 23
Fault-scarp Morphology Studies of the Nephi SEZMENt..........cccocvieiiiiiiiiiiiiiieeeeeee et esee s 27
Paleoseismology of the Northern Strand: Santaquin and Spring Lake Sites.........ccccevievierierieiierieieeee et 27
MODELING THE HISTORY OF SURFACE FAULTING ON THE NEPHI SEGMENT ........ccccooiiiniiinieieieieieieeeieeeieeeeas 27
Integrating Site-Specific Data into a Full-Segment Rupture HiStOry .........ccceviieiiiiieiiicieiiceene e 28
EarthqUaKe RECUITEICE ......ccviiiiiiieeiiiiieiccitete ettt ettt ettt et e ae et e be e b e beesb e beesbeeseesseeseesseeseesseesaeseessesasessesseessanssensenssenns 30
DISCUSSION ... ettt sttt ettt e e a e st eh e e bt e bt eh e et e eb e et e ek et e ea et ea s emsemtes e emtemtes e eb e eb e ebe ek e ebeebe et et e se s enbemtenteneeneeneaneaneas 33
Rupture Scenarios for Recent Nephi-Segment EarthqUakes ..........cc.ooieviiiiiiiieiiniicieieceeeee et 33
RUPLUIE BEtWEEN FAUIL StEPS.....cviitiiiieiiiiieieit ettt sttt ettt ettt et e e st e beesaesbeeseesseassesseessesssessesseessenssensenssenns 34
Slip Rates and Earthquake CIUSTEIINE .......cc.eevveriieieriieieieeteseete et ete et ete et e steeseesteesaesteessesssessesssessesssessesssesseessesseessesseensas 34
SINITICANCE OF RESUILS ....eiuviiiiiiieiicticteeee ettt ettt ettt ett et e e seesaeesaesaeesbessaessesssesbeessesseessenseessesseessesseensas 35
The Nephi-Provo Segment Boundary: Insight into Fault Segmentation.............cccocvveviieieniieieniiciene e 37
CONCLUSIONS. ..ttt sttt ettt e st eh e eb e e bt e bt e bt e bt s 4 et et e a4 e e emsemtemtes e em e eaeeheebeebeeh e et e bt sb et enbe s et entenseneeneeneenene 37
ACKNOWLEDGMENTS ...ttt ettt ettt et sttt et e s b et e et et e st e st e st es e eb e ebeebe et e ebeebe et et e bensentententeneeneeneeneaneas 39
REFERENCES ...ttt ea bttt ettt bt ettt et a4 a2 et et e me e st es e e st es e eb e ebeee e ebeeb e et e et et e b e s enbententeneeneeneeneeneas 39
APPENDICES ...ttt ettt e bt bttt e bt e bt et e et et a4 et ea s e m s eme e st es e e aeeh e eh £ ebeeh e ekt e b e e bt ek et e te s et ent et et enteneeneeaea 44
Appendix A — Paleo Research Institute Technical Report 05-41........cccooviiiiiiieiiniieieieceecieeee ettt 45
Appendix B — U.S. Geological Survey Scientific Investigations Map SIM—2966..........c..cc.cccerverrerierrerienieeeereeeereeeeenns 52
Appendix C — Code for OxCal models at the Red Canyon, Willow Creek, and North Creek sites.........c.ccoevverrieveneennne. 53
FIGURES
Figure 1. Shaded-relief map showing segments of the Wasatch fault zone that have ruptured in Holocene time....................... 2
Figure 2. Nephi segment and southern part of the Provo SEZMent ...........cocovevieiiiiiiiiiiiinnireeseseceee ettt 3
Figure 3. Fault scarps near the Willow Creek alluvial fan...........cocooiviiiniiiiiiiniiie ettt 5
Figure 4. Oblique aerial view of the Willow Creek alluvial fan and fault scarp on the Nephi segment .......c..ccccceeceecerenencnnenne. 6
Figure 5. Shaded-relief and topographic maps of the Willow Creek alluvial fan and trench site ...........ccccoevevecieniccninicncnene. 7
Figure 6. Profiles of the fault scarp at the WIillow CIeek SIte ..........coiriririeriirierieiiieieeeiceierie ettt ettt 8
Figure 7. Schematic diagrams of stratigraphy and faults in the Willow Creek North (WCN) trench........c.ccoceeveviencvieincencnnen. 11
Figure 8. Schematic diagram of stratigraphy and faults in the Willow Creek South (WCS) trench ..........ccccoevveviininiiincnncnnen. 14
Figure 9. Diagram showing stratigraphic relations and age constraints for times of prehistoric earthquakes in the Willow
Creek North (WCN) and Willow Creek South (WCS) trenChes ........cocvevvirieriieieieeiesieeieee et 15
Figure 10. Results of final OxCal model for the Willow Creek trenches ...........ocovveeiiiierieiieneieecee e 17

Figure 11. Simplified diagrams of the Willow Creek trenches showing stratigraphic relations used to estimate the vertical
displacement across the fAUIL ZOMNE ..........eeiuiiieiieieiee ettt ettt ettt et e steens e eneensesneesseeneessennsens 18



Figure 12. Schematic diagram showing the stratigraphic relations of radiocarbon ages at the North Creek site .............c........ 21

Figure 13. Photograph by F.B. Weeks showing the fault scarp at the North Creek site along the Nephi segment .................... 22
Figure 14. Results of final OxCal model for the North Creek trenches..........cc.coviiveriiiiiriieiiseeieeeee et 24
Figure 15. Trench map showing the stratigraphic relations and locations of radiocarbon (C) and thermoluminescence (L)
samples in the Red Canyon trENCH ...........cooeviiiiiiiiieiceceeee ettt ettt b e reesseeaeessesseesesseessessaessens 25
Figure 16. Results of final OxCal model for the Red Canyon trenchi.............cceeoviiieriiiiiiiieiiceceeeee e 26
Figure 17. Correlation of site probability density functions (PDFs) from OxCal models for paleoseismic sites on the Nephi
segment showing the preferred correlation of earthquakes DEtWeen SItes.........ccvvveriieieriieienieieeeee e 28
Figure 18. Plot showing amount of overlap in probability density functions (PDFs) that define the times of earthquakes at
pairs of sites 0N the NEePhi SEZMENL........coccviiiiiiiieiieeeie ettt ettt reesseeteesbeereessesreesesseessessaessesssensens 29
Figure 19. Plots showing the product of site probability density functions (PDFs) (gray) for individual earthquakes (N1-N3)
ON the NEPRI SEEIMENL .....viviiiiieiiii ettt ettt et et e et esteesaesteesbesteesbesssesseessesseessasseessesseessesseessesssessesssensens 30
Figure 20. Chronology of surface-faulting earthquakes on the Nephi segment ............ccccovecviiieciiiieiiieierieceee e 31
Figure 21. Individual inter-earthquake (A—C) and mean recurrence times (D—F) for earthquakes on the Nephi segment........ 32
Figure 22. Probability density function (PDF) plots comparing the time of the youngest earthquake on the Southern strand
Of the Nephi SEZMENT (INT) ..cuviiuiiiiiieiiciecieet ettt ettt e ettt e b e s te e b e e sa e b e essesseesseseessesseessessaessesssessenssensens 33
Figure 23. Map of fault scarps (A) produced by the 1959 Hebgen Lake, Montana, earthquake (from Witkind, 1964) and
cross sections (B) showing possible geometry of the Hebgen-Red Canyon fault system (from Doser, 1985)............ 38
TABLES
Table 1. Summary of radiocarbon (**C), optically stimulated luminescence (OSL), and thermoluminescence (TL) age
estimates for samples from the Nephi segment, Wasatch fault Zone............coccoooeeiiiiininienieeeeeeee e, 9
Table 2. Summary of vertical displacements at paleoseismic study sites on the Nephi segment........c.coccecevvererinenenencniennne 19
Table 3. Site-specific measurements of vertical displacement and inferred slip rate on the Nephi segment ...........ccccoevveeenee 20

Table 4. Summary of earthquake times from OxCal models and probable correlation of earthquakes on the Southern strand
o) s SIS o) O TST a 1 Uc) oLU R RS 25






HISTORY OF LATE HOLOCENE EARTHQUAKES AT THE
WILLOW CREEK SITE AND ON THE NEPHI SEGMENT,
WASATCH FAULT ZONE, UTAH

by Anthony J. Crone, Stephen F. Personius, Christopher B. DuRoss,
Michael N. Machette, and Shannon A. Mahan

ABSTRACT

The 42-km-long Nephi segment is the southernmost part of
the Wasatch fault zone that has evidence of multiple Holo-
cene surface ruptures; it is composed of two strands, a 25-km-
long southern strand and a 17-km-long northern strand. We
excavated two large trenches (Willow Creek North and Wil-
low Creek South) and a smaller subsidiary trench across fault
scarps on the Willow Creek alluvial fan, which is about 10
km north of Nephi, Utah, on the southern strand. The Wil-
low Creek North trench crossed a 6.7-m-high scarp, and the
Willow Creek South trench crossed a 6.0-m-high scarp. We
exposed evidence of three surface-rupturing earthquakes in
both trenches. Time-stratigraphic OxCal models using lumi-
nescence and radiocarbon ages constrain the times of three
prehistoric earthquakes to be 0.2 + 0.1 ka (20), 1.2 £ 0.1 ka
(20), and 1.9 + 0.6 ka (20). Stratigraphic relations provide
evidence of at least one additional surface rupture at the Wil-
low Creek site since deposition of a 6.2-ka alluvial fan; this is
the first evidence of more than three Holocene earthquakes on
the Nephi segment. The short-term vertical slip rate at Willow
Creek is about 2.6-3.4 mm/yr for the past 2.5 kyr, and vertical
displacement is 2.3-2.4 m per earthquake.

We evaluated the earthquake-timing data from earlier paleo-
seismic studies at the North Creek and Red Canyon sites and
combined them with our Willow Creek chronology to develop
a southern-strand chronology of earthquakes, assuming that
the entire strand ruptures during large earthquakes. Earth-
quake N1 occurred at 0.2 + 0.1 ka (20), N2 occurred at 1.2 +
0.1 ka (20), N3 occurred at 2.0 + 0.4 ka (20), and N4 occurred
at4.7 = 1.8 ka (20). These times yield open and closed recur-
rence intervals; using the three youngest and best-constrained
earthquakes, the closed-interval recurrence time between
N1 and N3 is 0.9 + 0.2 kyr and the open-interval recurrence
since 6.2 ka is about 1.6 kyr. N1 apparently postdates the only
well-documented earthquake on the northern strand, which
occurred at about 0.5 ka and produced about 3 m of vertical
displacement based on a paleoseismic study near Santaquin.
Earlier earthquakes at the Santaquin site predate alluvial-fan
deposits exposed in the trench and occurred prior to 1.5 ka,
and likely prior to 6.9 ka, based on charcoal radiocarbon ages.

The frequency of earthquakes within a well-constrained time
interval at the Willow Creek site combined with the amount
of vertical displacement indicates an anomalously high, post-
middle Holocene slip rate for the southern strand of the Nephi
segment. We attribute this high rate to a cluster of late Holo-
cene earthquakes because the high short-term rate is at least
a factor of 10 greater than the rates for mid-Pleistocene and
longer periods of time.

Our comparison of the rupture histories on both strands of the
Nephi segment and the adjacent Provo segment to the north
indicates a complex interaction between these three parts of
the Wasatch fault zone. Earthquake chronologies for the three
parts of the fault zone indicate that the southern strand likely
ruptures as an independent seismic source, but the current
data are inadequate to resolve questions about the interaction
of the northern strand with the adjacent Provo segment. These
questions can only be resolved by acquiring longer and more
complete paleoseismic records for the northern and southern
strands of the Nephi segment.

INTRODUCTION

Overview

The 343-km-long Wasatch fault zone (WFZ) in central Utah
(figure 1) is one of the most thoroughly studied normal faults
in the world. More than a century ago, famed geologist G.K.
Gilbert recognized the fresh-looking scarps along the fault
and concluded that multiple surface-rupturing earthquakes
had occurred on the fault since the adjacent basin had been
occupied by Lake Bonneville in the late Pleistocene. He also
recognized that a long history of repeated movements on the
WEFZ was responsible for the precipitous western front of the
Wasatch Range (summarized in Gilbert, 1928). Since Gil-
bert’s initial investigations, the Wasatch Front has been the
focus of intense urbanization, and at present, about 2.1 million
people or about 75 percent of Utah’s population lives within a
short distance of the fault zone. Although no historical earth-
quakes have produced surface rupture on the WFZ since Eu-
ropean settlers first arrived in Utah in 1847, geological studies
confirm that large surface-faulting earthquakes have ruptured
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Figure 1. Shaded-relief map showing segments of the Wasatch fault zone that 