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FOREWORD

This report represents an ongoing U.S. Geological Survey effort to transfer
accurate earth science information about earthquake hazards along the Wasatch
front, Utah to researchers, public officials, design professionals, land-use
planners, and emergency managers in an effort to mitigate the effects of
earthquake hazards. This report is a preview of the future U.S. Geological
Survey professional paper on regional earthquake hazards and risk along the
Wasatch front.

Currently State and local governments, private institutions, and individuals
are implementing earthquake hazards reduction measures in Utah. The success
of their efforts will depend, in part, on the availability of accurate earth
science information. The timeliness and importance of the multidisciplinary
research contained in this report and the need for its utilization has made it
imperative to release the information in the form of an open-file report while
the process of publishing the professional paper is being completed.

The report is organized into 2 volumes. Volume I contains chapters on the
tectonic framework and earthquake potential of the Wasatch front area.

Volume II contains chapters on the ground shaking hazards and aspects of loss
estimation, as well as, chapters on the use of hazards information for urban
and regional planning and development. Many of the chapters are in draft
format and, therefore, the figures follow the text.

The information contained in this report is the latest and most accurate
information available on earthquake hazards along the Wasatch front and may be
used and cited until such time as the Professional Paper on "Regional
earthquake hazards and risk along the Wasatch front," is published.

Paula L. Gori
Walter W. Hays
Editors
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INTRODUCTION TO ASSESSMENT OF REGIONAL EARTHQUAKE HAZARDS AND RISK ALONG THE
WASATCH FRONT, UTAH

By
Paula L. Gori and Walter W. Hays

The Earthquake Threat

"There are many geologists who are very wise, but even they do not

understand the forces which produce mountains. And yet it must be

admitted, not only that mountains have been made, but that some

mountains are still rising. The mysterious forces appear to act

in different ways in differenct places, and it is possible that

their nature is not unusually the same. Suffice it to say that in

the Great Basin the movements they cause are vertical. It is as

though something beneath each mountain was slowly, steadily, and

irresistibly rising, carrying, the mountain with it." (Salt Lake

Daily Tribune, September 16, 1883, p. 4).
So began an article by Grove Karl Gilbert, a geologist, in 1883 warning the
citizens of the Great Basin about the potential for damaging earthquakes in
their region., After describing the damage and loss of 1life in a small town in
California that he had just visited after an earthquake, Gilbert cautioned
that a similar earthquake could occur in Salt Lake City. "It is useless to
ask when this disaster [earthquake] will occur. Our occupation of the country
has been too brief for us to learn how fast the Wasatch grows, and indeed, it
is only by such disasters that we can learn. By the time experience has
taught us this, Salt Lake City will have been shaken down. . . ." (Salt Lake

Daily Tribune, September 16, 1883, p.4).

After more than a century of research, geologists and other scientists have
increased their understanding of the tectonic processes at work in the Wasatch
front and are now beginning to answer the questions about the seismicity and
tectonics of the Wasatch front that Gilbert and others posed from the time the
area was settled in the mid-ninteenth century. Scientists, engineers,
architects, urban planners, and emergency managers are not waiting for the
disaster that a major earthquake would cause in the Wasatch front area in
order to learn the lessons necessary to understand earthquakes in the region
and implement measures to mitigate their effects, They are taking actions now

to prepare for and to mitigate the physical effects of such an earthquake.



The majority of Utah's population lives adjacent to the Wasatch fault zone, an
active, north-south trending, intraplate zone of normal faulting that extends
approximately 370 km (220 mi) along the western front of the Wasatch Range
from Gunnison, Utah, to Malad City, Idaho. Earthquakes have been felt since
settlement of Utah in the mid-ninteenth century. During historic time
approximately 8 earthquakes of magnitude > 6 have occurred in Utah. The two
largest were: the (ML) 6.6, Hansel Valley earthquake of 1934 and the
magnitude (ML) 6.5, Richfield earthquake of 1901.

The historic record of seismicity has been broadened by incorporating geologic
evidence and monitoring small earthquakes. Although no large earthquakes
(magnitudes greater than 7.0) have occurred since Utah was settled, clear
geologic and geomorphic evidence (Hamblin, 1976) demonstrate that large
earthquakes have occurred repeatedly throughout the late Pleistocene (2
million years before present) and Holocene (10,000 years before present) times
on segments within the Wasatch fault zone. For this reason, and the
continuing low level of seismicity, scientists believe that some parts of
segments of the Wasatch fault zone are overdue for a damaging earthquake
(Schwartz and Coppersmith, 1984). Machette and others (this report) have
identified 12 segments of the Wasatch fault which have produced earthquakes on

the average of a couple hundred years to a couple thousand years.
1
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The largest urban centers of Utah are located aang the Wasatch front. They
are also the largest growth centers. About 80% of Utah's 2 million population
live along the Wasatch front. A large earthquake centered near Salt Lake City
has the potential to cause extensive damage to buildings, lifelines, and
public facilities. The level of ground shaking would be expected to be in the
range of 0.,2-0.4 g, or possibly greater, depending on site effects. Surface
fault rupture and tectonic deformation, as well as landslides and
liguefaction, would be expected to occur in many areas. Deaths and injuries
could be high, depending on the time of day of the earthquake and the nature

and extent of pre—event mitigation actions.

The October 28, 1983, Borah Peak, Idaho, Mg 7.3, earthquake reminded
sclentists and policymakers that large earthquakes will recur in the
intermountain seismic belt. Scientists believe that the Borah Peak, Idaho



earthquake is a model of what can happen on the Wasatch front (Smith, 1984).
A magnitude 7.0 - 7.5 earthquake nucleating at a depth of 10-15 km is now
being considered as a scenario earthquake for the purpose of response planning

in Utah.

Purpose and Scope of This Volume

In 1983 the U.S. Geological Survey named the Wasatch front, Utah as the
location of a 5-year program of focused research and implementation. The
goals were to 1) accelerate the development of the knowledge base on seismic
sources, size, frequency of occurrence, and the physical effects of
earthquakes in a 10 county area along the Wasatch front, including Salt Lake,
Davis, Juab, Weber, Wasatch, Summit, Morgan, Cache, Utah, Box Elder, along the
Wasatch front and 2) to foster application of the knowledge base in the form
of mitigation measures. Although research by U.S. Geological Survey (USGS)
scientists and others had been going on for many years in the area prior to
1984, the knowledge base has not been developed to the point where it could be

applied in mitigation measures by officials of State and local government.

The program in the Wasatch front area was conducted under the auspices of the
National Earthquake Hazards Reduction Program (NEHRP). It was a part of the
"Regional Earthquake Hazards Assessment” element, one of five elements in the
Geological Survey's program in the NEHRP., The element was established to
provide concentrated and coordinated attention to geographic regions
containing large urban areas at risk from earthquakes by utilizing past
research and fostering partnerships with universities, the private sector,
local government, and State and Federal agencies. The effort provides a
technical basis for devising and implementing mitigation and loss reduction
measures. Other study areas in this program element include California;
Anchorage, Alaska; Puget Sound - Portland area in Washington and Oregon;
Central Mississippi Valley; Charleston, South Carolina; the Northeastern
United States; Hawaii; and Puerto Rico - Virgin Islands.

In Utah, all five of the interrelated components listed below form the basis

of the comprehensive research and implementation program:



Information Systems — Produce quality data along with a comprehensive

information system, available to both internal and external users, for use
in earthquake hazards evaluations, risk assessment, and implementation of

loss reduction measures.

Synthesis of Geological and Geophysical Data for Evaluation of Data for

Evaluation of Earthquake Hazards - Prepare synthesis reports describing

the nature, extent, frequency of occurrence, and physical effects of the
earthquake hazards of ground shaking, surface faulting, earthquake-induced
ground failure, and tectonic deformation and recommend future research to
increase the knowledge base required for the creation and implemention of

mitigation and loss-reduction measures.

Ground Motion Modelling - Produce deterministic and probabilistic ground-

motion models and maps of the ground-shaking hazard with commentaries on

their use in building codes and land use regulations.

Loss Estimat ion Models - Devise economical methods for acquiring

inventories of structures and lifeline systems in urban areas, create a
standard model for loss estimation, produce loss and casualty estimates
for urban areas, and prepare commentaries giving guidelines for use by

agencies of State and local government.

Implementation - Foster the creation and implementation of measures to

mitigate the earthquake hazards of ground shaking, surface fault rupture,
earthquake-induced ground failure, and tectonic deformation in urban

areas, providing high—quality scientific information that can be used by
local government decisionmakers as a basis for implementing and enforcing

them loss-reduction measures.

This report provides a comprehensive treatment of the knowledge gained in the

research and implementation program in the Wasatch front area. The report 1is

divided into 3 sections dealing with individual components of the program that

collectively define the nature of the earthquake hazards in the Wasatch front

area. They are: 1) The tectonic framework and earthquake potential, 2) the

ground-shaking hazards and aspects of loss estimation, 3) the use of



earthquake hazards information for urban and reglonal planning and develop-
ment. Volume I is devoted to the first topic; Volume II is devoted to the
latter 2 topics. The research findings contained in this report are the
results of studies conducted by scientists and engineers of the U.S,
Geological Survey, the Utah Geological Survey, various universities, and
private consulting firms. Funding was provided primarily by the U.S.
Geological Survey through the NEHRP, using grants to involve non-Survey

sclentists and engineers.

Tectonic Framework and Earthquake Potential of the Wasatch Front Area

This section of the report contains chapters devoted to geologic and
geophysical studies that had the objective of improving the fundamental
understanding of the potential for the occurrence of large damaging
earthquakes in the Wasatch front area. In some cases, researchers have drawn
on studies of other parts of Utah and the Intermountain Seismic Belt to gain
an understanding of the large—magnitude earthquakes which may occur in the

Wasatch front.

The geologic and seismological/geophysical studies comprising this section are

described in 10 chapters:

1. Quaternary Geology Along the Wasatch Fault Zone: Segmentation, Recent
Investigations, and Preliminary Conclusions by Michael N. Machette,
Stephen F. Personius, and Allan R. Nelson - Ten to twelve discrete
segments of the Wasatch fault zone, eight of which have demonstrable
Holocene movement, increase the possible number of separate localities

where earthquakes may occur.

2, Persistent and Nonpersistent Segmentation of the Wasatch Fault Zone,
Utah -- Statistical Analysis for Evaluation of Seismic Hazard by Russell
L. Wheeler and Katherine B. Krystinik - The Wasatch fault zone has been
persistently segmented at four salients — Pleasant View, Salt Lake,
Traverse Mountains, and Payson throughout much or all of its 10-m.y.

history and will likely continue to be segmented there throughout the



next several millenia, which is the time span of interest for hazard

evaluation,

Subsurface Geology Along the Wasatch Front by Don R. Mabey — Magnetic
data suggest segment boundaries of the Wasatch fault zone that are
generally consistent with segment boundaries inferred from surface

mapping of the fault zone.

Observational Seismology and the Evaluation of Earthquake Hazards and
Risk in the Wasatch Front area, Utah by Walter J. Arabasz, James C.
Pechmann, and Ethan D. Brown — Background seismicity predominates on
second~order faults in the Wasatch Front area, but it is the largest
contributor to the probabilistic ground-shaking hazard for exposure
periods of 50 years or less. The earthquake data imply an average return
period of 24+10 years for potentially damaging earthquakes of magnitude

5.5 or greater along the Wasatch Front,

Superimposed Late Cenozoic, Mesozoic, and Possible Proterozoic

Deformation Along the Wasatch Fault Zone in Central Utah by Mary Lou
Zoback ~ The thrust ramping and late Cenozoic normal faulting may be
localized by a major west—-dipping normal fault zone formed during the

early phases of late Precambrian rifting of the western Cordillera.

Neotectonic Framework of the Central Sevier Valley Area, Utah, and its
Relationship to Seismicity by R. Ernest Anderson and Theodore P. Barnhard
~ Normal faults in the Wasatch fault zone such as the Sevier fault
probably cut one or more levels of potential structural detachment and
penetrate to the base of the seismogenic part of the crust. Such faults
are more likely to be the source of infrequent large earthquakes than are
faults in the complex structural junctures where late Quarternary

deformation is concentrated.

Neotectonics of the Hansel Valley—Pocatello Valley Corridor, Northern
Utah, and Southern Idaho by James McCalpin, Robert M. Robison, and John
D. Garr - The 1934 ;6.6 earthquake may be a typical interpluvial maximum

event; i.e., long recurrence time, small displacement, compared to the



larger, more frequent surface-faulting events which are triggered by

pluvial lake water loading.

8., Structure of the Salt Lake Segment, Wasatch Normal Fault Zone:
Implications for Rupture Propagation During Large Earthquakes by
R. L. Bruhn, P, R. Gibler, W. Houghton, and W. T. Parry — There are two
potential sites of rupture initiation for large earthquakes in the
central and southern ends of the Salt Lake fault segment of the Wasatch
normal fault zone. The central site may have been the most common
position for repetitive rupture initiation during the last 17 million

years.

9. Quaternary Displacement on the Morgan fault, a Back Valley Fault in the
Wasatch Range of Northeastern Utah by J. Timothy Sullivan, and Alan R,
Nelson - Paleocearthquakes with magnitudes in the range of 6~1/2 to 7 have

occurred on the Morgan fault.

10, Late Quaternary History of the James—Peak Fault Southernmost Cashe Valley
North-Central Utah by Alan R, Nelson and J. Timothy Sullivan — The James
Peak fault may be a westerly splay of the East Cashe fault rather than a

separate valley-bounding fault.

The Ground-Shaking Hazard and Aspects of Loss Estimation in the Wasatch Front

Area

This section is concerned with the prediction of the effects of local site
conditions on ground shaking in the Wasatch front area and the development of

loss (risk) estimation procedures.

Ground-motion and loss estimation studies comprising this section are

described in six chapters:

1. Site Amplification in the Salt Lake City—-Ogden—Provo, Utah, Corridor and
the Implications for Earthquake-Resistant Design by Walter W. Hays -

1



Evaluation of site amplification effects in Utah indicates that the soil
deposits in the Salt Lake City-Ogden-Provo urban corridor should be
expected to amplify earthquake ground motions especially when the level
of shear strain enduced in the soil column is less than about 0.5

percent.

Site Response in the Salt Lake City Urban Area Determined from Historic
Earthquakes by Sherry D. Oaks = M M intensity of historic earthquakes
indicate that intensity increases across Salt Lake City from the Wasatch
fault zone to the Jordan River Valley by 2 to 3 intensity units and from
east of the Utah State Capitol building south to 17th street south by 1-
1/2 intensity units (increase in ground-shaking from east to west and

from north to south).

Relative Ground Response in Salt Lake City and Areas of Springville-
Spanish Fork, Utah by Kenneth W. King, and Robert A. Williams, and David
L. Carver - In order to predict the ground-shaking intensity potential
for the Wasatch front urban corridor, a better understanding of how

shallow underlying geology affects ground shaking was developed.

In Situ Poisson's Ratio Measurements Near Provo, Utah by Richard D.
Miller, Don W. Steeples, Kenneth W. King, and Ralph W. Knapp -
Classification of sites according to response to earthquake energy
enables engineers to accurately determine structural requirements for

individual sites in high to moderate earthquake risk zones.

Predicting Strong Ground Motion in Utah by Kenneth W. Campbell - Near
source attenuation relationships for predicting peak horizontal
excelleration and velocity in terms of earthquake magnitude, source—to-—
site distance, and several sources and site parameters are used to

estimate strong ground motion in northcentral Utah.

Probabilistic Analysis of Earthquake Ground Shaking Hazard Along the
Wasatch Front, Utah by R. R. Youngs, F. H. Swan, M. S. Power, D. P.
Schwartz, and R. K, Green - The ground shaking hazard along the Wasatch

front urban corridor has been assessed using the geological and



seismological data base that has been developed for the regiom.

Earthquake Hazards to Domestic Water Distribution Systems in Salt Lake
County, Utah by Lynn M. Highland - In a 7.5 earthquake occurring along
the Wasatch Front, Utah significant damage may occur to Salt Lake

County's domestic water system.

The Use of Earthquake Hazards Information for Urban and Regional Planning and

Development in the Wasatch Front, Utah

This section of the report contains 6 chapters describing the use of

earthquake hazards information to reduce potential loss of life and damage to

property a damaging earthquake. The 6 chapters are:

1.

Making the Implementation Process of the National Earthquake Hazards
Reduction Program Work in Utah by Walter W. Hays — Utah has the necessary
elements of a program to implement loss—reduction measures designed to

mitigate earthquake hazards.

Reducing Earthquake Risk in Utah: Past Trends and Future Opportunities
by Genevieve Atwood and Don R. Mabey — Utah's political and social
structure produces factors that enhance and impede programs that reduce

earthquake risk.

Emergency Management in Utah for Earthquakes by James L. Tingey and Ralph
F. Findlay — Utah State Division of Comprehensive Emergency Managenment's
major challenge has been to provide leadership for the implementation of
preparedness and other mitigation strategies within the cities, counties,

and State agencies of Utah.

Utah Geological and Mineral Survey Escavation and Inspection Program: A
Tool for Earthquake Hazard Recognition in Utah by Harold E. Gill -
Results of the Utah Geologic and Mineral Survey excavation inspection
program have shown the zone of deformation along the Wasatch fault to be

highly variable and in some locations up to several hundred meters wide.



5. Rock Fall Hazard Susceptibility Due to Earthquakes, Central Wastach Front
Utah, by William F. Case — Property and life loss along a widespread area
of the Wasatch front could result from rock falls triggered by nearby

earthquakes.

6. Legal Issues Related to Hazard Mitigation Policies by James E. Slosson -
Professionals involved in design, construction, and maintenance of
structures and facilities may be held responsible to the high standards
of practice established outside of Utah. Also planners and public
officials may become targets in future litigation and share the burden of

court—imposed penalties.

Summarz

The efforts in Utah to assess reglional earthquake hazards and risk along the
Wasatch front in Utah are dynamic and multidisciplinary. This report reflects
the nature of the program in Utah. Not only are the topics varied-~-geology,
seismology, engineering geology, urban planning, law, economies, etc., but the
level of complexity and sophistication is varied. Some researchers have the
benefit of drawing upon many years of research in their discipline in Utah;

whereas other researchers are pioneers in their discipline in Utah.

This report is a preview of the future U.S. Geological Survey professional
paper on regional earthquake hazards and risk along the Wasatch front in

Utah. The timeliness and importance of the research contained herein has made
it imperative to release the Information in the form of an open-file report
while the process of publishing the professional paper is being completed.
Plans are also being made to include the results from ongoing research in Utah
in a second professional paper which will be a sequel to the first one.
Eventually the tectonic processes and their physical and social effects in the

Wasatch front will be truly understood and documented.

Acknowledgements

We gratefully acknowledge the efforts of the technical reviewers of the papers

which have been included in this report, as well as, the efforts of Charlotte

10



Jackson (USGS) and her colleagues in Golden, Colorado, who helped coordinate
the review process. We especially acknowledge the work of Carla Kitzmiller,

Mary Fischer, and Peggy Randalow who prepared the final version of the report.

11



Selected References

Hamblin, W. K. (1976), Patterns of displacement along the Wasatch fault:
Geology, Vol. 4, p. 619-622,

Hays, W. W. and Gori, P. L. eds. (1984), Proceedings of Conference XXVI, a
workshop on "Evaluation of regional and urban earthquake hazards and risk in

Utah," U.S. Geological Survey Open-File Report 84-763, 674 p.

Hays, W. W. and Gori, P, L. eds. (1987), Proceedings of Conference XXXVIII, a
workshop on "Earthquake Hazards Along the Wasatch Front, Utah," Open-File
Report 87-154,

Gilbert, G, K., Salt Lake Daily Tribune, September 16, 1883, p. 4.

Schwartz, D. P. and Coppersmith, K. J. (1984), Fault behavior and
characteristic earthquakes: Examples from the Wasatch and San Andreas fault

zones, Journal of Geophysical Research, vol. 89, p. 5681-5698,

Smith, R, B., Richins and W. D., (1984), Seismicity and Earthquake Hazards of
Utah and the Wasatch Front: Paradigm and Paradox, in U.S. Geological Survey
Open-File Report 84-763, p. 73-112,

Stein, R. S. and Bucknam, R. C., eds. Proceedings of Conference XXVIII, a

wurkshop on "The Borah Peak, Idaho, earthquake," U.S. Geological Survey Open-
File Report 85-290, 686 p.

12



QUATERNARY GEOLOGY ALONG THE WASATCH FAULT ZONE:

SEGMENTATION, RECENT INVESTIGATIONS, AND PRELIMINARY CONCLUSIONS

By Michael N. Machette, Stephen F. Personius, and Alan R. Nelson
U.S. Geological Survey
Denver, Colorado

ABSTRACT

The Wasatch fault zone forms the structural boundary between the Basin
and Range province to the west and the Colorado Plateaus and middle Rocky
Mountains provinces to the east. It extends about 320 km from Malad City,
Idaho, south to Fayette, Utah. Previous studies of the fault zone suggested
that it is composed of six discrete segments, each of which tends to act
independently during major earthquakes. Since 1983, we have been mapping the
surficial geology along the Wasatch front at a publication scale of
1:50,000. The results of this mapping have led us to modify some of the
previous segment boundaries, suggest new boundaries, and subdivide four of the
original segments.

We now recognize 10 to 12 segments along the Wasatch fault zone.
Repeated Holocene movement has been documented along seven segments (the
central two-thirds) of the fault zone and an eighth segment moved in the late
Holocene. Thus, the heavily urbanized part of the Wasatch Front--between
Ogden and Provo--coincides with the part of the fault zone that shows the
highest slip rates, shortest recurrence intervals for faulting events, and

most recent fault activity.



The 10-12 segments we propose have lengths along their surface traces
that are as short as 11-17 km (for the northernmost and southernmost segments)
to as long as 57 km for the centrally located Weber segment: their average
trace length is about 30 km. The segments with Holocene movement, which form
most of the fault zone, average 35 km in length. Historic earthquakes having
Moment magnitudes of 6.9-7.5 in nearby parts of the Basin and Range province
and the Intermountain Seismic Belt produced surface ruptures of 26 to 36 km
(average 31 km). Thus, by analogy, one might expect major (surface rupturing)
earthquakes along the Wasatch fault zone to be of similar size (magnitude).
One implication of our new segmentation scheme is that the expected length of
surface rupturing during a major earthquake on the WFZ could be less than the
length suggested by earlier studies (by as much as a factor of 2-3). Because
length of surface rupturing is dependent upon earthquake magnitude, the
largest earthquake on a single segment would be somewhat less (perhaps 0.3-
0.5 M less) than would have been calculated from previous information.

Recent trenching and detailed mapping of Quaternary geology along the
Wasateh Front show that the Wasatch fault zone has been active throughout the
Holocene (past 10,000 yr). In addition, the recognition of ten to twelve
discrete segments of the Wasatch fault zone, eight of which have demonstrable
Holocene movement, increases the possible number of separate localities where
earthquakes and their associated surface ruptures may occur along the Wasatch
Front. Although recurrence intervals for individual segments are still being
analyzed, we now think that major earthquakes have and will continue to strike
the central heavily urbanized part of the WFZ on an average of once every 250-

280 yr (this value is termed the composite-recurrence-interval of faulting).



This preliminary estimate is significantly shorter than the Schwartz and
Coppersmith's preferred composite-recurrence-interval of 444 yr. However, we
have evidence that large earthquakes (those that cause significant surface-
faulting and major ground-shaking damage) have not occurred as recently as the
average would demand, and thus one must consider that some form of contagion
process (temporal clustering of earthquakes) may be active along the WFZ.

INTRODUCTION

Recent U.S. Geological Survéy (USGS) mapping along the Wasatch Front in
Utah, from Honeyville on the north to Fayette on the south, has focused on
differentiating middle to upper Quaternary deposits (younger than 500,000 yr)
that record long- to short-term rates of slip on the Wasatch fault zone
(WFZ). This mapping has allowed us to further divide the six segments of the
WFZ proposed by Schwartz and Coppersmith (1984). These subdivisions are based
on apparent recency of fault movement, amount of displacement of faulted
deposits, geometric patterns of surface ruptures and their relations to
geology exposed in the footwall block of the fault zone, and the overall
history of fault movement during the Holocene and latest Pleistocene. 1In
addition to our detailed mapping studies, the USGS and the Utah Geological and
Mineral Survey (UGMS) are engaged in a cooperative study of specific sites on
the fault zone where trenching will reveal the age of the most recent ruptures
and permit further characterization of major faulting events. Although this
work continues (more than 20 radiocarbon dates and 40 thermoluminescence age
estimates are pending), our preliminary results are summarized in this
report. The reader should be aware that many of the values for recurrence
intervals, timing of fault movement, and slip rates are provisional; these

values may change when our dating program is completed.
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When Schwartz and Coppersmith (1984) proposed a segmentation scheme for
the WFZ, they only had excavated trenches at four productive sites along the
fault zone. These sites were located, somewhat fortuitously, near the centers
of their Ogden, Salt Lake City, Provo, and Nephi segments (sites 5, 7, 11, and
15 of table 1). A natural exposure at Deep Creek (site 17, table 11) along
the Levan segment allowed them to constrain the time of most recent faulting
there. Their 1984 report on the Wasatch fault zone has been a cornerstone for
further investigations. However, having only one trench site on any proposed
fault segment left open the possibility that more detailed more would show
that different part of the same segments (especially those longer than 40 km)
had had different histories of movement.

As an extension of our geologic mapping, the USGS and UGMS undertook a
study of newly recognized segments or previously unstudied parts of the WFZ.
In September, 1986, thirteen trenches were excavated at three sites on the WFZ
near Brigham City, East Ogden, and American Fork Canyon (sites 1, 4, and 9 of
table 1). The history of faulting that is being developed from these and
additional trenches will help test the suggestion of Machette and others
(1986) that the WFZ has at least 10 discrete segments, each of which tends to
act independently of the others during major earthquakes (see following
discussion of "Fault Segmentation"). In the past two yr trenches also were
dug by various governmental groups and private contractors (Machette, 1987).
These trenches are at Dresden Place along the East Bench fault (site 6; Salt
Lake City segment, WFZ), Dry Creek (site 8; Salt Lake City segment, WFZ), at
Woodland Hills (site 14, on a splay of the Spanish Fork segment, WFZ), along
the West Valley fault zone (sites 19 and 20, southwest of Salt Lake City), and

along the East Cache fault zone near Logan, Utah.
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Starting in the spring of 1987, new trenches were opened by the UGMS just
south of Mapleton (site 12; Spanish Fork segment, WFZ), by the U.S. Bureau of
Reclamation at Water\Canyon (site 13; Spanish Fork segment, WFZ), and by
Michael Jackson (University of Colorado) at Red Canyon (site 16; Nephi
segment, WFZ) and just north of Skinner Peaks (site 18; Levan segment, WFZ).
The recent flurry of trenching operations (36 trenches or new exposures in two
yr) has provided at least one major trenching site on each of the eight most
heavily populated segments (3 major sites on the Spanish Fork segment). The
distal fault segments, which are sparsely populated, show little or no
evidence of Holocene movement.

REGIONAL QUATERNARY GEOLOGIC FRAMEWORK

Much of our mapping along the Wasatch Front is based on a new under-
standing of the late Quaternary history of Lake Bonneville. The results of
research from 1975-1985 have yielded a simplified stratigraphic framework (see
review articles by Scott‘and others, 1983; Currey and Oviatt, 1985) compared
with that developed in the 1950's and 1960's (see Morrison, 1965, for a
discussion of pre-1970 stratigraphic concepts). The new framework is based on
strategic age determinations coupled with careful discrimination of
transgressive and regressive lacustrine sediments deposited before, during,
and after isostatic adjustments in the lake basin.

The Quaternary geology along the Wasatch Front is recorded by a series of
alluvial, fluvial, colluvial, and eolian deposits. Deposition of these
sediments is driven by climatic cycles, either periods of excessive moisture
(glacial or pluvial intervals) or restricted moisture (interglacial or
interpluvial intervals); deposition or erosion most often coincides with rapid

changes in climate (dynamic thresholds).
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Stratigraphic and paleontologic evidence suggests that the climate in the
eastern Bas;n and Range was conducive to forming a large and relatively deep
lake (Lake Bonneville) at least three times in the past 150 ka (150,000 yr
ago). Airfall volcanic ash beds (dated by K-Ar and tephrochronology) in
lacustrine sediments show that ancestral Lake Bonneville was present
intermittently in early and middle Pleistocene time. Near Beaver, Utah (about
280 km south of Salt Lake City), basin-fill sediments record a major fresh-
water lake during late Pliocene and early Pleistocene time. This lake, known
as Lake Beaver (Machette, 1985) is an example of lakes that must have occupied
basins throughout the eastern Basin and Range province in Quaternary time.

However, the record of these lakes in the Basin and Range province is
rarely exposed because much of the province is still undissected (the
Bonneville drainage basin still is closed) and young lacustrine and alluvial
sediments related to Lake Bonneville largely have obscured the record of all
but the most recent lake cycles. Although relatively sparse along the Wasatch
Front, there are some exposures of fluvial and lacustrine deposits that extend
back into the middle Pleistocene (750 ka-130 ka). For example, extensive
alluvial-fan deposits in the Loafer Mountain area of the southeastern part of
Utah Valley have thick red argillic B (clay-rich) horizons and thick stage
III-IV calcic (calcium-carbonate-rich) horizons that suggest ages of at least
several 100 Ka (see Birkeland, 1984, for a review of soils and Quaternary
geology). The highest and oldest of the fans contains two volcanic ash beds
identified by Izett and others (1970) as the Lava Creek B (0.62 Ma; Izett,
1981) and the Bishop (0.74 Ma; Izett, 1982). In the Salt Lake Valley there is
a small remnant of fan alluvium or outwash of middle Pleistocene age exposed
south of Bells Canyon that has a uranium-trend age of 250 + 90 ka (Scott and

Shroba, 1985: J.N. Rosholt, written commun., 1984, to W.E. Scott).



Most of the surficial deposits that predate the last deep cycle of Lake
Bonneville (BLC: Bonneville lake cycle, 32-10 ka) are related ?o the older
Little Valley lake cycle (LVLC; Scott and others, 1983) and glaéial drift of
the largely contemporaneous Dry Creek advance, or the intervening deposits of
the Cutler Dam lake cycle (CDLC; Oviatt and others, 1987; also known as the
Hansel Valley lake cycle of McCalpin and others, this volume). These glacial-
pluvial cycles (fig. 1) most likely correlate with marine isotope stages 6 and
4, respectively (Richmond and Fullerton, 1987, fig. 2; Martinson and others,
1987, fig. 18). Till of the Dry Creek advance of Madsen and Currey (1979) is
exposed at the mouths of Little Cottonwood, Bells, and Dry Creek canyons.
Scott and Shroba (1985) suggest the till may be about 150 ka on the basis of
its weathering characteristics. Outwash and alluvial-fan deposits of this
same general age are preserved at many places along the Wasatch Front. Scott
and others (1983) considered the LVLC to be about 150 ka old (it probably
persisted for several tens of thousands of years; i.e., marine isotope-stage 6
lasted from 160 ka to 132 ka) on the basis of stratigraphic, soil-morphologic,
and amino-acid ratio evidence (see McCoy, 1987).

McCalpin (1986), Keaton and others (1987), and Oviatt and others (1987)
have found evidence of a major intermediate-level lake cycle, which Oviatt
named the Cutler Dam lake cycle (CSLC), which predates the BLC and postdates
"the LVLC. No glacial deposits related to the CDLC have been recognized. The
radiocarbon dates (infinite?) and amino-acid analyses of Oviatt and others
(1987) suggest an age of >U40 ka for the CDLC (but an age significantly younger
than the LVLC). McCalpin's (1986) two thermoluminescence age estimates are 76
and 82 ka for his Hansel Valley lake cycle (the intermediate lake cycle in the
northwestern part of the Bonneville Basin). Keaton and others (1987, table 2)

report amino-acid racemization estimates of 45-80 ka for sediments of the



intermediate lake cycle in the Salt Lake Valley, but prefer an age of 58 ka
for the end of the cycle. If the lake sediments from these three areas all
were deposited during marine isotope stage Y4, then a reasonable age for the
Culter Cam cycle of Lake Bonneville is 60-75 ka.

Most of the units we have mapped along the WFZ were deposited during
either the BLC or the largely contemporaneous glaciation of the Wasatch Range,
both of which occurred in latest Pleistocene time, between 35 and 10 ka. The
following summary of the geologic history during the latest Pleistocene and
Holocene is abstracted largely from Madsen and Currey (1979), Currey and
others (1983), Scott and others (1983), and Currey and Oviatt (1985).

Glaciers in three canyons advanced beyond the precipitous front of the
Wasatch Range and into the eastern Salt Lake and Utah valleys sometime before
22 ka while Lake Bonneville stood at a low to intermediate level during its
rise that eventually reached the highest Bonneville shoreline (fig. 1). Till
from these glaciers was deposited as large end moraines that extend about 1 km
beyond the Wasatch Front at three localities: Little Cottonwood and Bells
Canyon south of Salt Lake City and at Dry Creek in the northern Utah Valley.
Meltwater from these and the many other glaciers in the Wasatch Mountains
deposited gravelly outwash as large fans along the range front and, farther
basinward, as deltas in a transgressing Lake Bonneville. The lake's
expansion, which started about 32 ka, was interrupted by pauses and minor
fluctuations (such as at the Stansbury shoreline, fig. 1), and culminated
about 15 ka at the Bonneville shoreline (post-rebound altitudes of 1573-1584 m
or 5160-5200 ft, along most of the Wasatch Front). The outwash and alluvial
fans along the mountain front were inundated by the lake and, except for small
areas near the canyon mouths that stood above the level of the lake, were

covered by a veneer of basinward-fining lake sediment.
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Although most workers agree that the BLC culminated in a major high stand
at its natural sill at Red Rock Pass in southern Idaho, Currey and Oviatt
(1985) found evidence of a drop and readvance to the overflow level (the Keg
Mountain oscillation) sometime between 16 and 15 ka. Others remain skeptical
about this oscillation, but Machette's mapping along American Fork Canyon and
Scott's reconnaissance of the northern Oquirrh Mountains (W.E. Scott, oral
commun., 1987) tends to support an oscillation in the final transgressive
phase of the BLC. Gravel pits in the fan-delta complex at the mouth of the
American Fork Canyon record two closely series of transgression-regression,
separated by what we infer to be the Keg Mountain oscillation.

After Lake Bonneville attained an altitude of 1552 m (5092 feet) it
overtopped its natural sill near Red Rock Pass, Idaho, and rapidly downcut
about 108 m (355 feet) to the altitude of the major Provo shoreline, where the
outlet was stabilized. This fall, which occurred about 15 ka, initiated rapid
stream erosion of unconsolidated BLC sediments along former shoreline areas
and in mountain canyons. Much of the eroded material was deposited in deltas,
bars, and spits at the Provo shoreline. Currey and Oviatt (1985) suggest that
Lake Bonneville may have occupied the Provo level for a thousand yr (15 to 14
ka). As the lake retreated below the major Provo shoreline about 14 ka,
streams cut terraces into the higher deltas and deposited new deltas graded to
successively lower shorelines. This fall was caused by minor downcutting of
the outlet at Red Rock Pass, by isostatic uplift of formerly deep areas of
Lake Bonneville, and by a progressively more arid climate that marked the end

of the Pleistocene epoch.
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By 11 ka, the lake had fallen to a level close to that of present Great
Salt Lake (1283 m, about 4210 ft), and by about 10.3 ka it had risen briefly
to form the Gilbert shoreline (altitude about 1295 m, or 4250 ft) at the end
of the BLC. Since 10 ka, Great Salt Lake (a saline remnant of Lake
Bonneville) has remained within about 10 m of its present level (Scott and
others, 1983; Currey and Oviatt, 1985).

During Holocene time, as climatic conditions became similar to those of
the present, rates of alluvial deposition declined, and fan alluvium was
restricted to areas close to the mountain front. The mouths of steep canyons
continued to be the sites of intermittent debris flows and floods, as they are
today. Our unpublished results from radiocarbon dating suggest that a major
episode of debris-flow deposition (and fan formation) began after 7000 yr B.P.
' and ended about 4000-4500 yr B.P. This interval generally correlates with the
altithermal (warm) period of Antevs (1948, 1955), which originally was defined
from the pollen record in Europe at 4450 to 6950 yr B.P.). Away from the
mountain front, reduced flow in streams prevented transport of gravels more
than a few km; farther downstream the flood plains became depositional centers
for sandy to silty sediment.

SEGMENTATION OF THE WASATCH FAULT ZONE

In Utah the WFZ is the structural boundary between the Basin and Range
province (to the west) and the Colorado Plateaus and middle Rocky Mountains
provinces (to the east). The WFZ extends about 320 km from Malad City, Idaho,
through northern Utah to Fayette.

The first modern study of the Wasatch fault zone was conducted by Cluff
and others (1970, 1973, 1974) using low-sun-angle photographs. Their 1:24,000
scale maps have been the most detailed decription of the trace of the WFZ.

From 1978-1982 geologists at Woodward-Clyde Consultants made detailed
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investigations of four trench sites along the WFZ. This work resulted in many
important reports, but two major reports focused on paleoseismology of the
WFZ. 1In the first one, Swan and others (1980) speculated on the number of
possible segments for the WFZ: they suggested at least 6 on the basis of
historic microseismicity on the WFZ and as many as 10 on the basis of
geometric variations along the fault zone and on a common rupture length of
30-40 km for normal faults worldwide. In the second one, Schwartz and
Coppersmith (1984) proposed that the WFZ in Utah is composed of six major
segments (fig. 2); these segments were chosen on the basis of a combination of
geomorphic, geophysical, paleoseismicity, and geodetic data. The results of
our detailed surficial geologic mapping at 1:50,000 scale (Scott and Shroba,
1985; Personius, 1987; unpublished mapping of Nelson, Personius, and Machette,
1987) have led us to modify some of the previous segment boundaries, suggest
new boundaries, and subdivide four of the original segments. Of Schwartz and
Coppersmith's (1984) six segments, only the Salt Lake City and Nephi segments
of the WFZ remain intact from Schwartz and Coppersmith (1984).

We now recognize as many as 12 segments along the WFZ (fig. 2). Two
pairs of adjacent segments (the Malad City-Clarkston Mountain and the American
Fork-Provo segments) remain problematic; the subdivision proposed here may
change if a detailed fault chronology is ever developed for all these
segments. Repeated Holocene movement has been documented along 7 segments
(the central two-thirds) of the WFZ, and the Levan segment has evidence of a
single movement late in the Holocene. Thus, the heavily urbanized part of the
Wasatch Front--between Ogden and Provo--is the section of the WFZ that shows
the highest slip rates, shortest recurrence intervals for faulting, and most

recent fault activity.
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The 12 segments we propose have lengths along their surface traces that
are as short as 11-17 km (for the distal segments) to as long as 57 km for the
centrally located Weber segment: their average trace length is about 30 km
(table 2). The American Fork (22.5 km) and Provo (18.5 km) segments are
suspicious because of their short lengths near the center of the fault 2zone:
if recombined their length would be about 43 km. The segments with Holocene
movement, which form most of the fault zone, average 35 km in length.

The lengths of the new proposed segments are generally comparable with
the lengths of surface ruptures caused by historic, large-magnitude
earthquakes in nearby parts of the Basin and Range province and the
Intermountain Seismic Belt. Historic large-magnitude earthquakes in this
region include the 1954 Rainbow Mountain-Dixie Valley-Fairview Peak sequence
(Sliemmons, 1957), the 1959 M 7.5 (moment magnitude) earthquake at Hegben Lake,
Montana (Doser, 1985), and the 1983 M 7.3 earthquake near Borah Peak, Idaho
(Doser and Smith, 1985). The Hegben Lake and Borah Peak earthquakes produced
surfaces ruptures of 26 and 34 km length, respectively. The Dixie Valley and
Fairview Peak earthquakes of the 1954 sequence occurred on two discrete
hypocenters separated by only four minutes in time (Doser, 1986). Doser's
body-wave analysis indicates M 6.7 for the Dixie Valley earthquake, whereas
the preceding Fairview Peak earthquake was between M 6.9 and 7.2. These
earthquakes produced surface ruptures of 30 and 36 km, respectively (Slemmons,
1957). Therefore, studies of four of the most recent and best studied
earthquakes in the Basin and Range province and Intermountain Seismic Belt
suggest that rupture lengths of 26-36 km (average 31 km) are associated with

historic earthquakes of M 6.9-7.5.
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TABLE 2.--Lengths of segments and position of boundaries proposed for the Wasatch fault zone, Utah

[Length recorded to closest 0.5 km]

Fault Length of segment (km)
segment Surface Straignht Comments
trace line

Malad City........ 17 16.5 No latest Quaternary movement. Length does not include 6~
km wide Woodruff spur at south end.

Clarkston Mountain 19 17 No latest Quaternary movement. Extends from spur south to
Malad River. 7-km left-step to and 2-km N-S overlap
with next segment to south.

Collinston........ 30 29.5 No movement younger than 15 ka. North end at Short
Divide; fault's position in Bear River area uncertain.

Brigham City...... 40 35.5 Repeated Holocene movement. One km left siep and 1.5 km
N-S overlap at south end; includes most Pleasant View
sallent.

Weber.......c00eee 57T 52 Length to where fault loses evidence of Holocene movement,
east of Bountiful and 2 km north of Salt Lake salient
(11 km wide).

Salt Lake City.... 36.5 31 East Bench and main Wasatch fault south to Corner Canyon,
at Traverse Range. Length excludes 7.5 km left step
across Traverse Range salient and Y- to 6-km long Warm
Springs fault west of Salt Lake salient.

American Fork..... 22.5 21 Extends from Chipman Creek near Alpine south to Provo
River. Two-km wide left step into bedrock at south end.
No N-S overlap at south end.

Provo..c.oveeennnnn 18.5 17 Extends from Provo River Canyon to Springville. Includes
Springville fault. Overlaps 3 km with Spanish Fork
segment.

Spanish Fork...... 31.5 24 Major concave-to-west fault. Has 4 km right step and >6
km N-S overlap with Nephl segment.

Nephi..eioveeaenns 42.5 37.5 Extends from Payson to Nephi. Takes major right-step 8.5
km in bedrock between Santaquin Canyon and Juab
Valley. 15 km gap in faulting to south.

Levan.,....eeeeuese. 30 25.5 Has Holocene movement. Length includes 2 major gaps (6 km
net) in faulting within segment. Steps 3.5 km left and
5 km south to Fayette segment.

Fayette..... ... .. 1 10.5 No Holocene movement., Has a western strand (4 km long)
and major range-bounding eastern strand (9 km long).
Ends just west of Fayette Cemetery.

TOTAL LENGTH Total length of segments; excludes gaps, overlaps,

OF SEGMENTS...... 356 317 and salients.
AVERAGE LENGTH Total length divided by 12 segments.
OF SEGMENTS ..... 29.5 26.5

AVERAGE LENGTH OF Total length of Holocene segments divided by 8

HOLOCENE SEGMENTS 35 30.5 segments,

TOTAL LENGTH

OF WFZ ..cevvnens 369 335 Including gaps and salients, subtracting overlaps.

Note: Schwartz and Coppersmith (1984) proposed six segments. Their Collinston segment is divided
here into the Malad City, Clarkston Mountain, and Collinston (restricted sense) segments.
Their Odgen segment is divided into the Brigham City and Weber segments (the Brigham City
includes about 5 km of the original Collinston segment). Their Provo segment is divided into
the Ameri{can Fork, Provo (restricted sense), and Spanish Fork segments. Their Levan segment is
divided into the Levan (restricted sense) and Fayette segments.
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One implication of our segmentation scheme is that the expected length of
surface rupturing during a major earthquake on the WFZ could be less (by as
much as a factor of 2-3). If length of surface rupturing is dependent upon
the energy released during an earthquake (i.e. moment magnitude), then the
largest earthquake that one could expect along a single segment would be
somewhat less (perhaps 0.3-0.5 less on the moment-magnitude scale) for our
shorter segments. Implicit in the definition of segments is the concept that
a segment defines a distinct part of a fault zone that will rupture during a
surface-faulting earthquake (Schwartz and Coppersmith, 1984, p. 5689; Crone
and others, 1987). Secondly, the possibility of more segments (10-12 versus
6) increases the number of places that discrete surface rupturing could occur
along the WFZ.

Displacement values and slip rates cited in this report refer to only the
vertical component of tectonic displacment or slip (NVTD of Schwartz and
Coppersmith (1984). This value includes compensation for backtilting,
antithetic faults and warping. However, in many cases a lack of good
exposures or extensive preservation of the faulted surfaces may allow us to
only determine the displacement across a narrow zone or exposure rather than a
wider zone that may reflect the far-field effects of tectonism. In such
cases, cited values of displacement are crude approximations of the true
vertical displacement.

The WFZ has been the focus of extensive trenching efforts (table 1) since
the initial investigations of Cluff and others in the 1970's. 1Including the
trench studies currently being conducted, 47 of 53 trenches and 3 natural
exposures have been logged and described from 20 sites on 8 segments of the
WFZ and an associated fault zone (West Valley). Most of the trenches have

provided some control on the time of most recent faulting and set limits on
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recurrence intervals and slip rates for events at the trench sites. Our
additional dating control should refine recurrence intervals and times of most
recent faulting, as well as highlight changes in slip rates through time.

To discuss individual fault segments more easily, we divide the WFZ into
the northern, central, and southern sections, on the basis of recency of
movement and (or) on repetition of faulting in the Holocene. The northern
segments show no evidence of Holocene faulting; the central segments show
evidence of repeated Holocene faulting; and the southern segments show
evidence of one or no faulting events in the Holocene.

NORTHERN WASATCH FAULT ZONE

Segmentation of the northern section of the Wasatch fault zone is
difficult to recognize because there is no evidence of faulting in deposits
younger than the BLC. Our primary criteria for delineating segments and
segment boundaries on the more active part of the Wasatch fault zone are
changes in latest Pleistocene and Holocene fault behavior, but because the
northern section of the WFZ lacks fault scarps of this age, we have instead
used geomorphic and structural relations to identify probable fault segments
and boundaries (see Wheeler and Krystinik, 1987a, 1987b, and this volume, for
criteria to recognize and methods to analyse fault segmentation). Although we
are less confident of these segments compared to those to the south where
young surface rupturing is abundant, the structural and geomorphic patterns
suggest that the 70~km-long northern section of the WFZ is composed of a 17~
km-long Malad City segment, a 19-km-long Clarkston Mountain segment, and a 30-

km-long Collinston segment (fig. 2).
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Segments along the Malad Range

The northern end of the WFZ, which commonly has been mapped along the
west flank of the Malad Range, dies out U4 km northeast of Malad City, Idaho
(Cluff and others, 1974). Photo reconnaissance by us and Cluff and others
(1974) has shown that lacustrine deposits of the BLC lie undisturbed across
most of this section of the fault zone and Cluff and others (1974) recognized
some scarps on "older alluvium" (i.e., pre-BLC). On the basis of our photo
reconnaissance of this region, we divide the WFZ along the west flank of the
Malad Range into two discrete segments: a 17-km-long Malad City segment and a
19-km-long Clarkston Mountain segment.

The boundary we suggest for these two segments is at a 6-km-wide bedrock
spur of the the Malad Range, the south edge of which is due east of Woodruff,
Idaho. Just south of West Cherry Creek, the front of the Malad Range changes
from a steep, linear escarpment that characterizes the Malad City segment, to
an irregular zone (the Woodruff spur) that stretches southward to Muddy
Creek. From this point south, the range front is marked again by a steep,
linear escarpment. The intervening bedrock spur, herein named for the small
town of Woodruff, is coincident with a prominent saddle in the gravity data of
Peterson (1974) and Zoback (1983); this relation indicates that the net throw
across the WFZ decreases at this point. Photo reconnaissance by Cluff and
others (1974) suggests that the spur is fractured by numerous faults rather
than by a single well defined fault or narrow fault zone. Fractured rock of
the spur might disperse and absorb stress as ruptures approach from north or
south, thereby decoupling the two adjacent fault segments (King and Nabelek,
1985; Wheeler and Krystinik, this volume) and causing a propagating rupture on

either segment to stop at or within the spur.
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The Clarkston Mountain segment extends from Muddy Creek south into the
Malad River Valley to about 4 km south of the southern end of the Malad Range
(Clarkston Mountain). Although the fault does not cut deep-water sediments of
the BLC, regressional shorelines at and below the Provo level clearly wrap
around a pre-existing escarpment. This escarpment probably is a fault scarp
that formed before the regressive phase of the BLC. Surface expression of the
Clarkston Mountain segment appears to end near the Malad River, 4 km west of
Plymouth, Utah. Although the last movement on the Malad Range segments pre-
dates the end of the BLC, steep escarpment along the Malad Range and the
presence of older fault scarps along the range front suggest that these two
segments have been active in late Pleistocene time.

At the south end of Clarkston Mountain, a prominent down-to-the-south,
east-striking normal fault places Tertiary lacustrine sediments (Salt Lake
Group) against early Paleozoic sedimentary rocks (Williams, 1958). This fault
crosses the Cenozoic structural grain in the region and has been active in
late Tertiary and probably Quaternary time. It marks the boundary between the
Clarkston Mountain segment and the Collinston segment. The two segments are
separated by a 7-km left step and gap in latest Pleistocene faulting. The
Collinston segment starts at Short Divide, a low pass just southeast of
Clarkston Mountain. The pattern of faulting we recognize in the boundary area
differs from that of Cluff and others (1974). They mapped the WFZ as a
continuous feature around the southern end of Clarkston Mountain by connecting
the fault on the WFZ of the Malad Range (Clarkston Mountain segment) with the
WFZ along the Junction Hills (Collinston segment). We believe their presumed
connecting fault is a shoreline of Lake Bonneville. The Woodruff spur and the
Clarkston Mountain-Collinston segment boundary are shown as major transverse

structural features in the gravity maps of Zoback (1983, figs. 3 and 5).
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Collinston Segment

The surface trace and history of the Collinston segment is poorly defined
because along most of its length there is no evidence for surface faulting in
deposits younger than the BLC. The northern end of the segment is probably
near Short Divide, where the WFZ intersects the previously discussed, east-
striking fault at the south end of Clarkston Mountain. Farther to the south,
the Bear River flows southwest from the Cache Valley through a major
topographic saddle within the Collinston segment between the south end of
Clarkston Mountain and the north end of the Wellsville Mountains. This
relatively low topography and a coincident low in the gravity data of Peterson
(1974) and Zoback (1983) suggest that the total throw on the WFZ is
substantially less on the central part of the Collinston segment than to the
south or to the north along the Malad Range. However, the relatively steep
escarpment along the Junction Hills (in the topographically low area, but
north of the Bear River) and a relatively steep, north-trending gravity
gradient suggest that normal faulting extends continuously along the west
flank of the Junction Hills, across the Bear River, and south to the west
flank of the Wellsville Mountains.

Near the southern boundary of the Collinston segment, Personius (1987)
mapped a 2-km-long fault scarp on gravels of the BLC and on early Holocene fan
alluvium. This short Holocene scarp is considered part of the Collinston
segment, although it probably formed in response to surface faulting
originating on the more active, adjacent Brigham City segment. This
relationship is similar to the pattern of surface faulting that accompanied
the 1983 Borah Peak, Idaho earthquake. Near the northern end of the Lost
River fault, the 1983 surface faulting jumped over the segment boundary at the

north end of the Thousand Springs segment and ruptured a small part of the
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Warm Springs segment (Crone and others, 1987). Sympathetic or subsidiary
rupturing is a reasonable explanation for the short Holocene scarp at the
southern end of the Collinston segment because no evidence of Holocene
faulting is found on the remainder of the segment. Although the most recent
faulting on most of the Collinston segment occurred prior to the transgressive
phase of the of the BLC (15-10 ka), the steep escarpments along the Wellsville
Mountains and the Junction Hills suggest that the segment has probably been
active in late Pleistocene time.

The boundary between the Collinston and Brigham City segments is placed
at a re-entrant on the west flank of the Wellsville Mountains near the mouth
of Jim May Canyon, 2 km northeast of Honeyville, Utah. The boundary is marked
by a change in trend of the fault, differences in the amount of displacement
of similar-aged pre-BLC deposits, and a general lack of geomorphic evidence
for Holocene movement on the Collinston segment (Personius, 1986).

CENTRAL WASATCH FAULT ZONE

The central section of the WFZ is composed of the most active and most
recent fault segments. From north to south the seven segments are Brigham
City, Weber, Salt Lake City, American Fork, Provo, Spanish Fork, and Nephi
(fig. 2). The following discussion highlights evidence from recent
investigations along each segment. Determination of additional slip rates
along this section of the WFZ awaits radiocarbon dating of samples from
recently excavated trenches.

Brigham City Segment

The Brigham City segment is the northernmost segment of the WFZ that
exhibits clear evidence of recurrent Holocene faulting along its entire
length. The northern part of the segment (from Honeyville to the vieinity of

Brigham City) appears to have had lower slip rates than the southern part of
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the segmént. However, near the northern segment boundary our evidence clearly
indicates that at least two and probably three faulting events occurred after
Lake Bonneville occupied the Provo shoreline (14 ka). Trench studies
conducted in September, 1986 near Brigham City revealed evidence that middle
Holocene alluvial-fan deposits have been displaced three or possibly four
times, although the last event seems to have been in middle to late Holocene
time. Just to the south of the trench site, large scarps on the Provo-level
delta of Box Elder Creek (and elsewhere along the southern part of the
segment) suggest that as many as 8 to 10 surface-faulting events have occurred
on the central part of the Brigham City segment since 14 ka. Th? distribution
of fault scarps on different-age Holocene and latest Pleistocenejdeposits
along the segment suggest that the Brigham City segment has remained active in
the Holocene. However, only a few small, short and discontinuous scarps near
the southern segment boundary are thought to have been formed in latest
Holocene time (Personius, 1987). This general lack of young (latest Holocene)
activity is in sharp contrast to evidence for three surface faulting events in
late Holocene time on the Weber segment to the south (Nelson and others, 1987;
see following discussion of the "Weber Segment").

The boundary between the Brigham City and Weber segments is near the
northeast corner of the Pleasant View salient, 3 km northeast of North Ogden,
Utah (Personius, 1986; Nelson and Personius, 1987). This salient, which was
first recognized by Gilbert (1928), seems to be bounded on most (or all) sides
by normal faults (Davis, 1985). Here the main trace of the WFZ changes strike
and steps left off of the salient, thereby leaving a 2-km-wide gap in Holocene
faulting. The Pleasant View salient is a foundered block of Precambrian and
lower Paleozoic rock (Davis, 1985) that has been stranded at an intermediate

structural level. On the salient, in an area known as the Pole Patch,
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numerous short normal faults strike at high angles (mainly southwest) to the
main trace of the WFZ. At least four of these faults have been active in
Holocene time, and they form a network of faults that may disperse the
stresses of propagating ruptures in the bedrock salient. Thus, the Pleasant
View salient has all the characteristics of a segment boundary.

Weber Segment

The 57-km-long Weber segment of the WFZ extends from Barrett Canyon, 3 km
north of North Ogden, to the Salt Lake City salient, a major footwall prong of
bedrock that extends westward between Bountiful and northern Salt Lake City.
The Weber segment comprises the southern two-thirds of Schwartz and
Coppersmith's (1984) 70-km-long Ogden segment, we place the northern boundary
of the Weber segment at the Pleasant View salient, well south of their
boundary for the Ogden segment. Detailed mapping of late Quaternary deposits
along the WFZ by Personius (1987) and Nelson and Personius (1987; unpublished
mapping, 1987) suggests that the Pleasant View salient, north of Ogden, Utah,
is a nonconservative barrier to fault surface ruptures (see King and Nabelek,
1985, for a discussion of conservative and nonconservative barriers).

Fault slip rates calculated from the amount of surface offset recorded by
scarps and from exposures along the main fault on either side of the salient
differ significantly. (Surface offset is defined as the amount of displace-
ment of subjacent-correlative alluvial surfaces; Bucknam and Anderson,

1979.) Early and middle Holocene rates are 0.5-1.0 mm/yr on the Brigham City
segment and 1.1-1.7 mm/yr on the Weber segment. A comparable difference also
has been demonstrated for the late Holocene, where slip rates are <0.3 mm/yr
on the Brigham City segment and 0.8-1.2 mm/yr on the Weber segment. These
differences in slip rate confirm that the salient is a Holocene (and probably

older) boundary between two fault segments (Nelson and Personius, 1987).
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The Weber segment of the WFZ is expressed at the surface by almost
continuous scarps on Holocene deposits from its northern end to at least as
far south as Stone Creek in Bountiful. The majority of these scarps are
formed on Holocene alluvial-fan and debris-flow deposits. Nelson's mapping
and trenching has shown that debris-flow deposits, almost entirely of late and
middle Holocene age, are extensive along the Weber segment. Small landslides
are common along the segment, especially where the fault cuts silty deposits
of the BLC. Large lateral-spread features appear to be developed in lake
deposits near Ogden and Bountiful.

Late Holocene alluvial fans composed of stream and debris-flow sediment
are of at least two different ages along the Weber segment, but the degree of
soil development and fan surface morphology cannot be used consistently to
differentiate two or more ages of fans. A preliminary !'*C date from the East
Ogden site (discussed below) indicates that even the older Holocene fan
remnants exposed along the fault are <5 ka. Fault scarps of differing heights
on the late Holocene fans provide the only practical way of distinguishing
fans of two ages and this evidence is available at only a few stream
drainages. Distinguishing fans by differing scarp height also assumes a
spacially and temporally uniform slip rate during the late Holocene.

Scarp heights measured along the fault indicate slip rates of 1.0-1.5
mm/yr over the past 15 ka for the Weber segment. Slip rates appear to
decrease as one approaches the boundaries of the segment. This relation was
found by topographic profiling forty of the smaller scarps in the field, and
making an additional 120 profiles from 1:10,000-scale photographs using the
USGS's computer-assisted PG-2 photogrammetric plotter. Analysis of the scarp
data shows that most fault-displacement values measured from aerial photo-

graphs with the PG-2 plotter are within 10 percent of field measurements made
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on the same scarps. This measurement error is similar to errors made in
estimating displacements from field-measured profiles, especially for scarps
>5 m high. In some areas, early vintage photography has been used to measure
profiles across scarps that were destroyed as much as 30 yr ago by
urbanization.

The exposures at the East Ogden and Garner Canyon sites, near the
northern end of the Weber segment, reveal a detailed middle and late Holocene
fault history (Nelson and others, 1987). Colluvial wedges found in six
exposures at these two sites were deposited following the last three or four
events on the fault. The displacements measured in all exposures are similar
to values of surface offset calculated from topographic profiles across the
scarps. At the Garner Canyon site in north Ogden the last two events, each of
1.4-m displacement, occurred <2 ka and <1.1 ka as determined from '*C mean-
residence dates on organic matter concentrated from soil A horizons
(fig. 3). At the site in East Ogden, two scarps on middle Holocene fan
deposits (!*C dated at 4.5 ka) record about 5 m and 7 m of displacement.
Where these faults cut two late Holocene fan deposits, the displacements are
only 1 m and 2.5 m, respectively, thus indicating recurrent Holocene
faulting. The stratigraphy of colluvium exposed in a trench across the 5-m
scarp suggests two events of 0.7 m and 2.1 m displacement during the middle
Holocene followed by a 2.2-m event in the late Holocene. The 7-m scarp
reveals two middle or late Holocene events of about 1.8 m displacment followed
by a 2.5-m event during the late Holocene. Trenches across the 5- and 7-m
scarps exposed deltaic deposits beneath fan deposits in the hanging-wall
block. The deltaic deposits probably formed at the Provo level of the BLC

about 14 ka.
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FIGURE 3.--Map of vertical exposure across a fault scarp at Garner Canyon

(Weber segment) near Ogden showing fault zone and colluvium produced by
faulting events. The scarp (6 m high, 4.4 m displacement) was produced by
3 or probably U4 earthquakes during the middle to late Holocene. Black
patches show boulders. Buried A horizons (shown by wavy-line pattern;
units 3 and 5) overlie cobbly debris wedges (units 4 and 6) derived from a
free face in stream and debris-flow material (units 7-12). The most
recent faulting produced a fissure at the base of the free face (eastern-
most part of unit 2) that was filled with debris. Unit 5 has been
displaced by a small antithetic fault. The age of modern A horizons in
this area (100-200 yr) subtracted from the ages of the buried A horizons
provides approximate maximum ages of 1.1 and 2.0 ka for the last two

faulting events at this site on the Weber segment.
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The general history of faulting from the two sites near Ogggp is similar
to that determined for the Kaysville site by Swan and others (1g§9), 23 km to
the south. At Kaysville, Swan and others (1980) have demonstrated at least
three surface-faulting events during the past 8 ka (+ 2 ka), although the
timing of each event is poorly constrained. Discrete colluvial wedges and
correlative faulted and back-tilted graben deposits in the trenches were the
basis for recognizing three faulting events. The two youngest eveng;;occurred
within the past 1580 + 150 '*C yr B.P., and straﬁigraphic and geomorphic
evidence suggests that the most recent event occurred within the past 500 yr,
but prior to settlement of the area in 1847. Their best estimate for elapsed
time between events is 500-~1,000 yr with the longer interval preferred. An
early Holocene alluvial fan is displaced 10-11 m, whereas the two most recent
events produced similar amounts of displacment; 1.7 and 1.8 m, respectively.
The remaining 6.5-7.5 m of displacement may have occurred during the older
third event, but more likely it represents the cumulative displacement from
two or more events.

Additional '*C dating of soil organic matter and charcoal and
thermoluminescence analyses of colluvium (by J.P. McCalpin and S.F. Forman)
may provide tighter constraints on the timing of faulting along the Weber
segment (table 1). The ages may help resolve unanswered questions such as
whether simultaneous movement occurs on parallel faults and whether slip rates
have changed significantly during the late Holocene.

Salt Lake City Segment

The Salt Lake segment of the WFZ traverses the most populous part of

Utah's Wasatch Front. Detailed mapping along the segment by Scott and Shroba

(1985) indicates that most of the recent faulting is concentrated on the Warm

Springs fault (western bounding fault of the Salt Lake salient), on the East
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Bench fault (intrabasin fault and possible east-bounding fault of the Salt
Lake salient), and on the main Wasatch fault that bounds the range front from
Olympus Cove south to Corner Canyon on the north flank of the Traverse
Mountains.

Scott and Shroba (1985) summarized evidence for Holocene faulting along
the Warm Springs fault; little additional knowledge has been gained owing to a
lack of new exposures. However, two recent trenches across the East Bench
fault near 900 E. and 550 S. (Dresden Place, site 6 of table 1) in Salt Lake
City have greatly increased our knowledge of this poorly understood fault.
Inspection of these trenches by M.N. Machette and D.R. Currey (Univ. of Utah)
and John Garr's mapping of the excavations (written commun., 1987) reveal at
least 7 m of deformation in sediments deposited during the BLC (about 26-15 ka
at this site). Of the 7T m of deformation, the lower 3 m is expressed as
monoclinal warping (plastic deformation) of deep-water sediment. Because
plastic deformation requires saturation of the sediment, an early episode of
deformation must have occurred before Lake Bonneville fell below the altitude
of the site (ca. 4350 ft; 1326 m)--about 12.5 ka as determined from the
hydrograph of Lake Bonneville shown in Currey and Oviatt (1985, fig. 2). None
of the investigators at this site recognized colluvium within the plastically
deformed beds, which suggests that the deformation occurred in a single
tectonic event. Plastic deformation was followed by at least 4 m of brittle
deformation as indicated by planar fault ruptures that extend to the top of
the undisturbed sediment in the trenches. Although the brittle deformation is
undated, it seems likely that it corresponds with Holocene movement as
indicated by Scott and Shroba's (1985) mapping of the East Bench fault farther

to the south.
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Previous work by Swan and others (1980) at the mouth of Little Cottonwood
Canyon identified several surface-faulting events during the past 19 ka, with
at least one event within the past 8 ka. This study indicated a slip rate of
0.76 (+0.6, -0.2) mm/yr, average displacement per event of 2 m, and a
recurrence interval of 2400-3000 yr. However, the complex nature of the fault
zone complicated the determination of those values and, thus, timing of the
most recent event could not be established.

At Dry Creek, about 2 km south of Little Cottonwood Canyon, the UGMS and
USGS started a program in 1985 of exploratory trenching, secarp profiling, air
photo interpretation, and !*C dating to obtain additional information on
elapsed time since the last surface-faulting event, recurrence interval
between events, and displacement per event. Trenching and most of the
interpretations have been completed, but analysis of recurrence interval and
the age of the second most recent faulting event await completion of !*C
dating.

The Dry Creek site lies between the steep front of the Wasatch Mountains
and the Bonneville shoreline. Here the WFZ is as much as 305 m wide and forms
as many as six en echelon, west-facing scarps. Unconsolidated deposits
between the mountain front and the shoreline include (from youngest to oldest)
Holocene debris-flow deposits, late Pleistocene or early Holocene alluvial-fan
and debris-flow deposits, and remnants of middle Pleistocene alluvial-fan
deposits (Scott and Shroba, 1985; Lund and Schwartz, 1987). Geomorphic
surfaces associated with these deposits are dropped progressively down-to-the-
west across the fault zone. The cumulative displacement of these surfaces and
deposits becomes greater with increasing age, thus indicating a history of

recurrent faulting in the late Quaternary.
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A Holocene debris flow along the South Fork of Dry Creek is the youngest
deposit (2-4 ka) at the site--its levees have been cut by five of the six
faults that form scarps. The sixth fault does not displace the levee, but is
buried by it. Schwartz's and Lund's exploratory trenching shows that both
single- and multiple-event scarps are present along the faults at this site,
with two surface rupture events being the greatest number recognized in any
trench. Comparison of the amount of displacement in the levees with those in
the trenches shows that for multiple-event scarps, only the most recent event
has displaced the levee. The displacement observed in single-event trenches
corresponds closely with that on the levees.

Organic matter from buried A horizons exposed in the Dry Creek trenches
was concentrated for !“C dating. The organic matter from modern surface soils
along the WFZ have radiocarbon dates of as much as several hundred years;
thus, dates from buried A horizons should predate the time of burial. This
type of radiocarbon determination, which is often referred to as a mean-
residence date, could be an important source of error in young soils (less
than 1000-2000 yr). A date of 1890 (+50,-60) !'“C yr B.P. was obtained for the
buried soil on the older of two colluvial wedges; this wedge was subsequently
faulted during the most recent event and then buried by a younger colluvial
wedge (Lund and Schwartz, 1987). This date places a maximum time limit of
about 1700-1800 !*C yr on the most recent event and an absolute minimum limit
of about 1900 !'“C yr on the prior event. If the older, twice-faulted alluvial
fan is middle Holocene (rather than late Pleistocene) like so many others
along the WFZ, then the Dry Creek site records two large displacements (ca.

4.5 m) in the past 5 ka and Holocene slip rates are high (>1.8 mm/yr).

A-32



Keaton and others (1987) have completed a study of the West Valley fault
zone (about 5 km southwest of downtown Salt Lake City). Although this fault
zone is 8-10 km west of the East Bench fault of the WFZ, it is included with
the Salt Lake City segment because it is a major antithetic fault zone that
may be related to the WFZ.

The West Valley fault zone strikes northwest of the Jordan River in the
north-central part of Salt Lake County; its closest trace is about 4.8 km
southwest of downtown Salt Lake City. Two principal surface traces of the
fault zone (the Granger and Taylorsville faults) were identified in the early
1960's on the basis of topographic scarps. Keaton and others (1987) found
that the two principal faults each has evidence of Holocene movement.

Numerous previously unmapped but suspected fault scarps and lineaments were
found as much as 9 km north of the limits of the fault zone as recognized in
the 1960's. These features extend the West Valley fault zone to an area about
6.4 km wide and 16 km long.

The Granger fault forms the western of the two traces and has evidence
for 4.5 £to0 12.2 m of normal slip (down-to-the-east) within the past 12 ka;
these data yield a minimum slip rate of 0.4-1.0 mm/yr. Sediments of a
previous lake cycle (probably the Cutler Dam lake cycle of Oviatt and others,
1987) were found in the trench on the footwall, and in drill holes on the
hanging wall. Displacement in the older sediments ranged from 12.2 to 19.8 m
and Keaton and others (1987) assumed their age is about 58 ka on the basis of
correlation with the end of isotope stage 4. The resulting average slip rates
are 0.21-0.34 mm/yr. The markedly different average slip rates (2-3x) between
pre- and post-BLC deposits suggested to Keaton and others (1987, p. 25) that
the deep water of Lake Bonneville may have suppressed strain release, whereas

strain release may have been accelerated after Lake Bonneville started to
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drain at about 15 ka. Similar evidence of large changes in average slip rate
before and after Lake Bonneville's culmination have been noted at a number of
points along the WFZ (Machette, 1984; Machette and others, 1986) by comparing
the net displacement in different-age late Pleistocene and Holocene deposits
(see following section entitled "Discussion of Slip-Rate Data").

The Taylorsville fault, the easternmost of the two traces of the West
Valley fault zone, had 1.5 m of monoclinal flexure (down-to-the-east) with
minor, but laterally discontinuous faulting in the past 7-5 ka (Keaton and
others, 1987). The resulting uplift rate across the flexure is 0.21-0.30
mm/yr. The Taylorsville fault may be the surface expression of an earthquake
that was below the threshold magnitude that would create a continuous surface
rupture along a discrete fault plane. The detailed analysis of Keaton and
others (1987) suggests that earthquakes in the range of Ms 6.9-7.3 would be
reasonable for a surface rupture héving as much as 1.5 m displacement along
the West Valley fault zone. Such faulting would have had an average
recurrence interval of 1,000-4,000 yr on the Granger fault and 5,000-7,000 yr
on the Taylorsville fault during the past 15,000 yr (recurrence intervals for
the preceding period are considerably less).

At the south end of the Salt Lake Valley, the west-trending Traverse
Mountains form a major salient that is the boundary between the Salt Lake City
segment (on the north) and the American Fork segment (on the south). The
Traverse Mountains are one of four such bedrock salients and structural
barriers recognized along the WFZ (Wheeler and Krystinick, this volume).

Scott and Shroba (1985) traced the Salt Lake City segment along the
Wasatch front as far south as Corner Canyon, where fault scarps turn from a
south to southeast strike. Farther south, the WFZ follows Corner Canyon and

turns to the east; here it separates rocks of the Little Cottonwood Stock
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(Tertiary) from extrusive volecanic rocks (Tertiary) and the underlying
Paleozoic Oquirrh Formation (see Davis, 1983a). Machette (unpublished
mapping, 1986) has traced the WFZ continuously across the salient from Corner
Canyon eastward to the mouth of Chipman Creek (about 3 km northeast of
Alpine). Late Quaternary alluvium near the crest of the salient has been
offset by the WFZ, indicating that the salient is being actively deformed
albeit at an appreciably slower‘rate than on the segments to the north and
south. The major bend in the WFZ corresponds with the westward projection of
the Deer Creek fault (see Bruhn and others, 1987). The Deer Creek fault is a
transverse structure that allows the WFZ to step 8.5 km to the left from the
Salt Lake Valley to the Utah Valley.

American Fork Segment

Schwartz and Coppersmith (1984) suggested that the WFZ from the Traverse
Mountains south to Payson Canyon is a single (Provo) segment. As a result of
our mapping in the Utah Valley, Machette tentatively has subdivided the
original 55-km-long Provo segment into the American Fork, Provo (restricted
sense), and Spanish Fork segments. The American Fork segment is shorter than
most (about 22.5 km compared to an average of 30 km, table 1) and forms the
northeastern border of the Utah Valley. An en echelon 2 km left step in the
fault zone at the Provo River is suggested as the southern boundary of the
American Fork segment.

In 1986, three 25- to 50-m-long trenches were excavated across a section
of the WFZ near American Fork Canyon where the Quaternary geology had been
mapped at a scale of 1:10,000 by Machette (unpublished mapping, 1986). The
American Fork Canyon site is characterized by a large, well preserved fan-
delta complex that was constructed during the transgressive phase of the BLC

(about 32 to 15 ka; Currey and Oviatt, 1985, fig. 2). The fan-delta has been
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deeply incised by streams that became graded to the Provo level of Lake
Bonneville between 15 and 14 ka. By 13 ka, recession of Lake Bonneville to an
altitude below 4500 feet (1372 m; Currey and Oviatt, 1985, fig. 2) left Utah
Lake near its present level, isolated from the progressively more restricted
main body of Lake Bonneville. Since Utah Lake is controlled by a natural sill
at an altitude of about 4490 feet (1368 m) climatically induced lake
expansions (i.e., the Gilbert expansion of Currey and Oviatt, 1985) resulted
in overflow rather than a rise in lake level. One practical application of
this relation is that none of the shorelines above 4500 feet (1372 m) altitude
in the Utah Valley can be much younger than 13 ka. Some of the alluvial-fan
complexes mapped as Holocene by Bissel (1963), Hunt (1963), and Miller (1982)
have shorelines cut across their distal toes at altitudes of U4520-4560 feet
(1378-1390 m); thus, they are related to the Provo level of the BLC, not to
Holocene expansions of Utah Lake.

A widespread but thin mantle of calcareous loess was deposited across the
landscape as sediments of the BLC were deflated by eolian processes. After
the drop to the Provo level, small mountain-front drainages proceeded to build
local alluvial fans across lake deposits. These fans consist mainly of
coalesced debris-flow deposits of early(?) to middie Holocene age. Their
matrix was derived from the loess mantle, which now has been completed eroded
from all but the most geomorphically stable landforms (such as the fan-delta
complexes graded to the Provo and Bonneville levels). A !*C date from the
loess is about 7500 '*C yr B.P., whereas another from near the top of the

overlying loess-derived debris flow is about 4,500 !“C yr B.P.
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The American Fork segment of the WFZ forms a prominent set of scarps at
the foot of the Wasatch Range both north and south of American Fork Canyon.
Repeated movement across the fault zone has produced progressively more net
displacement in Holocene, latest Pleistocene (BLC) and late to middle
Pleistocene deposits. The fan-delta complex at American Fork Canyon is capped
by 15-ka transgressive-beach and topset-delta gravels of the BLC. South of
the canyon, the gravels are displaced 15-20 m across a wide graben and a
single range-bounding fault. North of the canyon, the same gravels are
displaced 26 m where there is no graben, but minor backtilting. Using 26 m
and 15 m as the maximum and minimum values for net displacement yields average
maximum and minimum slip rates of 1.7 and 1.0 mm/yr for the past 15 ka. 1In
contrast, the long-term slip rates recorded by 125- to 250-ka alluvium along
this and other segments of the central WFZ has been only 0.1 to 0.2 mm/yr, or
almost an order of magnitude less than slip rates recorded since Lake
Bonneville fell from its highest level 15,000 yr ago.

The trenches at American Fork Canyon exposed Holocene alluvial fans,
which we consider to have been stabilized 4,500 to 5,000 yr ago on the basis
of the previously mentioned radiocarbon date. These deposits commonly are
dispalced 7-8 m where the fault zone has a simple geometry of parallel normal
faults (Machette and Lund, 1987). A preliminary TL age estimate from trench
AF-1 (fig. U4) suggests that the most recent faulting event occurred between
400 and 550 yr ago (sample ITL-U23; written commun., S.L. Forman, 1987). (A
1%C date from the youngest fault scarp colluvium is 140 + 120 *“C yr B.P.,
which we consider to be too young and thus erroneous.) In view of the fault
scarp's degraded morphology, Machette and Lund estimated that the youngest
event at this site may be as old as 2000 yr. Thus, we are surprised by the

young value for the TL estimate.
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TABLE 3. Preliminary dating control for faulting events at trench AF-1,

American Fork segment of the Wasatch fault zone

[Samples listed in stratigraphic position: young (unit 1) to old (unit 4).

Symbols: !'*C, radiocarbon date; TLB, thermoluminescence age estimate by the
total bleach method; TLR, thermoluminescence age estimate by the regener-
ation method. TL data from S.L. Forman, written commun., 1987.]

Sample Geologic unit, Type of material;

number remarks type of age control (and date)

AF-1A 1, near base of upper Charcoal; postdates last event.
fault-scarp colluvium. (**C=140+120 yr B.P.; erroneous)

ITL-23 2, top of middle fault Silty A horizon; time of last event.
scarp colluvium. (TLB=400+50 yr B.P.)

(TLR=500+50 and 550+50 yr B.P.)

AF-1C 2, Do. Organic matter in A horizon; maximum
age of last event.

(preliminary !'*C=920 yr B.P.)

ITL-16 3, top of lower fault Silty A horizon; time of second event.
scarp colluvium. (TLB=3200+300 yr B.P.)
(TLR=2400+300 yr B.P.)

AF-1B 3, Do. Organic matter in A horizon; maximum
age of second event.
(preliminary !"“C=2020 yr B.P.)

AF-1D 4, middle Holocene Charcoal; predates third event,
debris-flow deposit. maximum age of unit 4.
(1*C=4T740+90 yr B.P.)
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The TL age estimate from sample ITL-U16 places the second-most-recent
fault event at about 2400 to 3200 yr B.P. (S.L. Forman, written commun.,
1987), whereas the preliminary radiocarbon date from the buried soil is about
2020 '“C yr B.P. (fig. 4). The third and oldest fault event in trench AF-1
must have occurred after 4740 + 90 '“C yr B.P. (sample AF-1D), which is the
age determined from debris-flow deposits under the third and lowest colluvial
wedge. We estimate that the youngest part of the debris flow is about 4500
14C yr on the basis of the position of the radiocarbon sample and lack of
buried soils (the oldest colluvial wedge buried fresh debris-flow material).

Trenching of the fault scarps on Holocene deposits shows that three
surface faulting events contributed subequal amounts to the 7-8 m of net
displacement recorded since about 4,500 '*C yr B.P. The three Holocene events
produced discrete colluvial wedges that were exposed in all the trenches,
although only two events are indicated in the third trench (AF-3). Although
some of our radiocarbon analyses are still pending, preliminary radiocarbon
dates, TL age estimates, and stratigraphic relations constrain the three
Holocene fault events between about 500(?) yr and 4500 !“*C yr ago. Faulting
must have occurred over intervals longer than several hundreds of yr in order
to develop the moderately thick A horizons we found on each of the wedges in
AF-1 (fig. 4). 1If one assumes that the most recent surface rupture event was
between 500 and <2000 yr B.P. (age estimate from scarp morphology), and that
the two prior events (5-6 m displacement) occurred after 4,500 !“C yr B.P.
(estimated age of top of unit 4), then there were two events over an interval
of 2500 to 4000 '“C yr. The resulting slip rate is 1.3-2.4 mm/yr (5 m/4000 yr
to 6 m/2500 yr), which is comparable with the average slip rate of 1.0-1.7
mm/yr during the past 15 ka. These values, although preliminary, confirm that

the rate of slip on the WFZ has remained high during the past 15 ka.
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Provo Segment

The Provo segment (restricted sense) is the middle of three segments that
are subdivided from the original Provo segment of Schwartz and Coppersmith
(1984). As redefined, the Provo segment extends from Provo Canyon (where its'
most recent splays are in bedrock) south to and including the Springville
fault at Springville, Utah, a distance of 18.5 km. South of Little Rock Creek
(which is northeast of Provo) the active fault zone is along the western base
of the Wasatch Range. North of Little Rock Creek, Davis'(1983b) compilation
incorrectly shows large blocks of Paleozoic rock (Oquirrh Formation) thrust
upon the uplifted mountain block. Machette's unpubished mapping (1986)
indicates that :ch of the "Oquirrh-like" material is (1) a fanglomeratic
facies of the Sal. Lake Formation (Tertiary) and elsewhere is (2) composed of
large masses of Oquirrh Formation which have slid on Manning Canyon Shale
along steep parts of the .g8e. Extensive Quaternary(?) landslide deposits
that predate the BLC are also present in th ' area; these deposits have been
derived largely from the Paleozoic Manning Canyon Shale. The Quaternary
landslide deposits and Salt Lake Formation, which we believe also have been
mapped incorrectly, are bounded by the Provo segment on the east and a buried
southward extension of the American Fork segment on the west. The result has
been to preserve a coarse-grained facies of the Salt Lake Formation and
landslide deposits at intermediate structural levels; usually these deposits
are deeply buried in the basins and eroded from the ranges.

Only one exposure of the WFZ has been studied along the Provo segment,
and no trenches have been excavated as yet. On the south bank of Rock Creek,
at about the midpoint of the Provo segment, Machette and William Mulvey of the
UGMS mapped a natural exposure of the fault and determined that there was

about 2 m of net displacement (1.5 m of tectonic displacement and 0.5 m of
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drag) in late to middle(?) Holocene debris flows and alluvium. The resulting
scarp has been partly buried by debris-flow and alluvium. Radiocarbon dating
of organic matter in fault-scarp colluvium yielded an age of 1110 + 50 !'“C yr
B.P. Two corrections need to be considered before using this date. First,
the colluvium that was dated may have required several hundred years to
accumulate, so this amount of time should be added to the !“C date. Secondly,
incorporation of organic matter from the soil on the upthrown fault block may
have added a significant amount of 100-300 yr old carbon; this reworked carbon
may have made the date too old by several hundred yr. Because these
corrections tend to balance one another, we suspect that the reported age may
be the approximate time of faulting. Thus, the date indicates that a surface
faulting event displaced late(?) Holocene alluvium about 2 m 1100 yr B.P.
Larger scarps on middle(?) to early Holocene alluvium about 250 m south and on
the same fault strand record 4.5 m of surface offset that probably resulted
from two or three faulting events (including the most recent one at about 1100
yr B.P.)

The Provo segment is characterized by multiple parallel to anastomosing
strands of the fault zone, and rarely is there a single fault strand on which
most of the movement has taken place. The pattern of rupture is complex south
of Slate Canyon (east of Provo) where the WFZ strikes across transgressive
gravels of the BLC, and regressive gravels at and below the Provo level).
These gravels are draped across steeply sloping alluvial-fan deposits that
predate the BLC. The history of faulting in this area is difficult to
decipher for three reasons: (1) pre-existing fault scarps were modified by
the rise and fall of Lake Bonneville, (2) many of these faults were later

reactivated, and 3) much of the gravel cover has been disturbed by mining.

A42



The southern end of the Provo segment consists of the Springville fault,
which has a 3~km-long fault scarp in Holocene alluvium of Hobble Creek. The
fault extends from just east of the State Fish Hatchery (1 km north of
Springville) southward to Utah Highway 77, which is a main road leading west
from Springville. Scarps along this fault are 0.5 to <2 m high, but they have
been extensively modified by man. Bissell (1963) shows another fault scarp
about 1 km south of Springville that could be an extension of the Springville
fault. However, we agree with Miller's (1982) decision that Bissell's scarp
is not a fault, and instead we map it as a part of an extensive, young Provo
shoreline that is prominent at 4520 ft (1378 m) altitude in the Utah Valley.

Spanish Fork Segment

As defined by Machette and others (1986), the Spanish Fork segment is
restricted to the range~ bounding WFZ between Springville and Payson Canyon.
It is the southern of three segments that comprise Schwartz and Coppersmith's
(1984) original Provo segment. The restricted segment forms a major concave-
west bend in the WFZ, the only such prominent bend along the entire fault
zone. Southward extension of the Provo segment as the Springville fault and
northward extension of the Nephi segment as the Benjamin fault suggests that
the two segments may connect in the subsurface west of Spanish Fork, thereby
making the Spanish Fork segment the east-bounding fault of the main basin of
Utah Valley.

The Spanish Fork segment continues to be the focus of detailed mapping
and trenching studies. Swan and others (1980) study of tectonic relations at
Hobble Creek, coupled with trenching at Deadmans Hollow (about 2 km to the
west) provided the first evidence of repeated Holocene movement on this
section of the WFZ. They found evidence for six to seven surface-faulting

events that produced 11.5-13.5 m of displacement (NVTD) since formation of the
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Provo fan-delta at Hobble Creek about 13.5 ka (Wwe prefer 14 ka on the basis of
recent studies). The oldest three to four events are inferred from tectonic
strath terraces along Hobble Creek on the upthrown block of the fault. The

"~ three youngest events are defined on the basis of colluvial stratigraphy
observed in trenches across a faulted alluvial-fan complex at Deadmans

Hollow. The number of post-Provo surface-faulting events is probably well
constrained, but the absence of organic material prevented determination of
individual recurrence intervals. The average interval between events is 1.7~
2.6 ka (revised by Schwartz and Coppersmith, 1984). The most recent event was
estimated be at least 1,000 yr old on the basis of relatively degraded fault
scarps. Individual amounts of displacement for post~Provo events are not well
constrained, but the average ranges from 1.6-2.3 m for six to seven events.
The net displacement in transgressive sediments of the BLC is difficult to
determine because of extensive backtilting and graben formation. Swan and
others (1980, table 1) preferred a value of 30 + 0.5 m, whereas we have
estimated about 40-45 m on the basis of a faulting geometry proportional to
that seen in the well preserved Provo alluvial surface. If one assumes that
the sediments are 17 + 2 ka, then the resulting average slip rate at Hobble
Creek has been between 1.8 mm/yr (Swan and others, 1980) and 2.5 mm/yr
(midpoints of our displacement and age values). Because there is 2 to 3 times
more net offset recorded in transgressive versus regressive deposits of the
BLC, but only a slight difference in age (1-4 ka) we suspect that faulting at
this site occurred at a very high rate (perhaps as much as 10 mm/yr) during
and after the catastrophic fall of Lake Bonneville 15,000 yr ago (see
following discussion of "Causal relation between deep cycles of Lake

Bonneville and high slip rates on the Wasatch fault zone").
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In order to determine recurrence intervals and the timing of the most
recent faulting along this segment, W.R. Lund (UGMS) and D.P. Schwartz (USGS)
dug five trenches at two sites south of Mapleton, Utah, in June 1987. Study
of these trenches is incomplete (as of August 1987), but their preliminary
investigations indicate two surface faulting events; abundant charcoal in
several of the trenches should permit dating of the most recent event(s).

Dean Ostenaa of the U.S. Bureau of Reclamation (Denver) is investigating
recent movement on the Spanish Fork segment at the Water Canyon site, which is
about 6.5 km southwest of Hobble Creek. This investigation is part of a study
for the U.S. Bureau of Reclamation's Central Utah Project. Before studying
the Water Canyon site, the Bureau excavated two trenches across a 1.5-3 m high
fault scarp that is parallel to and above the prominent high shoreline of Lake
Bonneville (altitude 5095 feet) at the southeast end of Utah Valley. This
fault scarp is herein named the Woodland Hills splay of the Spanish Fork
segment (table 1). The larger, western trench was mapped quickly by Machette,
Bob Robison (Utah County Geologist), Craig Nelson (Salt Lake County
Geologist), Rod Weisser (Bureau of Reclamation-Provo) and James McCalpin (Utah
State Univ.-Logan). Their interpretations suggest 3 to 4 major surface
faulting events in the past 150 ka (about 3 m net displacement). Radiocarbon
dating of a buried, fault-scarp-derived block of A horizon suggests that the
most recent faulting event occurred after 1360 + 60 !*C yr B.P,

The Bureau's study was expanded in 1987 with excavation of three trenches
at Water Canyon: two on Holocene terraces at the mouth of the canyon and a
third in slope colluvium at a proposed tunnel-portal site several hundred
meters to the south. Although final analysis of the trenching investigations
awaits !“C dating of charcoal samples, Ostenaa (oral and written communs.,

1987) suspects three or possibly four faulting events in the past 6-8 ka.
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Between the Mapleton and Water Canyon sites, the trace of the Spanish
Fork segment makes a spectacular 100° bend at the mouth of Spanish Fork
Canyon. This geometry alone suggests that this bend is a segment boundary.
However, Machette's unpublished mapping (1986; 1:10,000 scale) of this area
reveals continuous faulting around the bend with a prominent antithetic fault
zone crosscutting the bend. The net displacement recorded in deposits of the
BLC decreases at the bend in comparison to sites both north and west (perhaps
as a result of the geometry and drag). Nevertherless, the continuity of
faulting and evidence of repeated Holocene faulting all along the segment
suggest that the segment is continuous from just north of Springville to
Payson Canyon, where the fault turns southward into massive landslide
deposits. We suspect that recent faulting continues several kilometers up
Payson Canyon, but we cannot prove it.

Nephi Segment

The Nephi segment, which extends from Payson to Nephi, has two strands:
one bounds the west side of the Wasatch Range in northern Juab Valley and the
second bounds the west side of the Dry Mountains, east of Santaquin Canyon.
Near Mendenhall Creek (about 18.5 km north of Nephi), Holocene ruptures of the
western strand turn northeasterly and strike into the bedrock of the range.
Although evidence of recent faulting is obscured by vegetation and landslides
in the range, we suspect that the WFZ coincides with a major down-to-the-north
bedrock fault that strikes NE toward Santaquin Canyon (Davis, 1983b). The
Manning Canyon Shale, an incompetent unit that is susceptible to landsliding
and intraformational faulting, extends nearly vertically in a northeast
direction between this cross fault and the southernmost trace of éhe eastern
strand at Santaquin Canyon. We suspect that the Manning Canyon is a

convenient pathway for transferring motion along these two en echelon strands
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of the Nephi segment. At the northwest end of the Dry Mountains (about 2 km
east of Santaquin) the Nephi segment turns northeast again and becomes
discontinuous in post-BLC sediments. Young fault scarps (which were
originally mapped by Cluff and others, 1973) continue across Payson Canyon,
then turn northward and bound a narrow bedrock-cored horst block, which is
mantled by beach gravel of the BLC north of Tithing Mountain. At Payson, the
Nephi segment looses definition and is largely coincident with fluvial terrace
scarps graded to regressive (Provo) levels of Lake Bonneville.

North of Payson, the WFZ may continue another 3.5 km to the Benjamin
Cemetery, which is on a low N-S elongated hill underlain by Tertiary Salt Lake
Group (Davis, 1983b). This hill is bounded on the west by the Benjamin fault
of Hintze (1973), which forms a 1-2 m high fault scarp on BLC silts and clays
of the Provo and lower levels. The scarp extends about 2 km south of the hill
to within 1.5 km of Payson. Hintze reports that the fault is also expressed
as an aligned series of hot springs for almost 4.5 km north of the Benjamin
Cemetery (8 km north of Payson; near Lake Shore, Utah). We consider the
Benjamin fault as a northward extension of the Nephi segment.

The Nephi segment is one of two segments of Schwartz and Coppersmith
(1984) that we have not modified extensively (with the exception of the
postulated cross-range fault). The surface trace of the segment is 42.5 km
long; if one includes the Benjamin fault and its subsurface projection to the
north, the total length is about 50 km. The detailed maps of Cluff and others
(1973) show a number of questionable linear features within the city limits of
Nephi, but our reconnaissance could not confirm these as faults. The southern
limit of continuous faulting on the Nephi segment is at Utah Highway 41, about
2 km north of the Nephi Post Office (city center). We found several fault

scarps on alluvial fans (pre-Holocene?) as much as 2 km south of Salt Creek,
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the major canyon due east of Nephi, but saw no evidence that recent movement
has cut the alluvial fan of Salt Creek at Nephi.

Schwartz and others (1983) excavated three trenches at North Creek, their
fourth and last major site along the WFZ. At North Creek, the WFZ displaces
an alluvial fan that contained charcoal dated at 4580 + 250 '*C yr B.P.
(Bucknam, 1978 and written commun., 1987). A topographic profile across the
fan shows the surface has been displaced 7 + 0.5 m. This displacement is the
result of three surface-faulting events, the most recent and second event
being represented by scarp-derived colluvium. An older third event is
suggested by a tectonic strath terrace cut in the North Creek fan surface on
the upthrown block of the fault.

The timing of the most recent event at North Creek is constrained by
radiocarbon dates and scarp morphology. Dates of 1110 + 60 and 1350 + 70 '“C
yr B.P. from charcoal and organic matter in the trenches provide a maximum age
for the most recent event. The steep scarp angles (40-42°) along this segment
of the fault, the lack of upstream migration of a knickpoint in a channel
above the fault scarp, and a generally continuous fault scarp (15 km long)
that lacks vegetation all suggested very recent movement (300-500 yr B.P.) to
Schwartz and others (1983). They estimated 2.0-2.2 m of displacement per
event on the basis of the thickness of scarp-derived colluvial wedges and
topographic profiling of surfaces across the fault. Constraint on the minimum
time since the second event was provided by a radiocarbon date of 3640 + 75
'*C yr B.P. from a soil on the second colluvial wedge. The displacement
during this event was 2.0-2.5 m. The third event (pre-3640, post-4580 *C yr
B.P.) produced 2.6 m of displacement as indicated by the depth of inset of the
strath terrace at the fault. The average of the two recurrence intervals

recorded at this site ranges from 1.7-2.7 ka (Schwartz and others, 1983).
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However, the individual calculated intervals differ by a factor of at least
two (2140-3340 !“C yr versus <940 !“C yr) from the average of two intervals at
the site. This example illustrates the problems inherent in using average
recurrence intervals for analyses of risk.

In June, 1987, Michael Jackson of the University of Colorado excavated a
trench across the southern end of the Nephi segment. His site is just east of
Interstate Highway 1-15 and about 3.5 km north of Nephi. This trench, which
crossed a 5-m-high fault scarp, exposed interbedded distal alluvial-fan
sediments (pebbly sand) and thin, locally derived silty debris-flow
deposits. Three discrete colluvial wedges were recognized along the main
fault, and a fourth (but not necessarily independent) wedge along a subsidiary
fault. These relations suggest 3 to 4 major surface faulting events at the
site. Radiocarbon dating of soil organic matter and TL analysis of the wedges
should provide a second and perhaps longer history of faulting for the Nephi
segment.

The southern end of the Nephi segment and the northern end of the Levan
segment are separated by a 15 km long gap in recent faulting. These gaps seem
typical of distal segments of the WFZ. For example, the boundaries between
the Clarkston Mountain and Collinston segments (northern WFZ) and the Levan
and Fayette segments (southern WFZ) are marked by discontinuous gaps and steps
in faulting. The foothills of the Gunnison Range (the mountains that bound
the WFZ between Nephi and Fayette) also step to the left in this gap.

However, the foothill (bedrock) and valley (basin fill) contact is fault
controlled as evidenced by old degraded fault scarps on middle(?) Pleistocene
alluvial fans. Airphoto reconnaissance and detailed mapping of the gap area
reveals no evidence of Holocene faulting, and little evidence of faulting of

latest Pleistocene (35-10 Ra) age.
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SOUTHERN WASATCH FAULT ZONE

The southern section of the WFZ comprises segments of the fault zone that
do not display Holocene or repeated Holocene movement as contrasted with
repeated Holocene movement along the central section of the WFZ, As such, the
southern section includes only the U40-km-long Levan segment of Schwartz and
Coppersmith (1984). As originally defined, the segment extended from east of
Levan south to a point north of Gunnison, Utah. Machette and others (1986)
suggested that the Levan segment should be subdivided into the Levan
(restricted sense) segment and the Fayette segment, with the boundary between
them at the left step from the Juab Valley to Flat Canyon (the south-trending
canyon north of Fayette). We make this subdivision on the basis of recency of
movement (late Holocene versus no Holocene) and fault geometry (Machette and
others, 1986).

Levan Segment

Our mapping and analysis of scarp morphology suggests that the Levan
segment has Holocene ruptures from the mouth of Hartleys Canyon (3.8 km
northeas£ of Levan) to as far south as Botham Road, (15 km south of Levan).
Just east of Botham Road, the Levan segment steps left about 0.5 km into
bedrock. There is clear evidence of Quaternary faulting for another 3 km
south on the segment, but we cannot tell if the most recent movement is
Holocene or older. The southern end of the Levan segment (including this
uncertain ﬂart) is about 0.5 km east of where Utah Highway 28 crosses the
Juab-San Pete county line. From this point south, the trace of late
Quaternary faulting makes a major step about 3.5 km east and 5 km south to the

next valley where the WFZ lacks evidence of Holocene movement.



Most of the fault scarps in Holocene deposits along the Levan segment are
less that 3 m high and the exposure at Deep Creek suggests that there has only
been one faulting event since early Holocene time. However, fault scarps on
pre-Holocene alluvium are commonly 5-10 m or larger. Therefore, although we
only see evidence for one Holocene event, faulting has occurred repeatedly
along the segment in late Quaternary time.

Until recently, no trenches have been excavated on the southern WFZ.
However, natural exposures along Deep Creek cross a 2.5-m-high fault scarp of
the Levan segment. Schwartz and Coppersmith (1984) and Machette (unpublished
mapping, 1984) have studied this exposure and concluded that there is evidence
of one faulting event. Machette measured a net displacement (NVTD) of about
1.75 m; this is the product of 2.3 m displacement on the main fault and 0.55 m
of offsetting displacement on the graben-bounding antithetic fault. Charcoal
in the faulted alluvium at this site has been dated at 7300 %+ 1000 !*C yr B.P.
(Schwartz and Coppersmith, 1984). At Pigeon Creek, 2 km to the north and due
east of Levan, they reported faulted alluvial-fan deposits that contained
charcoal dated at 1750 + 350 *“C yr B.P. (i.e., maximum age of most recent
faulting). Extensive flooding in 1984 and construction of flood-control
levees has prevented us from restudying the Pigeon Creek site.

Michael Jackson (Univ. of Colorado) excavated a trench across a 3.3 m
high fault scarp on Holocene alluvial fan sediments in June, 1987. The site
is about 1.5 km northwest of Skinner Peaks and about 200 m east of Utah State
Highway 26. Jackson found one colluvial wedge and at least twice as much
alluvium on the downdropped block as on the upthrown block. These relations
suggest one faulting event after stabilization of the alluvial fan, and
perhaps one event during deposition of the fan. Pending !“C dates and TL age

estimates may allow Jackson to date a second event on the Levan segment.
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Fayette segment

The Fayette segment is the southernmost segment of the 370 km long WFZ.
In many ways it is similar to the three segments of the northern WFZ except
that the highest level of Lake Bonneville was below the main trace of the
fault zone. Evidence of latest Pleistocene or early(?) Holocene faulting is
present from just south of Hells Kitchen Canyon south to the Fayette
Cemetery. The Fayette segment has two strands: a UY4-km-long western strand
that strikes south and a 9-km-long eastern strand that also strikes south but
is slightly concave to the west. These two strands intersect near the north
end of the segment. Scarp morphology data from the two strands suggest that
the most recent movement occurred 10-15 ka on the basis of comparison with
morphometric data from the Drum Mountains fault scarps (early Holocene; Crone,
1983; Pierce and Colman, 1986) and the highest shoreline of the BLC (15 ka;
data of Bucknam and Anderson, 1979). In addition, the fault scarps along this
segment typically are eroded at the mouths of canyons, but preserved on
terraces that are elevated 2-5 m above stream level. These relations suggest
that the Fayette segment is substantially older than and separate from the
Levan segment to the north and west.

SUMMARY OF FAULT SEGMENTATION

Our studies show that the WFZ may comprise 10-12 discrete fault segments,
each of which is capable of generating large magnitude earthquakes. However,
4 of the 12 segments have not been active in the past 10-15 ka, so we suspect
that their slip rates are lower and recurrence intervals are considerably
longer than those of the 8 more active segments. Seven of the most active
segments show evidence of multiple surface-ruptures during the Holocene.
Trenches across these segments generally reveal two or three faulting events

in deposits of late to middle Holocene age. Previous studies of segmentation
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have suggested 6 longer segments, so our results shorten the length of

expected surface rupturing and increase the number of segments that could have

—

discrete surface rupturing during major earthquakes along the Wasatch Frggtf

—

The average length of all 12 segments of the WFZ is about 30 km
(table 2). However, the Holocene segments, which adjoin one another along the
central part of the fault zone, average 35 km in length. This value is
comparable with the lengths of surface rupturing that have occurred histor-
ically in the Basin and Range province and in the Intermountain Seismic
Belt. Because the large historic surface ruptures were associated with
earthquakes of M 6.9-7.5 (Moment magnitude), and because past earthquakes have
typically caused about 2 m of surface displacement along the WFZ (Schwartz and
Coppersmith, 1984), we see no reason not to expect large-magnitude (M 7-7.5)
earthquakes along the WFZ in the future.

DISCUSSION OF SLIP-RATE DATA
Slip rates determined from deposits that predate the
Bonneville lake cycle (more than 35,000 yr old)

Sediments that predate the Bonneville lake cycle (BLC; more than 35 ka)
are rarely exposed on both sides of the WFZ along the northern and central
parts of the Wasatch Froqt. However, south of Santaquin, Utah, the WFZ
generally is well above the highest shoreline of the BLC; thereby allowing one
to measure the net slip in both post- and pre-BLC alluvial deposits. In
addition, several isolated exposures on fault segments to the north of
Santaquin provide data on longer-term rates of slip. We have studied these
sites in detail to compare slip rates for the time interval before and after
the BLC. Figure 5 shows slip rates values calculated at various localities
along the WFZ. The fan-shaped array of dashed lines show slip rates (i.e.,

0.5-3.0 mm/yr) for different parts of the time scale represented by faulted
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deposits. 1In order to plot deposits of Holocene to middle Quaternary age on
one diagram, two breaks were made in the time scale, one between 20 ka and 50

“ka and a second between 70 ka and about 120 ka. One should note that the slip

~—

rate iiﬁéﬁ“ﬂo not project through the axis because the scale of the time axis
is different for each of the three time intervals. By plotting the slip rate
data in this manner, one can compare average slip rates over different time
intervals,

For example, at Gardner Creek near Nephi 150-250 ka alluvial-fan deposits
that have well developed calcic soils are displaced of about 30 m across the
fault zone (see Machette, 1984). Thus, the WFZ has had an average slip rate
of 0.12 to 0.20 mm/yr during the past 150-250 ka. At the same site, middle(?)
Holocene sediments are displaced 3.9 m, which indicates an average slip rate
of 0.8-1.0 mm/yr for the past 4-5 ka. These two average rates (labeled as
points A, fig. 5) reflect a 5-fold increase in slip during the latest
Quaternary; such changes in slip rate are typical of the central part of the
WFZ. Similar large-scale temporal changes in slip rate (fig. 5) have been
documented at sites near Santaquin (northern part of Nephi segment), at Dry
Creek northeast of Alpine (American Fork segment), at Little and Big Cotton-
wood Canyons (Salt Lake City segment), at Jim May Canyon (near Honeyville on
the Brigham City segment), at on the Granger fault (West Valley fault zone;

Keaton and others, 1987).
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Wasatch fault zone
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H -- Jim May Canyon, Brigham City segment, Wasatch fault zone
I -- Granger fault, West Valley fault zone (Keaton and others, 1987)

FIGURE 5. Schematic diagram showing some of the slip rates on the Wasatch
fault zone determined from deposits of Holocene to pre-Bonneville lake
cycle age. Letters indicate locations of slip-rate determinations, some
of which are mentioned in the text. Vertical and horizontal bars indicate
range in probable amounts of displacement and age of deposits. Dashed
lines indicate different rates of slip. Note changes in scale at breaks
in horizontal axis (25/40 ka and 80/100 ka).
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Slip rates determined from deposits less than 15,000 yr old

Along the northern and central parts of the WFZ, sediments related to the
BLC have been deposited against or across pre-existing scarps of the fault
zone. Sediments of the BLC (32-10 ka) and Holocene deposits record relatively
high rates of slip all along the central part of the WFZ. For example, Swan
and others (1980) calculated slip rates for three separate geologic units at
the Hobble Creek site (Spanish Fork segment). They range from a maximum of
1.8-2.5 mm/yr in sediments of the highest Bonneville shoreline level (17 t 2
ka), to 0.85-1.0 mm/yr in the sediments of the Provo level (13.5-14 ka) and
0.65-1.3 mm/yr in middle to early(?) Holocene stream sediments (4.5-9 ka)
(these data are labeled as points D on Fig. 5). High-slip rates since culmin-
ation of the BLC at about 15 ka have been noted elsewhere along the Wasatch
Front (points A, C, F, H on Fig. 5) anu on the West Valley fault zone (points
I on Fig. 5). The high slip rates during the past 15 ka (at least) are
strikingly different from the rates recorded by older deposits. 1In addition,
if you look at the average slip rates recorded between the time of deposition
of the older deposit and the culmination of the BLC, the difference in slip
rates is even greater. For example, if 200-ka deposits record an average slip
rate of 0.2 mm/yr (40 m net slip) and adjacent 15 ka lake sediments record an
average slip rate of 1.0 mm/yr (15 m net slip), then the displacement that
occurred between deposition of the two units is only 25 m and the maximum time
for slip is 185 ka. The resulting slip rate is about 0.14 mm/yr, or about 30
percent less than the long-term (200 ka) average slip rate. Thus, a
comparison of intervals of slip rate such as this yields larger changes in
slip rate (7x versus 5x). These observations of large and systematic changes
in slip rate through time suggest a causal relation between hydrologic cycles

of Lake Bonneville and large fluctuations in slip rates on the adjacent WFZ.
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CAUSAL RELATIONS BETWEEN DEEP CYCLES OF LAKE BONNEVILLE AND
HIGH RATES OF SLIP ON THE WASATCH FAULT ZONE

The pattern, magnitude, and regularity of change in slip rates along the
WFZ are of regional extent. The relatively low average slip rates (0.1-0.3
mm/yr) before and possibly during the transgressive phase of the most recent
and deepest Quaternary lake cycle in the Bonneville basin (32-15 ka), and high
slip rates (typically 0.4-1.8 mm/yr) recorded in sediments less than 15 ka
(fig. 5) suggest a regional mechanism is causing large changes in slip on the
WFZ. The accelerated rates of slip after the culmination of the BLC suggests
that the lake may be a causative or at least related factor.

Several aspects of Lake Bonneville's history may have played a part in
increasing slip activity along the WFZ., During the maximum (highest) stand of
the lake, most basins of northwestern Utah were flooded to a maximum depth of
300 m (1000 ft). This depth of water imposes the same load as about 130-160 m
(425-525 ft) of sedimentary rock. Almost all of this load was on the down-
thrown block of the WFZ, and much of it accumulated along the Wasatch Front
near the fault zone. The lake was deep just a few kilometers west of the
central part of the fault zone, where high slip rates have been measured. The
hydrologic load and that from accumulating sediments of ﬁhe BLC increased the
confining pressure on the westward-dipping WFZ (and other intrabasin
structures such as the West Valley fault zone), although increased pore
pressure from the lake may have completely offset any increase in confining
pressure. Nevertheless, if one envisions the earth's crust simply as a gently
upwarped beam, then during deep lake cycles the beam is shortened (compressed)
owing to isostatic depression in the lake basin (as much as 60 m of depression
occurred at the high stand of the BLC). The compression would tend to

increase horizontal forces across steeply dipping normal faults, and perhaps
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retard strain release (see Keaton and others, 1987). The catastrophic fall of
the lake 15,000 yr ago from the highest Bonneville level to the Provo level
(about 100 m lower) was accompanied by rapid isostatic uplift of the basin
(see Crittenden, 1963a,b) and deposition of thick wedges of sediment by major
streams flowing from the Wasatch Range. The rapid changes that occurred over
the Bonneville basin may have triggered rapid slip on the WFZ and some other
structures in the area (such as the West Valley fault zone).

Subsequent desication of the lake to near present levels by 10.5 ka was
accompanied by additional isostatic rebound; the net rebound in the deep parts
of Lake Bonneville was almost 60 m. This crustal rebound (an upward arching;
hence, lengthening of the crust) may have allowed the predominant east-west
extensional forces that are present in the Basin and Range province to become
predominant again.

Thus, there seem to be several possible factors of regional extent
related to the most recent and deepest cycle of Lake Bonneville, which
together may have led to the recent acceleration of slip rates, and hence
paleoseismic activity along the WFZ. Such causal relations are known from
other regions of the world. For example, rapid glacio-isostatic rebound after
the retreat of late Pleistocene ice caps in Scotland, Finland and Sweden was
associated with new and renewed tectonic deformation and (by inference)
seismicity (Morner, 1978). Morner (1978, p. 45) concluded that "intense
faulting, fracturing, and seismic activity are shown to be linked to the
deglaciation phase because of the initiation of changes (our emphasis) in
stress and strain when the rate of glacio-isostatic uplift is near its
maximum. In addition, changes in water level have been associated with
induced seismicity at moderate to large reservoirs throughout the world (see

Simpson's 1986 review of induced seismicity).

A-58



Recent studies of lake sediments that predate the BLC (e.g., Scott and
others, 1983; McCalpin, 1986; McCalpin and others, this volume; McCoy, 1987;
Oviatt and others, 1987) suggest that the Bonneville basin may have been
occupied by shallow to moderately deep pluvial lakes during most glacial
episodes. Oxygen-isotope data from the deep marine record show that major
glaciations occur about every 120,000 yr and with by minor glaciations on
intervals of 40,000-50,000 yr. If the filling or presence of a deep lake
adjacent to the WFZ was a suppressor of strain release (slip) on the WFZ, then
older pluvial lakes of somewhat lesser extent (such as the Cutler Dam and
Little Valley lake cycles shown in Fig. 5) may also have influenced cyclic
movement on the WFZ.

We do not mean to infer that periods of high lake level were times of
seismic quiescence on the fault zone, but rather that during these periods the
WFZ may have had lower slip rates--rates similar to those determined from late
Quaternary faults in the eastern Basin and Range province and backvalleys of
the Wasatch Range (rates of 0.1-0.2 mm/yr are most common for active
faults). However, the late Cenozoic uplift rate for the central Wasatch
Range, as determined by fission-track studies, is about 0.4 to 0.8 mm/yr
(Naesar and others, 1983; Parry and Bruhn, 1986, 1987); this value could
reflect the average effect of cyclic periods of high slip rates {(during low
lake levels) and periods of low slip rates (during high lake levels) on the
WFZ. If this casual relation is correct, one might view the WFZ as having
three "types" of slip rate or tectonic activity: (1) normal rates between
deep lake cycles (perhaps approaching the long term average, (2) low rates
during the transgressive phase of a lake cycle, and (3) high rates during the
regressive phase of a lake cycle. If cyclic patterns such as this exist, it

we need to understand where we are in such a pattern along the WFZ.
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Although there have been only a few detailed studies of paleoseismicity
in the eastern Basin and Range province other than on the WFZ (Nelson and
VanArsdale, 1986; Nelson and Sullivan, this volume), regional studies (Bucknam
and Algermissen, 1984; Wallace, 1984) show that slip rates on other faults in
the province are as much as an order of magnitude less than that documented
for the WFZ during the latest Pleistocene and Holocene. These studies include
some major range-bounding faults in the transition zone between the Colorado
Plateaus and Basin and Range provinces. Many of these faults are considered
to be fundamental, deeply penetrating structures capable of generating large-
magnitude earthquakes. Because these faults have lower slip rates and
generally do not show evidence of short- versus long-term cyclicity in
recurrence intervals, we feel that the proximity of the WFZ to former deep
lakes in the Bonneville Basin may present a unique set of geologic and
hydrologic conditions that could affect assessments of risk from earthquakes
along the Wasatch fault zone.

RECURRENCE OF LARGE EARTHQUAKES ON THE WASATCH FAULT ZONE

Schwartz and Coppersmith (1984, table 2) used estimates of 12-13
(minimum) to 18 (probable) faulting events in the past 8000 yr. Using this
data, they estimated that a major faulting event should occur once every 615-
666 yr on one of their six segments of the WFZ, although their preferred value
was 444 yr. This interval is termed the composite recurrence interval of
faulting, because it considers the whole (composite) WFZ. The sparse data we
have so far (see previous discussions of individual segments) suggest that 18-
20 faulting events occurred in the past 5000 yr on the Holocene segments of
the WFZ (table 4). These data yield composite recurrence intervals of 250-280
yr. If our calculated level of activity proves to be true, then we would

expect to see evidence of 2 or 3 surface faulting events in the past 750-
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800 yr. However, our recent studies and Lund and Schwartz's 1987 trenching at
Mapleton (site 12, table 1) suggest that some of the most recent faulting
events along segments of the WFZ occurred 500-750 yr ago (table 4; sites 9,
12, and perhaps 15). Assuming that a 250-280 yr recurrence interval is valid,
there should have been 2 or 3 faulting events since 750 yrs ago, but none have
been recorded. This leads us and Schwartz (oral commun., 1987) to suspect
that surface faulting along the WFZ may occur in clusters as is presently
happening in the Central Nevada Seismic Belt (Wallace and Whitney, 1984). The
process of clustering, which is physically manifested as a temporal linking of
movement from one fault or fault segment to another, has been termed
"contagion" by D.M. Perkins of the USGS (written commun., 1987) after the
analogy with contagious behavior.

The implications of a contagion earthquake process are significant for
analyses of earthquake risk along the WFZ and other fault zones. For example,
assuming a Poisson distribution of earthquakes (the commonly accepted
distibution), one would expect a major earthquake somewhere on the central
section of the WFZ once every 250-280 yr. This relatively short recurrence
interval poses a significant risk for the heavily populated part of the WFZ,
where many critical structures and facilities have expected lifespans of 100
yr or more. In the case of contagion earthquakes on the WFZ, if the most
recent cluster was about 500-750 yr ago, then one might expect a long period
(perhaps 1500-2500 yr) of tectonic quiescence between the last and next
episode (cluster) of faulting on the WFZ. 1In this case, the contagion process
represents a significantly lower level of risk (almost an order of magnitude

longer time until anticipated surface rupturing) for the central WFZ.
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Although our preliminary data presents compelling evidence of non-Poisson
distribution of earthquakes on the WFZ, we still have only poor estimates of
the variability of earthquake recurrence on individual segments and between
clustered episodes of earthquakes. Proving that the contagion-process is
valid for the WFZ will require many more ages and more-precise dating control
for the past several surface faulting events on most segments of the WFZ.
CONCLUSIONS

"...the filling of the Bonneville Basin with water added a very con-

siderable weight to the valleys, and therefore to the down-thrown

blocks, and made no corresponding addition to the uplifted blocks

represented in the mountain ranges....It is therefore theoretically

conceivable that during the presence of the lake the process of

faulting along the mountain bases was stimulated, and that after the

evaporation of the water the process was correspondingly retarded."

(G.K. Gilbert, 1890)

Although we generally concur with Gilbert's suggestion of a causal
relation between Lake Bonneville and the Wasatch fault zone, which he made
almost 100 yr ago, we suspect that faulting was stimulated by the trans-
gressive rather than regressive phase of Lake Bonneville. There is convincing
evidence from the recent trenching and detailed mapping of Quaternary geology
along the Wasatch Front that the Wasatch fault zone has continued to be very
active in the Holocene (past 10,000 yr). In addition, the recognition of ten
to twelve discrete segments of the Wasatch fault zone, eight of which have
demonstrable Holocene movement, increases the possible number of separate
localities where earthquakes and their associated surface ruptures may occur
along the Wasatch Front. Although recurrence intervals for individual

segments are still being analyzed, we now think that major earthquakes have
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and will continue to strike the central heavily urbanized section of the WFZ
on an average of once every 250-280 yr. This estimate is significantly
shorter than Schwartz and Coppersmith's (1984) preferred composite-recurrence-
interval of 444 yr. However, we have no evidence that large earthquakes
(those that cause significant surface-faulting) have occurred as recently as
the average would demand, thus some form of contagion process (temporal

clustering of earthquakes) may be active along the WFZ.
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PERSISTENT AND NONPERSISTENT SEGMENTATION OF THE WASATCH FAULT ZONE, UTAH--
STATISTICAL ANALYSIS FOR EVALUATION OF SEISMIC HAZARD

by

Russell L. Wheeler and Katherine B. Krystinik
U.S. Geological Survey
Denver, Colorado

ABSTRACT

The Wasatch fault zone of central Utah might be divided into segments
that tend to rupture independently of each other. If so, ruptures of
sufficiently large earthquakes would tend to start and stop at segment
boundaries, and would tend not to cross boundaries. The validity of the
segmentation hypothesis will affect how seismic hazard is estimated for the
Wasatch Front urban corridor, the severity of the estimated hazard, and the
degree to which the estimated hazard is concentrated into the state's
population centers along the central part of the Wasatch fault zone.

To test the segmentation hypothesis we examined Bouguer gravity data,
earthquake epicenters, fault-zone geometry, and aeromagnetic, topographic, and
structural data along the fault zone. 1In each of the six data types we sought
the kinds of anomalies (characteristic expressions) that a long-lasting
segment boundary should produce. Anomalies in fault-zone geometry are large
footwall salients, at which the east (upthrown) wall of the north-striking
normal-fault zone projects west into the hanging wall and the fault trace bows
westward around the projections. Of 26 anomalies in the six data types, four
are salients, from north to south the Pleasant View, Salt Lake, Traverse
Mountains, and Payson salients. Salients appear to be the most fundamental

anomalies: 17 of the other 22 anomalies coincide with the salients; at each



salient, anomalies in three to five other data types coincide; and no other
anomalies coincide elsewhere. Geological processes other than segmentation
might have produced any of the anomalies, but only segmentation or chance
could produce such coincidings of anomalies in a way that is consistent with

the geological evolution of central Utah. With simulation experiments and

statistical tests of the results of the simulations we show that the observed
degree of anomaly coinciding should not be attributed to chance.

Formation of the salients occupied much or all of the history of the
Wasatch fault zone. Fault scarps of late Pleistocene and Holocene age tend to
end or change age at the salients, showing that scarps also are segmented
there. We conclude that the Wasatch fault zone has been persistently
segmented at the four salients throughout much or all of its 10-m.y. history,
and will likely continue to be segmented there through at least the next
several millenia, which is the time span of interest for hazard evaluation.

From mapping of late Quaternary deposits along the fault zone, other
workers detected these four persistent segment boundaries, plus five other
boundaries that are little expressed or poorly expressed in our six data
types. The five others might be nonpersistent boundaries, alternating between
active states in which they control several successive ruptures, and inactive
states in which they do not. Although recently active, such boundaries might
change state and so are less likely to affect the next few large ruptures than
are the persistent boundaries. Fortunately for the estimation of seismic
hazard, most of the segment boundaries in the populous central part of the
Wasatch fault zone are persistent, so that their past behavior is a reasonable
guide to their expected future behavior.

From consideration of the persistent boundaries we conclude that others

should exist on other normal-fault zones where exposed or shallowly buried
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transverse bedrock ridges, some with salients, indicate accumulated slip
deficits, and where two or more individual large historic or prehistoric
ruptures zones have started or stopped. Testing this model against five
historic earthquake sequences in and near the Basin and Range province

indicates the existence of two persistent boundaries on the Lost River fault

zone of Idaho (which broke in 1983), one persistent boundary between the Dixie
Valley and Fairview faults of Nevada (December 1954), and one persistent and
one nonpersistent boundaries in the Pleasant View, Nevada, rupture zone
(1915). The north end of the Dixie Valley fault is not a segment boundary,
persistent or otherwise. Both ends of the Rainbow Mountain, Nevada, rupture
zone (July-August 1954), the south end of the Fairview Peak rupture zone, and
the north end of the Pleasant Valley rupture zone have too little information
available to test the model. The Hebgen Lake, Montana, earthquake (1959)

occurred on a fault zone that is too young for the model to apply.



INTRODUCTION

Segmentation

Swan and others (1980) and Schwartz and Coppersmith (1984) hypothesized
that the Wasatch fault zone is divided into six segments that are mostly or
wholly independent of each other structurally and seismogenically. The
proposed segments range in length from at least 30 km to about 70 km (fig.

1). Schwartz and Coppersmith (1984) also hypothesized that seismic energy
release on a given segment occurs mostly as earthquakes of a size that is
characteristic of the segment., These characteristic earthquakes would rupture
the whole segment but would not rupture across segment boundaries into

adjacent segments. This report concentrates on the segmentation hypothesis.

FIGURE 1. FOLLOWING TEXT

If the segmentation hypothesis is valid for the Wasatch fault zone, there
would be two consequences for hazard evaluation in Utah. First, segmentation
would affect the geographic distribution of expected large earthquakes along
the Wasatch fault zone. Scarp-forming earthquakes in the last 8,000 years
have been concentrated in the four central and most heavily populated of the
proposed segments (Schwartz and Coppersmith, 1984, table 2). Compared to the
frequencies that would be expected in the central segments if scarp-forming
earthquakes were distributed uniformly along the fault zone, the data of
Schwartz and Coppersmith (1984) imply that segmentation could nearly double
the frequency of scarp-forming earthquakes in the Salt Lake City and Nephi

segments, by maintaining the number of large earthquakes in the fault zone as



a whole but concentrating them into the middle segments.

Second, segmentation would change probabilistic maps of seismic hazard.
Production of such maps requires estimates of three things: the magnitude of
the largest expected earthquake, the frequency distribution of earthquakes of
various magnitudes, and the geographic area (seismic source zone) over which
the estimates of magnitude and frequency apply (Algermissen and others, 1982;
Thenhaus, 1983). Segmentation of the Wasatch fault zone would change all
three estimates because each segment would become a separate source zone.

Each segment would have its own maximum expected magnitude and frequency
distribution. Estimates of these things would probably have larger
uncertainties than if the whole Wasatch fault zone were treated as a single,
unsegmented source zone, because each segment would have to be evaluated using
only the comparatively sparse data from within its source zone. The estimated
maximum magnitude might decrease because earthquakes large enough to rupture
more than one segment (multi-segment earthquakes) might be precluded. Then
the estimated frequency of single-segment earthquakes might increase because
the strain that would have been released by one multi-segment earthquake would

have to be released in several smaller, single-segment earthquakes.

Purpose

Following Schwartz and Coppersmith (1984), our study area is the Wasatch
fault zone between lat 39° N. and 1at 42° N. (the Utah-Idaho border), a north-
south distance of 332 km. For this area we examined several types of geologic
and geophysical data that might contain anomalies (characteristic expressions
of long-lasting segment boundaries). For each kind of data we expanded or

contracted the study area to whatever width was needed to characterize



pertinent aspects of the data at the fault zone.

Wheeler (1984) examined the aims of hazard evaluation and analyses of
temporal variations in the long historical record of seismicity in a
tectonically analogous part of China. He concluded that the geologic records
that are most likely to be useful in evaluating segmentation are those that
formed during, or can be shown to bear on, the Holocene and late
Pleistocene. The importance of Holocene and late Pleistocene records would
increase if the degree of independence between segments, and the level of
seismic activity on single segments, change over centuries to millenia (Smith
and Richins, 1984, p. 79; Machette, 1984; Personius, 1985; Machette and
others, in press). 1In fact, examinations of different parts of the Quaternary
geologic record led Maclean (1985), Mayer and Maclean (1986), Personius
(1986), Nelson and Personius (1987), and Machette and others (1986, in press)
to choose segment boundaries, some of which differ from boundaries recognized
in the Holocene record by Schwartz and Coppersmith (1984). These differences
might indicate that different segment boundaries have persisted for different
lengths of time.

The segmentation hypothesis was based mostly on data from trenches that
were dug across scarps of the Wasatch fault zone at only four sites (fig.

1). The trench data are sufficient to suggest the segmentation hypothesis,
but one trench site per segment is not enough to evaluate the hypothesis.
Schwartz and Coppersmith (1984) observed several apparent spatial associations
of the proposed segment boundaries with anomalies in topographic, geophysical,
and other data. They suggested that these spatial associations are better
than would be expected to occur by chance. Wheeler (1984) noted that an
appropriately formulated statistical test could provide a rigorous evaluation

of these and other spatial associations, and therefore of the segmentation



hypothesis.

Thus, to evaluate the segmentation hypothesis as it applies to the
Wasatch fault zone, our purpose is to answer two questions. First, do
segments exist along the Wasatch Front, or are they artifacts of subjective
perception and a small sample, being indistinguishable from patterns that
could arise by chance? Second, if segments exist, have they affected uplift
and seismicity along the fault zone both during the Holocene and far enough
back in geologic time that the segments can be expected to continue to affect

seismicity for the next decades to millenia?
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METHODS

Anomalies

Wheeler and Krystinik (in press b) examined six kinds of data along the
length of the Wasatch fault zone in Utah for the kinds of anomalies that a
long-lasting segment boundary might produce. Each data type and its anomalies
satisfy seven criteria (Wheeler and Krystinik, in press b) that insure that
the anomalies pertain to identification of segment boundaries and to
evaluation of seismic hazard, are reliable, and can be analyzed by the
statistical and related methods of Wheeler and Krystinik (in press a).

At several places along the fault zone anomalies in two or more data
types coincide. (Anomalies in the same data type cannot coincide because they
would merge into a single anomaly.) Two anomalies form a coincident pair if
either overlaps the center of the other (Wheeler and Krystinik, in press a).
Three anomalies can form as many as three coincident pairs. If all three
pairs exist, the three anomalies form a triplet. Similarly, m anomalies
define an m-tuplet if the anomalies overlap enough to form all of the possible
m(m-1)/2 coincident pairs (Wheeler and Krystinik, in press a). For example,

six anomalies that form 15 coincident pairs form a sextuplet.

Data

The gravity data show transverse anomalies G1-10 (table 1, fig. 2) as
groups of east-trending zones of gravity saddles, east-trending gradients, and
ends of north-trending gradients and gravity lows. The transverse gravity

anomalies match those derived independently by Zoback (1983) and include those



of Mabey (in press). All of us interpreted G1-10 to record changes along the
normal-fault zone in the depths to the bhottoms of adjoining basins in the
hanging (west) wall. Wheeler and Krystinik (in press b) argued that basin
subsidence probably occurred by seismic slip on the fault zone, so that
adjoining hanging-wall basins with different amounts of subsidence would abut
parts of the fault zone with different seismic histories. If so, then a
transverse gravity anomaly that separates such basins could be a segment
boundary. We do not claim that Gi1-10 must represent segment boundaries. We
only observe that long-lasting segment boundaries or their effects should
produce transverse anomalies like G1-10, which justifies examination of the
gravity data and of G1-10. We make similar observations for the other five

data types.

TABLE 1.-- FOLLOWING PAGES

FIGURE 2.~- FOLLOWING TEXT

The total magnetic-intensity data show transverse anomalies M1-3 as east-
trending belts of east-trending gradients and of narrow, high-amplitude
magnetic highs (Zietz and others, 1976). Mabey and others (1964) attributed
M1 to uplifted and exposed Precambrian metamorphic rocks, and M2 and M3 to
buried and exposed intrusive and volcanic rocks of Tertiary age, with
associated mineral deposits. Wheeler and Krystinik (in press b) suggested
that M1 is bounded on the south and perhaps on the north by cross faults along
which the metamorphic rocks were uplifted, perhaps on lateral ramps in
Cretaceous thrust faults. Wheeler and Krystinik (in press b) also suggested

that M2 and M3 might be localized by fracture systems that extend to depths at



TABLE 1.--Locations of transverse anomalies

{Study area is 332 km long, north to south, with north end at Utah-Idaho
border. Leaders (~--) indicate that the first anomaly in a data type begins
south of the Utah-Idaho border. For example, M1 begins 54 km south of the

border. Values are from Wheeler and Krystinik (in press b).]

Distance south of

Utah-Idaho border (km)

Transverse North end of South end of Transverse Distance to next
anomaly transverse transverse anomaly transverse anomaly
number anomaly1 anomaly width (km) 2 to south (km) 3

Gravity data

G1 -10 2 2 10
G2 12 17 5 4o
G3 57 63 6 5
Gh 68 78 10 45
G5 123 135 12 13
G6 148 157 9 9
G7 166 175 9 1M
G8 186 192 6 19
G9 211 237 26 42
Gi0 279 292 13 4o

Aercmagnetic data

B~-10



54

M1 54 130 76 18
M2 148 173 25 54
M3 227 246 19 86
Seismological data
== == --- --- 59
Se1 59 78 19 y2
Se2 120 133 13 8
Se3 T 15 10 62
Sel 213 226 13 106
Fault geometry (salients)
- - - --- 70
Sail 70 76 6 48
Saz2 124 134 10 31
Sa3 165 169 4 48
Sad 217 230 13 102
Topographic data
- - - -—- 130
T1 130 140 10 107
T2 247 254 7 78




Structural data

--- --- --- --- 112
St1 112 138 26 8
St2 146 167 21 53
st3 220 245 25 87

L Zoback (1983, fig. 2) showed that transverse anomaly G1 extends 10 km
north of Utah-Idaho border., Data north of border lie outside study area and
are not used here, so width of G1 is taken as 2 km.

2 For each data type, sum of these values is length of study area that is
occupied by transverse anomalies.

3 For each data type, last entry is distance from southmost transverse
anomaly to south end of study area at lat 39° N. For each data type, sum of
values in this column is length of study area not occupied by transverse

anomalies.
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which magma was generated. Pre-existing faults or other fracture zones that
cross the late Tertiary (Naeser and others, 1983) Wasatch fault zone might
segment it by separating and decoupling adjoining blocks of one or both fault
~walls.

Seismological data show anomalies Sel-4 as changes along the fault zone
in abundance of epicenters of small earthquakes that occurred near the trace
of the fault zone during 1962-1986 (Arabasz and others, 1980; Arabasz, 1984;
Smith and Richins, 1984; W.J. Arabasz, oral communs., 1986). The changes
could represent differences in present-day rates of seismic slip between
adjacent lengths of the fault zone. Such differences could represent
different rates of long-term seismic slip, different ratios of seismic to
aseismic slip, or different magnitudes and frequencies of the earthquakes by
which seismic slip occurs, any of which could arise from independent slip of
two fault segments separated by a change in epicentral abundance. Then Sel1-4
could be segment boundaries,

The geometry of the fault zone shows anomalies Sal-4. At each place the
footwall projects west into the hanging wall as a large salient, and the
mapped trace of the fault zone or one of its strahds bends west around the tip
of the salient (Hintze, 1980; Davis, 1983a, b, 1985). The trace of the fault
zone also forks or steps en echelon at the salients. Respectively, Sat-4 are
the Pleasant View, Salt Lake, Traverse Mountains, and Payson salients (Wheeler
and Krystinik, 1987a, b, in press b). 1If slip vectors change orientation
across the salients, then by definition the salients are non-conservative
barriers as described by King (1983). King (1983), King and Yielding (1984),
and King and Nabelek (1985) suggested a mechanism by which large ruptures
would tend to start and stop at non-conservative barriers. Briefly, if two

adjacent parts of a fault slip along different vectors, the slip geometry at
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the junction of the two parts requires the formation of a network of many
subsidiary faults surrounding the junction. The network is the process zone
of King and Nabelek (1985). The energy of an incoming rupture is absorbed by
the process zone and dispersed into small slips on many of its faults. Large
ruptures that propagate toward the process zone tend to stop there, so the
zone is a barrier. The shattered process zone has low strength but high
fracture toughness, so it also acts as an asperity and large ruptures tend to
start there and propagate away along the main fault. Accordingly, ruptures
tend not to cross the process zone so it becomes a segment boundary. Bruhn
and others (in press a,b) concluded from structural measurements and geometric
arguments that slip vectors change orientation across the Salt Lake and
Traverse Mountains salients. Nelson and Personius (1987) noted that young
fault scarps end or change age at the Pleasant View salient, as would be
expected of a non-conservative barrier. If the mechanism of King and Nabelek
(1985) operates at the salients, they would be segment boundaries.

Transverse topographic anomalies Ti1-2 are formed where height of the
uplifted mountains, their width, or both change abruptly northward or
southward. Of all six data types, choice of anomélies in topographic data is
the most subjective and the least 1likely to be give reproducible results. To
insure reproducibility Wheeler and Krystinik (in press b) used only those
topographic anomalies that were recognized by a majority of 12 independent
intepreters. Of 14 suggested topographic anomalies, two were chosen by at
least nine interpreters, and no others by more than five. A topographic
anomaly could mark a place along the fault zone where a footwall block has
been uplifted more than its neighbor across the anomaly. Because much or all
uplift has occurred seismically, a topographic anomaly could separate lengths

of the fault zone that have different seismic histories and could be a segment
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boundary.

Structural anomalies St1-St3 were chosen by considering the depths at
which large normal faults of the Basin and Range province typically nucleate
(about 15 km, at or near the base of the brittle upper crust: Smith and
Richins, 1984, p. 97, figs. 9, 11). Large cross-faults that extend to this
depth could decouple adjoining lengths of the Wasatch fault zone from each
other and could act as segment boundaries. Wheeler and Krystinik (in press b)
reviewed the structural evolution of central Utah and found three large, east-
striking faults or fault zones (St1-3) that could serve as structural
anomalies and could extend to depths of about 15 km.\ St1 is a buried lateral
ramp in thrust sheets that moved eastward into north-central Utah mostly in
Cretaceous time (Armstrong and Oriel, 1965; Oriel and Armstrong, 1966;
Armstrong, 1968; Royse and others, 1975). The ramp is nowhere exposed but
Smith and Bruhn (1984), Schirmer (1985), and Wheeler and Krystinik (in press
b) used geometric arguments to conclude that the ramp must dip north. St3, a
similar north-dipping lateral ramp at the south end of a more southerly thrust
sheet, also formed in Cretaceous time (Crittenden, 1961; Armstrong, 1968;
Lawton, 1985; Bryant and Nichols, in press). The top of the ramp is exposed
in the south end of the Wasatch Range northeast of Nephi (Hintze, 1980). St2
is the buried fault system that is inferred to bound and underlie the Uinta
aulacogen, a long-lasting trough (Forrester, 1937) that extends more than 200
km eastward from the Salt Lake City segment (fig. 1). The aulacogen probably
formed as an east-trending continental rift in middle Proterozoic time
(Hansen, 1965; Wallace and Crittenden, 1969; Burke and Dewey, 1973). 1Its
existence is inferred from a long stratigraphic record of repeated,
superimposed, eastward-elongated uplifts and downwarps from middle Proterozoic

and perhaps Archean through Oligocene time (Bryant, 1985; Wheeler and
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Krystinik, in press b) and from young, inward-dipping reverse faults that
bound the inferred aulacogen along its north and south edges (Bruhn and
others, 1983; Gries, 1983; Stone, 1986). However, we found no evidence that
the reverse faults penetrate as deeply as 15 km, or that they were active when
the aulacogen formed during middle Proterozoic time. Accordingly, Wheeler and
Krystinik (in press b) took anomaly St2 to represent the entire system of
deep, east-striking, unexposed faults that are inferred to underlie the

aulacogen, from the north edge of the aulacogen to the south edge inclusive.
Causes of Coincident Anomalies

Segmentation and other geologic processes might each produce single
anomalies of the kinds described above. Coincident anomalies might be
produced by segmentation, by some other geologic process that affects more
than one data type, or by chance in the form of the spatially random operation
of independent geologic processes that each affect only one data type. We
will attribute coincident anomalies to segmentation if we can eliminate the
two alternative causes. Geologic processes other than segmentation must be
eliminated by consideration of the geologic evolution and characteristics of
central Utah. Chance must be eliminated statistically before the coincident
anomalies can be considered worth interpreting, either as segment boundaries

or as manifestations of any other geologic processes.
Geologic Causes of Anomalies other than Segmentation

Transverse anomalies G1-G10 in Bouguer gravity data can be interpreted as

separating sediment-filled, hanging-wall basins (Zoback, 1983). Such
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anomalies would reflect segment boundaries because they would separate parts
of the fault zone that have slipped separately and perhaps independently.
Overlaying an enlarged version of the Bouguer gravity map of Zoback (1983) on
the geologic map of Hintze (1980) indicates that G5-G7 can be tentatively
attributed partly to large lateral ramps in thrust sheets. The ramps could
act as segment boundaries by decoupling adjacent parts of the Wasatch fault
zone so that the parts could slip independently of each other. Other kinds of
east-striking cross faults might also cause transverse gravity anomalies, such
as east-trending gravity gradients, by juxtaposing rocks of different
densities. Deeply penetrating cross faults could also decouple adjacent parts
of the Wasatch fault zone and act as segment boundaries. For example, east-
striking faults in the Uinta aulacogen or at its edges could cause G6 and
G7. Edges of high-density igneous rocks could produce transverse gravity
anomalies, but intrusive and extrusive igneous rocks at and near the Wasatch
fault zone generally have low densities, some comparable to those of
surrounding sedimentary rocks (Zoback, 1983, p. 5, 11). Also, most edges of
gravity highs near the fault zone follow the contact between bedrock and
basin-filling sediments more faithfully than they follow contacts between
igneous rocks and other rocks (Zoback, 1983; Hintze, 1980), and so appear to
outline shapes of basins instead of igneous bodies. Facies changes within the
sediments that fill some basins could produce lateral density contrasts
(Mabey, in press), but these contrasts are likely to be too small to produce
the 10-40 mgal of gravity relief that occurs across several of anomalies G1-
G10. Thus, segment boundaries of one form or another are the most likely
explanation for most of G1-G10.

Mabey and others (1964) attributed transverse anomalies in the

aeromagnetic field to exposed Precambrian rocks (M1) and to east-trending
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belts of igneous rocks (M2, M3). The Precambrian rocks form the main mass of
a thrust sheet, whose southern edge is a lateral ramp (Wheeler and Krystinik,
in press b). The magma that fed the igneous belts could have risen along
east-trending systems of fractures. Both lateral ramps and deeply-penetrating
fracture systems could decouple adjacent parts of the Wasatch fault zone,
causing its segmentation. Of the various ways to emplace magnetic rock into
nonmagnetic surroundings, only thrusting and igneous activity are consistent
with the geologic his%pry of north-central Utah. For example, sedimentary
processes do not produce magnetic anomalies with the magnetic relief of M1-M3
(200-800 gammas: Zietz and others, 1976), and uplift of magnetic rock in
mantled gneiss domes would have been restricted to more westerly parts of the
orogen whose eastern parts are preserved along the Wasatch Front. The only
reasonable explanations for Mi1-M3 are consistent with these transverse
anomalies being expressions of segment boundaries.

By definition, seismological anomalies Seil-Sel are segment boundaries for
the small earthquakes that were recorded during 1962-1986.

Sal1-Sali are salients, where the Wasatch fault splits and rejoins itself
to enclose a partly downdropped block (Sa1l, Sa2), bends sharply (Sal, Sa3), or
steps en echelon to the east or west (Sal) (Wheeler and Krystinik, in press
b). Our inspection of fault patterns and bedrock lithologies ﬁear Sai1-Sal
(Hintze, 1980) suggests two possible causes for such splits, sharp bends, and
steps. In the upper few kilometers of the crust, a massive, unlayered or
irregularly layered rock mass might have sufficient fracture toughness that a
rupture propagating toward the mass might more easily go partly or entirely
around it than straight through it. This might have happened at the south end
of the Archean migmatites, schists, and gneisses of the Farmington Canyon

Complex (Bryant, 1984) at Sa2, and along the margin of the quartz monzonite of
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the Little Cottonwood stock (Crittenden, 1965) at Sa3. Alternatively, two
ruptures that nucleate independently of each other and propagate toward each
other are unlikely to meet perfectly aligned., Their tips would probably
propagate past each other for some distance before each rupture curved to join
the other. The result could be a sharp bend in the combined fault trace (Sal,
Sa3), a fault trace that appears to split and rejoin itself (Sal, Sa2), or en
echelon steps in the fault trace (Sad), Whether a salient originates and
grows at a tough rock mass, or where two rupture tips barely miss each other,
or in both ways, each of the four salients has hundreds to thousands of times
the structural relief that it could acquire during one large earthquake. Each
salient must have grown over many recurrence intervals of such earthquakes. A
salient that grows by similar behavior of many large ruptures is a segment
boundary.

Topographic anomalies T1 and T2 could be produced by differences in rates
or amounts of uplift across a segment boundary, irregular fault geometry,
lithologic variation, variation in geometry of the thrust sheets and related
folds that are exposed throughout most of the east wall of the Wasatch fault
zone, or variations in erosion rate and stream siée. The second through
fourth factors might be related to segment boundaries, but need not be. Later
we will show that topographic anomalies are poorly associated with inferred
segment boundaries. Perhaps the plethora of possible causes of topographic
anomalies is the reason for this poor association. Tt is a topographic low
(Wheeler and Krystinik, in press b) that coincides with Mesozoic rocks in and
near the Parleys Canyon syncline (Crittenden, 1974). The Mesozoic rocks are
bounded on north and south by more resistant Precambrian rocks (Hintze,

1980). T2 is also a topographic low (Wheeler and Krystinik, in press b) that

coincides with a river that cuts through easily erodable Mesozoic strata
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(Hintze, 1980). These strata pass northward under the resistant Paleozoic
rocks of a thrust sheet, which form a tall mountain at the north edge of T2
(Hintze, 1980). Thus, both topographic anomalies might arise from lithologic
variations that need not be related to segment boundaries.

Anomalies in pre-Cenozoic structure are large lateral ramps that dip
moderately northward (St1, St3) and an inferred system of east-striking faults
(of unknown geometry) of the Uinta aulacogen (St2) (Wheeler and Krystinik, in
press b). St1-St3 are inferred to cut the upper crust. All three could act
as segment boundaries by decoupling adjacent parts of the Wasatch fault zone,-
allowing the parts to operate as independent segments. No other similar
structures are known along the fault zone. The best candidate for a similar
structure is the north-dipping Willard fault (Crittenden, 1972), which dips
too gently to be considered a segment boundary (Wheeler and Krystinik, in
press b).

In summary, transverse anomalies in aeromagnetic and seismological data,
salients, and pre-Cenozoic structures can be reasonably explained only as
expressions of segment boundaries, or of faults and other fractures that could
act as segment boundaries. Topographic anomalies-can have causes other than
segment boundaries, but are the anomalies that are least involved in the
inferred segment boundaries of the Wasatch fault zone. There are so many
transverse gravity anomalies that one might expect some to have causes other
than segment boundaries. Some of the other causes are geologically
reasonable, and in fact as we will show later four of the ten transverse
gravity anomalies do not coincide with other anomalies (G1, G2, G8, G10: fig.
2). However, the striking grouping of most anomalies into a few anomalous
parts of the fault zone (fig. 2) can be reasonably attributed only to the

operation of segment boundaries, or to chance.
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Simulation and Statistical Procedures

Wheeler and Krystinik (1987a) described or derived several procedures for
summarizing and evaluating how anomalies are distributed along the fault
zone. They illustrated these procedures by applying them to an artifical data
set that resembles a simple version of the real data of figure 2. Among these
procedures is modification and use of the Jaccard coefficient J (Cheetham and
Hazel, 1969) to identify strongly associated data types, or those which tend
to have and lack anomalies at the same places along the fault zone. One non-
negative value of J can be calculated for each pair of data types. Values of
J near or larger than 1 identify pairs of data types that are comparatively
strongly associated. These data types might be more useful together than
separately for interpreting the observed pattern of anomalies. Conversely,
values of J near O identify pairs of data types that are comparatively
unassociated, and which tend to have and lack anomalies without regard to each
other. We chose all data types and their anomalies with an eye to identifying
segment boundaries, so any data type that tends to be unassociated with the
others, and particularly with data types of most interest for identification
of segment boundaries, probably can be dropped from further consideration.

Simulations and appropriately designed statistical tests aid in deciding
whether anomalies in the observed pattern (fig. 2) coincide more than should
be attributed to chance. Each simulation takes the observed number and widths
of anomalies in each data type and locates the anomalies randomly along the
fault zone. Each simulation produces a simulated anomaly pattern that
resembles figure 2 to some degree. For the anomalies of figure 2 we performed

300 simulations. This number was chosen as being large enough to smooth out
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peculiarities of any small group of simulated patterns, but small enough for
the simulations to be computationally feasible.

Each anomaly pattern plots in a three-dimensional graph according to its
numbers of triplets, quadruplets, and quintuplets (fig. 3). Only one
simulation produced a sextuplet, so this single simulated pattern will be
treated individually. Wheeler and Krystinik (in press a) described a simple
way to perform the statistical test, by counting the numbers of patterns that
plot in serial sections through figure 3 (fig. 4). Each observed or simulated
pattern plots on one of a few serial sections. For example, the patterns for
the data from the Wasatch fault zone all plot on the first three sections
because each pattern has k = 0, 1, or 2 quintuplets. The significance plane
S' intersects each section in a dashed line (fig. 4), although only one
section and one dashed line contain the point P that corresponds to the
observed pattern. N(e) is the number of simulated patterns that plot on or
outside (farther from the origin than) the dashed lines, summed over all
serial sections. Points C and D (fig. 4) contribute to N(e). N(p) is the
total number of simulated patterns in all the sections, so points B-D (fig. 4)
all contribute to N(p). The level of significance of the statistical test is

N(e)/N(p) (Wheeler and Krystinik, in press a).
FIGURE 3.-- FOLLOWING TEXT
FIGURE 4.-- FOLLOWING TEXT

3

Locational Uncertainties of Anomaly Edges

The north and south edges of each anomaly have locational
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uncertainties. Most uncertainties are +1-5 km (Wheeler and Krystinik, in
press b). We investigated effects of uncertainties by analyzing two observed
patterns in addition to that of figure 2, which shows the measured and most
likely width of each anomaly (table 1). One of the other patterns shows the
minimum anomaly widths that are allowed by the locational uncertainties, and
was tested against 300 simulations of the locations of these narrowed
anomalies. The other pattern shows maximum allowable widths. It was tested
against only 100 simulations because the wider anomalies generated more and
larger coincidings, and greatly increased computation time made more
simulations infeasible. Thus, we did three statistical tests instead of
one. We tested for significance with each of these three sets of
simulations. The principles of simultaneous inference (Miller, 1981, p. 8)
require that each of the three tests use a level of significance of 0.05/3 =

0.0167 instead of the habitual 0.05.
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DESCRIPTIVE RESULTS

Observed Pattern of Anomalies

Gravity, aeromagnetic, seismological, and topographic data, salients, and
pre-Cenozoic structures together define a total of 26 anomalies along the
Wasatch fault zone (fig. 2). Locational uncertainties of anomaly edges define
minimﬁm and maximum widths for each anomaly (fig. 5). Most anomalies occupy

only a small fraction of the fault's length of 332 km (fig. 6).

FIGURE 5.~~ FOLLOWING TEXT
FIGURE 6.~~~ FOLLOWING TEXT
Anomalous Sections of the Fault Zone

Most of the 26 anomalies fall in four narrow, well demarcated, anomalous
sections of the fault zone (fig. 7). Only five anomalies occur singly or
elsewhere (fig. TA). This striking concentration of anomalies into four
distinct parts of the fault zone is robust, being weakened little even if each

anomaly takes on its extreme widths (figs. 7B, C).

FIGURE 7.-~-FOLLOWING TEXT
Triplets, quadruplets, and quintuplets of coincident anomalies are built

up from coinecident pairs. For example, about at km 70 five anomalies in four

data types are involved in eight pairs (fig. 7A). These five anomalies could
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define as many as ten pairs. Of these ten possible pairs, that between
anomalies G3 and GU is forbidden because two anomalies in the same data type
cannot coincide. Anomalies G3 and Sal do not overlap and so cannot form a
pair. The other eight possible pairs are all present. A triplet is present
if and only if all three possible pairs between its three anomalies also are
present. At km 70 pair lines define five triplets: G3-M1-Sei1, GU-M1-Sel, Gi-
Se1-Sal, GL-M1-Sal, and M1-Sel1-Sal, Similarly, a quadruplet is formed by six
pairs among four anomalies. At km 70 the only quadruplet is GL4-M1-Se1-Sal.
No quintuplet can link these four anomalies with G3 because the G3-GY4 pair is
forbidden and the G3-Sal pair is not present If anomalies take on their
maximum widths, no change occurs in this list of pairs and m-tuplets (fig.
7C). However, using minimum widths breaks the pair G3-Sel, which causes the
triplet G3-M1-Sel to degenerate into its two remaining pairs (fig. 7B).

The six coincident anomalies at km 160 and the five at km 230 can be
examined similarly. The six anomalies in six data types at km 130 are linked
more complexly (fig. 8). Consideration of figure 8 will reveal the 12 pairs,
11 triplets, five quadruplets, and one quintuplet that are summarized at the
right edge of figure 7A. Narrowing anomalies to their minimum widths breaks
the pairs G5-M1, G5-T1, M1-Se2, and M1-Sa2 and causes some m-tuplets to
degenerate (fig. 7B). Widening anomalies to their maximum widths produces all
possible pairs except M1-T1, with the consequent addition of some m-tuplets

(fig. 7C).

FIGURE 8.—- FOLLOWING TEXT

Some of these pairs and m-tuplets duplicate each other. A quintuplet

comprises five quadruplets, which duplicate it. Similarly, a quadruplet
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comprises four triplets, and a triplet, three pairs. After duplicates have
been deleted, for measured widths, the observed pattern contains one
quintuplet, one quadruplet, eight triplets, and one pair (table 2). For
minimum widths, the observed pattern contains two quadruplets, two triplets,
and seven pairs. For maximum widths, it contains two quintuplets, six

quadruplets, one triplet, and one pair (Se3-Sa2).

TABLE 2.,~- FOLLOWING PAGES

Anomalies G1, G2, G8, G10, and T2 are singlets (figs. 2, TA): none
coincides with any other anomaly. As widths decrease to their minimums
anomalies overlap less, coincident anomalies become scarcer, and these five
singlets are joined by G7 and Se3 (figs. 5A, TB). As widths increase to their
maximums the reverse occurs, but the original five singlets do not join any

pairs or m-tuplets (figs. 5B, 7C).

Associated Data Types

The 15 possible pairings of the six data types give 15 values of the
Jaccard coefficient J (fig. 9). Increased anomaly widths will tend to
increase the number of coincident anomalies and the degree of association
between any two data types. Decreased anomaly widths will tend to produce the
opposite effect. Both effects can be seen by comparing median values of J and

histogram shapes in figure 9.

FIGURE 9.—— FOLLOWING TEXT
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TABLE 2.--Coincidings of anomalies,

with duplicating pairs and m-tuplets deleted

[Pairs and m-tuplets (triplets, quadruplets, and quintuplets) are among those

shown in fig. 7.

Entries are lists of anomaly names from figs. 2, 5.

Leaders (---) mean that none of the indicated kinds of pairs or m-tuplets is

present, except as duplicates of parts of larger m-~tuplets that might be

listed farther to the left for the same location.]

1

Location Quintuplets Quadruplets Triplets Pairs
Measured Widths
70 -—= G4-M1-Se1-Sa1 G3-M1-Sel -—-
130 G5-M1-Se2-Sa2-St1 -—- G5-T1-St1 -
160 -—= -=- G6-M2-St2 Se3-St2
G7-M2-Sa3
M2-Sa3-Stz2
230 ——- -—- G9-Sel-Sal -——
G9-M3-5t3
G9-Sa4-St3
Minimum Widths
70 -—- G4-M1-Se1-Sai -—= G3-M1
130 -—= G5-Se2-Sa2-St1 -—- M1-St1
T1-St1
160 --- --- -—- G6-M2
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M2-Sa3

M2-St2
230 --- -—- G9-Sal-St3 M3-St3
G9-Sel-Sal
Maximum Widths
70 -—= GU-M1-Se1-Sai G3-M1-Se1l -—-
130 G5-Se2-Sa2-T1-St1 -—= - _—
G5-M1-Se2-Sa2-St1
140 -—= --=- -—= Se3-Sa22
160 --- G7-M2-Sa3-St2 -—- -
G6-M2-Sa3-St2
G6-M2-Se3-St2
230 --= G9-Sel-Sal-St3 -—- -_—

G9-M3-Sali-St3

! Location means approximate distance south of Utah-Idaho border, in km.

2 This pair links two anomalous parts of the fault zone by spanning a non-

anomalous part, and is indicated by square brackets at the right edge of

figure T7C.
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The most highly associated data typ?s overall are aeromagnetic data (M)
and pre-Cenozoic structure (St). This high association also holds for maximum
and minimum anomaly widths. Each structural anomaly coincides with one and
only one aeromagnetic transverse anomaly, and vice versa, regardless of
whether anomalies take on their measured, minimum, or maximum widths (fig.

7). The data type that is most highly associated with seismological data (Se)
is footwall salients (Sa). This association is also robust under the effect
of width but is only moderately strong (J = .60, fig. 9A). Each seismological
anomaly coincides with one and only one salient, and vice versa, except Se3
and Sa3, which do not coincide with each other (fig. TA). No change occurs
for minimum widths (fig. 7B), but for maximum widths Se2 and Se3 both coincide
with Sa2 (fig. 7C).

Each type of data can combine with five others to produce five J values
(fig. 9). The median of these five J values indicates how well the data type
is associated with the other five types of data overall. Aeromagnetic data
are the most strongly associated with other data types overall (median J =
.75, .33, and .86 in figures 9A, B, and C, respectively). Most of the
aeromagnetic transverse anomalies are connected by pair lines to several other
anomalies (fig. 7). In contrast, topographic anomaly T1 is sparsely connected
and T2 is not connected to other anomalies. Topographic data are the least
strongly associated overall (median J = .00, .00, and .20 in figures 9A, B,

and C, respectively).
Diagnostic and Characteristic Data Types

Does any one data type identify anomalous parts of the fault 2zone

particularly well? This question can be answered with techniques that are
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associated with cluster analysis. The four anomalous parts of the fault zone
divide the zone into nine parts (fig. 7), which group naturally into two
clusters. The anomalous cluster contains four parts, those around km 70, 130,
160, and 230. The non-anomalous cluster contains five ﬁarts, the three
intervening parts of the fault zone and the two ends, where anomalies are
scarce and coincident anomalies are absent.

The entries in a presence-absence matrix (table 3) allow calculation of
two measures called constancy (C) and fidelity (F) (Hazel, 1970). Each is
expressed as an integer between O and 10. Constancy expresses the degree to
which the anomalies of a data type characterize a cluster. Structural
anomalies characterize the anomalous cluster moderately well (C = 8, table 3),
because one or more of these anomalies are present in most of the fault-zone
parts that are in the anomalous cluster. Fidelity expresses the degree to
which the anomalies of a data type are diagnostic of a cluster. Structural
anomalies are perfectly diagnostic of the anomalous cluster (F = 10, table 3)
but undiagnostic of the non-anomalous cluster (F = 0). The occurrence of a
structural anomaly in a part of the fault zone indicates that the part belongs

in the anomalous cluster.
TABLE 3.—- FOLLOWING PAGES

Most data types have lower C and F values for the non-anomalous cluster
than for the anomalous cluster (table 3). This difference is reassuring
because the data types were chosen and the anomalies were defined to be likely
to reflect the presence of segment boundaries, which should correspond to
anomalous parts of the fault zone, instead of segment interiors, which should

correspond to non-anomalous parts.



TABLE 3.--Constancy and fidelity for anomalous and non-anomalous

parts of the Wasatch fault zone (measured anomaly widths)

Cluster: A is the cluster of four anomalous parts of the fault zone, which
are about 70, 130, 160, and 230 km south of the Utah-Idaho border (fig.
7TA)Y. N is the cluster of five intervening and surrounding non-anomalous
parts of the fault zone, including north and south ends.

Part: part of the fault zone. 1In each cluster, parts are numbered
consecutively from north to south. Leaders (---) mean that this column is
not applicable.

~Data type: G means gravity data, M means aeromagnetic data, Se means
seismological data (epicenters), Sa means salients in fault-zone geometry, T

means topographic data, and St means pre-Cenozoic structures.

Cluster Part Data type

G M Se Sa T St

Presence-absence matrix'

N 1 1 60 0 o0 o0 O
A 1 1 1 1 1 0 O
N 2 o 1 0 o o0 O
A 2 1 1 1 1 1 1
N 3 6 0 0 o O O
A 3 1 1 1 1 0o 1
N Y 1 o 0 o0 0 o
A 4 1 1 1 1 o0 1
N 5 1 o 0 0 1 0
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Constancy

A --- 10 10 10 10 2 8

N --- 6 2 0 0 2 O
Fidelity

A === 6 8 10 10 5 10

N --- 4 2 0 0 5 0

! Entry of 1 means that the indicated data type has one or more anomalies

in the indicated part of the fault zone. Entry of 0 means that no such
anomaly is present in the indicated part. Values of entries were determined

by inspection of figure TA.
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We seek data types that are both diagnostic and characteristic of
anomalous parts of the fault zone, and which will plot at the upper right
corner of a graph of C plotted against F (fig. 10). For measured anomaly
widths, salients (Sa) and seismological anomalies (Se) are perfectly
characteristic and perfectly diagnostic of anomalous parts of the Wasatch
fault zone (fig. 10A). When uncertainty in anomaly widths is considered
(figs. 10B, C) seismological anomalies become slightly worse indicators of
anomalous parts of the fault zone, but salients remain perfect one-to-one
indicators. Aeromagnetic transverse anomalies (M) are perfectly
characteristic (C = 10) but only moderately diagnostic (F = 8), and this
result is not affected by the uncertainties in anomaly widths. Every
anomalous part of the fault zone contains an aeromagnetic transverse anomaly,
but such an anomaly can also occur in a non-anomalous part of the fault., F =
8 because the unusually wide anomaly M1 spans two anamalous and the

intervening non-anomalous parts of the fault zone (fig. 7).

FIGURE 10.--FOLLOWING TEXT

Recall that the two most highly associated data types are aeromagnetic
(M) and pre-Cenozoic structural (St) data. Anomalies in these two data types
correspond in parts A2, A3, and A4 of the fault zone, but not in part A1 (fig.
TA, table 3), producing C = 8 and F = 10 for coincident structural and
aeromagnetic transverse anomalies in the anomalous cluster. These values do
not change with uncertainty in anomaly widths. Thus, the coinciding of
structural and aeromagnetic transverse anomalies is perfectly diagnostic but
only moderately characteristic of anomalous parts of the fault zone.

Coincident transverse anomalies in aeromagnetic and structural data identify
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parts of the fault zone as anomalous, but one anomalous part of the fault zone

(A1) lacks such a coincident pair,

Summary of Descriptive Results

With one exception, the 26 anomalies are of similar widths, with a median
that is three percent of the length of the Wasatch fault zone in Utah. Most
anomalies coincide with each other in four narrow, anomalous parts of the
fault zone.

For the fault zone as a whole aeromagnetic transverse anomalies are the
most highly associated with anomalies of other kinds, especially those in
structural data. Topographic anomalies are the least well associated with
other kinds. The data type that is most highly associated with seismological
anomalies is salients, although only moderately so.

For anomalous parts of the fault zone, salients are perfectly diagnostic
and perfectly characteristic, seismological anomalies are the second best such
one-to-one indicator, aeromagnetic transverse anomalies are perfectly
characteristic but only moderately diagnostic, and coincident structural and
aeromagnetic transverse anomalies are perfectly diagnostic but only moderately

characteristic.
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RESULTS FROM SIMULATION

AND STATISTICAL TESTING

Is the observed concentration of anomalies into four parts of the fault
zone worth interpreting, or should it be dismissed as a likely result of a
random scattering of anomalies in unrelated variables along the Wasatch fault
zone? The most direct way to answer this question is to compare the observed
anomaly pattern with simulated patterns that have each been produced by such a
random scattering of anomalies, as Wheeler and Krystinik (in press a)

illustrated with an artifical data set.

One-Dimensional Comparisons

of Observed and Simulated Patterns

For measured widths few of the simulations produced as many triplets or
quintuplets as are observed, and the observed pattern has more quadruplets
than do most simulated patterns (fig. 11A). For minimum widths the observed
pattern has unusually many quadruplets but not unusually many triplets, and
there are no quintuplets in any simulated or observed pattern (fig. 11B). For
maximum widths the observed pattern has unusually many quadruplets and
quintuplets but unusually few triplets (fig. 11C). Also, one simulation for
maximum widths produced the only sextuplet encountered in any anomaly
pattern. Thus, these one-dimensional comparisons suggest that anomalies in
the observed pattern coincide more than do those in the simulated patterns,
but the difference is not striking enough to distinguish clearly the observed

degree of coinciding from the effects of chance.
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FIGURE 11.--FOLLOWING TEXT

Three-Dimensional Comparisons

of Observed and Simulated Patterns

Histograms of m-tuplet frequencies (fig. 11) are easy to understand, but
they lose information by separating a pattern's number of triplets from its
numbers of quadruplets and other m-tuplets, and similarly for other
combinations of m-tuplets., We retain this information by representing each
pattern's triplets, quadruplets, quintuplets, and sextuplets together (fig.

12).

FIGURE 12.-- FOLLOWING TEXT

For measured widths (fig. 12A) 294 of the 300 simulated patterns lack
quintuplets and plot in the plane of the page. Five simulated patterns and
the observed pattern have one quintuplet each and plot one unit above the
page, and a sixth simulated pattern plots two units above the page. Viewed
this way, the observed pattern plots near the outside of the group of all
points that represent simulated patterns. Accordingly, when all m-tuplets are
examined together the anomalies of the observed pattern are seen to coincide
strongly when compared to anomalies of the simulated patterns.

For minimum and maximum anomaly widths the picture is similar but less
clear cut. For minimum widths no pattern has m-tuplets larger than
quadruplets, so all plot in the plane of the page (fig. 12B). The asterisk

lies on the edge of the cloud of plotted points from the simulations. At
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least two simulated patterns have anomalies that coincide at least as strongly
as is observed. For maximum widths the observed pattern plots to the right
and above the page from the envelope that encloses the plotted locations of
all simulated patterns (fig. 12C). The sextuplet is much rarer than are
quintuplets, so probably this simulated pattern should be considered to have
anomalies that are at least as strongly coincident as are those of the
observed pattern.

Therefore, examining all sizes of m-tuplets together shows that the
observed pattern has anomalies that coincide more strongly than do those of
nearly all simulated patterns. This difference holds whether anomalies take

on their measured, minimum, or maximum widths.

Quantitative Comparisons

of Observed and Simulated Patterns

For the statistical test of figures 3 and Y4, a concise statement of the
null hypothesis of Wheeler and Krystinik (in press a) is that the observed
pattern was drawn from a population in which anomalies do not tend to coincide
more strongly than do anomalies of the simulated patterns. Analogously, the
alternative hypothesis is that anomalies in the population do tend to coincide
more strongly than do those in the simulations. Each serial section contains
a dashed line, the position and slope of which are calculated from the total
counts of m-tuplets in all simulations taken together (table 4), and from the
value of k that identifies the serial section (fig. U4; figure 10 of Wheeler
and Krystinik, in press a, shows equations for the calculations). Any
simulated pattern that plots on or outside the dashed line in the appropriate

serial section is taken to have anomalies that are at least as strongly
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coincident as are those of the observed pattern. We performed three tests,
one for each of measured, minimum, and maximum anomaly widths, so as described
previously we will reject the null hypothesis if N(e)/N(p) is less than 0.0167
for all three tests. N(p) is 300, 300, and 100, respectively, for the three
tests. Comparisons of figures 12 and 13 allow counting of N(e). Scale
differences preclude combining figures 12 and 13 without sacrificing needed
detail, but the observed pattern is represented in both figures by an asterisk

to facilitate comparison.
TABLE 4.-- FOLLOWING PAGE

FIGURE 13.—— FOLLOWING TEXT

For measured widths note that the upper right cell of figure 12A has five
quadruplets and ten triplets, and would plot at q = 5, t = 10 in figure 13A.
Comparison of the two figures is aided by observing that no simulated patterns
can plot above or to the right of this cell in either figure. For k = 0 (no
quintuplets) all simulated patterns plot to the 1éft of the appropriate dashed
line, and so cannot contribute to N(e). The same is true for the five
simulated patterns with k = 1, all of which have q = 0. However, the one
simulated pattern that has k = 2 plots at (0,1) (fig. 12A), which falls to the
right of the appropriate dashed line (fig. 134). N(e) comprises the following
contributions: O from k = 0, O from k = 1, and 1 from k = 2. The level of
significance is 1/300 = 0.0033. This value is smaller than the pre-chosen
level of significance 0.0167, so for measured widths we reject the null
hypothesis that the observed pattern has anomalies located by random

scattering.
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TABLE U4.--Total counts of m-tuplets produced by

all simulations together

Widths Triplets Quadruplets Quintuplets Sextuplets

Measured 817 109 7 0
Minimum 517 51 0 0
Maximum 483 155 14 1
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For minimum widths the dashed line of figure 13B passes through the
center of the cell (2,2) in figure 12B. Because the dashed line slopes
Steeply down to the right only'two simulated patterns plot in cells whose
centers lie to the right of the dashed line (fig. 12B). N(e) = 2 so the level
of significance is 2/300 = 0.0067. This value is less than 0.0167, so for
minimum widths we also reject the null hypothesis.

For maximum widths the upper right cell of figure 12C would plot at q =
10, t = 15 in figure 13C. The point (10,15) lies to the left of the dashed
lines for k = 0 and k = 1 (fig. 13C), so for these two serial sections no
simulated patterns can plot to the right of the corresponding dashed lines or
contribute to N(e). For k = 2 two simulations plot at (0,3) and (1,3) (fig.
12C). Both points lie to the left of the dashed line for k = 2 (fig. 13C).

So far no serial section has contributed to N(e). However, we consider that
the simulated pattern with the sextuplet (fig. 12C) has more strongly
coincident anomalies than does the observed pattern. Then N(e) = 1 so the
level of significance is 1/100 = 0.01. This value is less than 0.0167, so for
maximum widths we again reject the null hypothesis.

The result of the statistical testing is thaf, regardless of
uncertainties in anomaly widths, the observed pattern contains anomalies that
coincide significantly more strongly than would be expected if the anomalies

had been scattered randomly along the Wasatch fault zone.
Interpreting a Single Anomalous Part of the Fault Zone

The degree of coinciding among anomalies in the observed pattern is
statistically significant because there are unusually many places where

unusually many anomalies coincide. All four anomalous parts of the fault
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zone, and all of their component anomalies, are required to support this
conclusion of significance. No one anomalous part of the fault zone can be
singled out as significant in itself. For example, random processes
occasionally produced a single quintuplet and commonly produced a single
quadruplet (fig. 11A). Thus, our analyses allow interpretation of the
observed pattern as a whole, but not of any one part of it in isolation.
Interpretation of a single anomalous part of the fault zone could be based on
a geological description of the history and present state of that part of the
fault zone, to demonstrate that the individual anomalies that coincide there
are genetically linked instead of randomly coincident. Such description and

demonstration 1ie beyond the scope of this report.
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DISCUSSION
Segmented Ruptures

We have shown that the Wasatch fault zone has been segmented persistently
through much of the late Cenozoic. We still need to show that ruptures from
large earthquakes on the fault zone are segmented at the same places. The
Wasatch Range and San Pitch Mountains and the valleys that border them on the
west (fig. 1) form a crustal block that is segmented gravitationally,
magnetically, seismologically, and structurally. The Wasatch fault zone that
traverses this block is itself segmented geometrically by salients. These
expressions of segmentation coincide at salients, and only there. We
concluded that the coinciding takes place not by chance, but because salients
have the same cause as the other expressions of segmentation. We consider the
salients to be segment boundaries.

The salients have map widths and structural reliefs that are measured in
kilometers (Davis, 1983a, b, 1985; Zoback, 1983, fig. 6). Such structural
relief presumably accumulated by seismic rupture.' The structural relief of a
salient is many hundreds to thousands of times larger than the few meters of
relief that would be produced by one rupture. For example, from values given
by Zoback (1983) and Schwartz and Coppersmith (1984) the salients have
structural reliefs of about 2.6-4.0 km, which was produced about twom at a
time by ruptures recurring at intervals of about 2000-8000 years. Such
structural relief would have taken about 2.6-16 million years to accumulate,
or much or all of the history of the Wasatch fault zone (the past 10 million
years or more: Naeser and others, 1983). Thus, the Wasatch fault zone and

the rocks adjacent to it are segmented and this segmentation has persisted
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through much or all of the fault's evolution,

However, none of the six data types of this report record properties of
individual large seismic ruptures or groups of large ruptures. The moderate
association of the four segment boundaries with seismological anomalies (figs.
7, 9) indicates that the salients affect the seismicity of the fault zone, at
least for the small earthquakes that define the seismological anomalies.
However, the segmentation hypothesis of Schwartz and Coppersmith (1984) states
that large ruptures will tend to start, stop, or do both at segment
boundaries, and that no ruptures are likely to cross boundaries into adjacent
segments. Results so far are consistent with the possibility that large
ruptures might start at salients and propagate in both directions along the
fault zone, so that ruptures would span salients and extend simultaneously
into both adjacent segments. The nature of the association between the
segmented fault zone and the behavior of large seismic ruptures cannot be
inferred from information presented so far.

The logical jump from a geometrically segmented fault zone to segmented
ruptures requires information about the ruptures. Such information comes from
recent USGS mapping of the late Quaternary history of the Wasatch fault zone
(Machette and others, 1986, in press; Nelson and Personius, 1987; Personius,
1985, 1986; Scott and Shroba, 1985). From field mapping, analyses of profiles
of fault scarps, maps of trenches dug across scarps, and related chronological
and stratigraphic information these workers concluded that Holocene and latest
Pleistocene surface-rupturing events on the fault zone have been segmented.
They infer the existence of ten segments separated by nine boundaries.

Four of these segment boundaries in Holocene to latest Pleistocene
surface ruptures occur at the Pleasant View, Salt Lake, Traverse Mountains,

and Payson salients. At these four places where the fault zone is

B-43



geometrically segmented, the surface ruptures that represent the last few
large increments of the fault's growth that were caused by seismic activity
are also segmented. If one assumes that earlier (Pleistocene) surface
ruptures behaved like the younger ruptures, then the older ruptures were also
segmented at the four salients. We make that assumption, and conclude that
the four salients of the Wasatch fault zone were persistent boundaries for
individual large seismic ruptures through most or all of the evolution of the

fault zone.

Persistent and Nonpersistent Segment Boundaries

Three studies have inferred segment boundaries from examinations of
younger geologic records than we used (fig. 14). Schwartz and Coppersmith
(1984) divided the Wasatch fault zone into six segments. Most of their
information came from the Holocene record that was exposed in and near
trenches at four sites along the fault zone (fig. 1). Maclean (1985) studied
morphology and morphometry of 98 drainage basins that evolved throughout the
Quaternary in the footwall of the fault 2one. For this time span, Maclean
(1985) and Mayer and Maclean (1986) divided the fault zone into nine
segments. M.N. Machette and coworkers (unpublished data) have mapped and
examined the late Quaternary history of the fault zone. Their studies cover
nearly all the length of the fault zone in Utah, and record numerous aspects
of the single- and multiple-event scarps that form the most striking
expression of the late Quaternary seismic history of the fault zone. They
divided the fault zone into ten segments. The nine late Quaternary segment
boundaries of Machette and others (1986) represent the most complete and

uniform description of segmentation of the last few large seismic ruptures on
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the various parts of the fault zone.

FIGURE 14,-- FOLLOWING TEXT

Each of these three studies of a young geologic record recognized the
four persistent segment boundaries, except that Schwartz and Coppersmith
(1984) did not identify the Pleasant View boundary (fig. 14). Each of these
three studies also interpreted 2-5 additional segment boundaries. However,
agreement on these other boundaries was much poorer than on the four
persistent boundaries. Other boundaries were inferred at seven or eight
places, but only two or three of these boundaries were chosen by two of the
three studies, and none was chosen by all three (fig. 14).

Our preferred interpretation of these discrepancies is that most
represent real changes through time instead of error by one or more studies
including ours. A segment boundary that is recognized in one young geologic
record but not in another, and not in the pre-Quaternary record, might be
nonpersistent. A nonpersistent boundary is one that nucleates or stops
several successive seismic ruptures, but which does not do so before or after
the time spanned by these several ruptures. The location, time of turning on,
and duration of a nonpersistent boundary might be controlled by older
structures, but this control might be so subtle or complex that it cannot be
distinguished from the operation of random processes. Then the location,
appearance, and disappearance of a nonpersistent boundary could be observed
but not predicted.

A useful guide to considering these hypothetical nonpersistent boundaries
is the idea of nonconservative barriers (King, 1983; King and Yielding, 1984;

King and Nabelek, 1985). Faults contain geometric irregularities such as
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bends, forks, and bumps. Where an irregularity is extreme enough that the
orientation of the slip vector cannot be conserved across it, the irregularity
is a nonconservative barrier., Geometric consequences of this change in slip
vector orientation cause ruptures to tend to start and stop at nonconservative
barriers. Bruhn and others (in press a,b) analyzed the Salt Lake and Traverse
Mountains salients and interpreted them as nonconservative barriers. Nelson
and Personius (1987) interpreted the Pleasant View boundary similarly.
Geometric irregularities such as salients are large enough and extreme enough
that they likely will endure considerable slip, and likely will persist
through much or all of the history of a fault zone like the Wasatch. Narrower
forks, gentler bends, and smaller bumps might force the slip vector to change
orientation across them for a few successive ruptures, but then might be
smoothed out by abrasion of the bumps and insides of the bends and by
abandonment of one branch of each fork. Such lesser geometric irregularities
could be formed where lithology, strength, and other rock properties vary
along the fault zone. The interactions of these lesser variations with the
rupture processes are likely to be complex enough that nonpersistent
boundaries could appear to be scattered randomly along the fault zone, and to
form and disappear randomly through the history of the fault zone. The idea
of nonconservative barriers suggests reasonable explanations for the
appearance and disappearance of a nonpersistent boundary, for its expected
duration over several successive ruptures, and for any inability to predict
its location, time of appearance, or duration.

If nonpersistent boundaries exist, as they appear to, they would pose a
problem for hazard evaluation. The past behavior of a persistent boundary is
a guide to its likely behavior in the coming decades to millenia, which is the

time span of interest to hazard evaluation. A nonpersistent boundary might be
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the starting or ending point of a rupture, might limit the maximum length of a
rupture and therefore the maximum size of the earthquake, or might do neither,
without much regard for the recent behavior of the boundary. Fortunately most
of the recent boundaries appear to be persistent (three of four) in the
populous central part of the Wasatch Front between Brigham City and Provo
(fig. 14). Most of the suggested boundaries that might be nonpersistent are
farther north or south, where fewer people and engineered structures are at

risk.

Bedrock Ridges

Each salient coincides with one or two transverse gravity anomalies (fig.
TA). Although each transverse gravity anomaly is built up from several
components (gradients and their ends, ends of elongate highs and lows, and the
like), each also has the general form of a gravity saddle: a local
interruption in the long gravity low that trends northward along the west side
of the Wasatch fault zone (Zoback, 1983). Four of the five saddles with the
greatest gravity relief are those that coincide most closely with the
salients, transverse anomalies G4, G5, G7, and G9 (fig. TA). Zoback (1983),
Mabey (in press), and we interpret each gravity saddle as the expression of a
bedrock ridge, partly or wholly buried by the low-density Cenozoic fillings of
the valley basins that underlie the north-trending gravity low. The bedrock
ridges trend across the north-trending basins, so the gravity saddles mark
places where the basins are less deep than under the adjacent valleys to north
and south., Because the basins formed by slip on the Wasatch fault zone, the
gravity saddles also mark places where structural relief and the accumul ated

slip that created the relief are less than to north and south.
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The Traverse Mountains segment boundary is the clearest example of a
bedrock ridge and its gravity expression (fig. 15). The ridge, partly exposed
as the eastern Traverse Mountains, is at least partly bounded by faults that
have slipped during the Quaternary, as has the Wasatch fault zone. The
isogals show that the bedrock ridge extends across the valley, although the
western part of the ridge is buried. Structural relief on the Wasatch fault
zone is much less at the ridge than in Salt Lake or Utah Valleys. The relief
between the salient and the bottoms of both valleys is partitioned among a
network of extensional faults, including the normal fault that separates the
salient from the Traverse Mountains (fig. 15), normal faults that are mapped
within the eastern Traverse Mountains (Davis, 1983b), normal faults that are
mapped as separating the Traverse Mountains from Utah Valley (fig. 15) and are
inferred to do the same at Salt Lake Valley (Mattick, 1970; Houghton, 1986, p.
52), and perhaps still other normal and normal-oblique faults that underlie
the east-trending gravity gradients at the north end of Utah Valley and the
south end of Salt Lake Valley (for example, Okaya and Thompson (1985)
described three buried normal faults that step down into the deepest part of a

graben and that underlie a gravity gradient in Dixie Valley, Nevada).

FIGQURE 15.—~~ FOLLOWING TEXT

Two processes can explain the observed association of salients with
bedrock ridges and small structural relief across the Wasatch fault zone. The
first process arises from the requirement that slip for any earthquake must
decrease to zero at the edges of the rupture zone. King (1986) postulated
that slip measured along the ground rupture of a single earthquake will be

largest in the middle and will taper toward the ends of the ground rupture, so
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that the ends have a slip deficit compared to the middle portion.
Measurements on historical ground ruptures of large, normal-faulting
earthquakes in and near the Basin and Range province show much local variation
along the ruptures, but in general support King's postulate (Byerly, 1956;
Tocher, 1956; Slemmons, 1957; Slemmons and others, 1959; Myers and Hamilton,
1964, plate 2; Crone and Machette, 1984; Wallace, 1984, fig. 28). Large
ruptures on normal faults will tend to have ends (start, stop, or do both) at
persistent segment boundaries, so over time these boundaries will accumulate
large slip deficits compared to segment interiors. The slip deficits will be
expressed as structural reliefs across the fault zone that are smaller at the
boundaries than in segment interiors.

The second process is implicit in the model of a nonconservative barrier
(King and Nabelek, 1985). 1Imagine a simple, planar, normal-fault zone that
strikes north, dips west, and slips an arbitrary eight units (fig. 16). For
simplicity we ignore slip~tapering toward rupture ends. Tapering of slip only
accentuates the result that is described below. Suppose that two strands
within the fault zone rupture toward each other, not necessarily
simultaneously, with slightly divergent slip vectbrs. anvergent slip vectors
would produce a more complex but otherwise similar result. The divergence
causes extension in the hanging wall at the north end of the south rupture;
arguments analogous to those that follow apply to the south end of the north
rupture. The southward extension in the hanging wall can be accomodated if
the north end of the main fault strand forks, say at 45° to the northwest
(location A, figure 16). Suppose that the two forks share equally the slip on
the single fault strand, so that each branch of the fork slips four units.
Geometric requirements of brittle slip force each branch to fork again, and so

on down to sizes at which the rock mass no longer acts like distinect rigid

B-49



blocks (King, 1983). After three forkings, the north end of the hanging wall
is broken into blocks that step downward to the south and west (fig. 16),
forming a fault network that is the process zone of the nonconservative
barrier (King and Nabelek, 1985). Structural relief of the blocks in the
hanging wall decreases northward and eastward across the fault network., If a
similar thing happens at the south end of the north rupture, the result is a
ridge that plunges westward across the barrier, from B to C in figure 16.

Slip taper will decrease the westward plunge of the ridge. If the barrier is
a persistent segment boundary, then over the course of many ruptures the ridge
will increase its structural relief compared to adjacent parts of the

footwall.

FIGJRE 16.~- FOLLOWING TEXT

Suppose that sediment accumulates on the downdropped blocks, as it has in
Salt Lake and Utah Valleys (fig. 15). If the fault pattern of figure 16 were
buried to level -0.5, halfway between the top of block D and the top of the
footwall block, the result would be a buried bedréck ridge. The low-density
sediments would be thinner over the ridge than in the valleys to north and
south, creating a gravity saddle. If sediment cover reached only to level
-1.5, the eastern, fault-bounded end of the ridge would be exposed as a
salient like the Pleasant View and Salt Lake salients, or like the eastern
Traverse Mountains. If cover were still thinner, reaching to levels between
~-5.5 and ~7.5, an exposed bedrock ridge would separate the two valleys, as is
the case west of the Payson salient (Hintze, 1980).

Consideration of figure 16 suggests a way to estimate the relative

persistence of some segment boundaries, averaged over the whole history of the
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fault zone. If the boundary is perfectly persistent the fault must end
there. If the boundary is so persistent that few ruptures cross it, block D
of figure 16 will have no throughgoing fault of large throw on its eastern
side, and might be part of the footwall block. A bedrock ridge will be
exposed across most or all of the valley. This is the case at the Traverse
Mountains salient (fig. 15), which is cored by the massive Little Cottonwood
stock of Oligocene age (Crittenden and others, 1973). If more ruptures cross
the boundary, they will tend to drop block D down a bit more compared to the
footwall, but the bedrock ridge might still be exposed. Both are the case at
the Payson salient (Davis, 1983b; Machette and others, in press). As
successively larger proportions of the ruptures cross the boundary, first the
bedrock ridge will be buried (as at the Salt Lake salient; Davis, 1983a), then
the salient itself will be buried or nearly buried (as at the Pleasant View
salient; Crittenden and Sorenson, 1985), and finally the gravity saddle will
flatten and nearly disappear at boundaries that persist for only a few
successive ruptures.

Thus, on the Wasatch fault zone the most obvious expression of a
persistent segment boundary is an exposed salient, but the key to estimating
relative persistence of several boundaries is the relative sizes of the
structural reliefs between footwall, salient, bedrock ridge, and adjacent
valley bottoms. For segment boundaries of intermediate persistence, or
boundaries that have been persistent only for the most recent portion of a
fault's history, bedrock ridges might be more diagnostic than are salients.
Where Bouguer gravity data are abundant, as along the Wasatch Front, relative
structural relief can be estimated easily, but along other fault zones with
sparse or no gravity coverage relative structural relief must be estimated

indirectly.
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Applications to Large Historic Earthquakes

The conclusion that bedrock ridges and salients, where coincident with
the ends of large individual ruptures, identify persistent segment boundaries
on the Wasatch fault zone can be generalized to other normal-fault zones in
and near the Basin and Range province. We test the generalization by

examining the ends of ground ruptures from single large historic earthquakes.

Borah Peak, Idaho, October 28, 1983

Crone and others (1987) summarized evidence that the two ends of the
mainshock rupture zone occurred at persistent boundaries of the Thousand
Springs segment of the Lost River fault zone (fig. 17). At the southeastern
boundary, here named the Elkhorn Creek segment boundary, the fault zone cuts
the older Borah Peak horst. Geologic mapping and a gravity saddle indicate
that the horst extends as a bedrock ridge southwest to the mainshock epicenter
(Skipp and Harding, 1985). Crone and others (1987) suggested that the horst
and its faults extend to the depth of the mainshock hypocenter (about 15 km:
Doser, 1985a; Dewey, 1987) because some of the faults have up to three km of
throw and because a similar horst about 25 km to the south is cored by an
Eocene pluton., Surface faulting in 1983 followed Holocene scarps along the
Thousand Springs segment (Crone and Machette, 1984). A gap of U km separates
that faulting and those scarps from evidence of recurrent late Quaternary
surface faulting along the entire length of the Mackay segment, indicating
that at least two pre-1983 ruptures also had ends at the Elkhorn Creek

boundary. About 5-10 mgal of gravity relief across the gravity saddle from
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northwest to southeast (Skipp and Harding, 1985) indicate that many ruptures
have had slip deficits, and presumably ends, at the boundary during the

evolution of the Lost River fault zone.

FIGURE 17.-~ FOLLOWING TEXT

At the northwestern boundary of the main rupture zone, here named the
Willow Creek Hills segment boundary, a bedrock ridge is exposed most of the
way across the valley. Zones of small, discontinuous surface offsets and
cracks fork to extend northwest into the bedrock ridge and north along the
Warm Spring segment. However, the main rupture was confined to the Thousand
Springs segment, as determined from geological (Crone and Machette, 1984),
geodetic (Barrientos and others, 1987), and seismological (Doser and Smith,
1985) evidence. The 1983 rupture of the Thousand Springs segment repeated an
early Holocene (Hanks and Schwartz, 1987) rupture of the same segment, with
striking fidelity (Salyards, 1985; Vincent, 1985; and especially Schwartz and
Crone, 1985). The Warm Springs segment ruptured at about the same time in the
early Holocene or more recently, but neither Holocene rupture broke the Willow
Creek Hills boundary (Crone and others, 1987). The exposed bedrock ridge
indicates that many previous ruptures behaved similarly. Structural relief
across the Lost River fault zone there is about half that in the interior of
the Thousand Springs segﬁent (Crone and others, 1987).

Thus, both boundaries of the main 1983 rupture have been persistent, and
both form bedrock ridges as along the Wasatch fault zone. There is no fault-
bounded salient at the Willow Creek Hills boundary. At the Elkhorn Creek
boundary, the sharp bend in the Lost River fault zone is much less sharp than

the bends in the Wasatch fault zone at the Salt Lake, Traverse Mountains (fig.
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15), and Payson salients, but resembles in shape the bend at the Pleasant View
salient (Crittenden and Sorensen, 1985), The corner of the footwall block at
Elkhorn Creek is broken by several small faults (Susong and Bruhn, 1986), and
in this respect has a structural character between the unfaulted Traverse
Mountains salient (fig. 15) and the moderately faulted Payson salient (Hintze,
1980). The Pleasant View and Salt Lake salients are separated from the main
footwall block by normal faults of much larger throw. We choose not to call
the bend at Elkhorn Creek a salient because that would stretch the term beyond
the limit of usefulness.

Both boundaries have been interpreted as barriers to the propagation of
the rupture zone (Boatwright, 1985; Crone and others, 1985). We further
interpret both as nonconservative barriers. Slip-vector orientations are too
sparse to determine whether orientations change across either boundary (A.J.
Crone, oral commun., 1987), as Bruhn and others (in press a, b) have done for
the boundaries of the Salt Lake segment. However, at the Elkhorn Creek
boundary many ruptures have had ends at about the same place, including at
least the last three ruptures. The northeast-striking normal faults of the
Borah Peak horst form a network with the northwest-striking Lost River fault
zone. Within the bend in the range front the Lost River fault zone expands
into a skein of northwest-striking fault strands that cut diagonally across
the bend, and some of the strands were reactivated in 1983 (Susong and Bruhn,
1986). The 1983 rupture started at the horst and propagated unilaterally
northwestward., Crone and others (1987, p. 763) speculated that the faults of
the horst "...could create irregularities or obstructions on the Lost River
fault plane that might inhibit propagating ruptures....”"” All of these
characteristics are properties that would be expected of a nonconservative

barrier (King and Nabelek, 1985).
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At the Willow Creek Hills boundary at least the last three ruptures and
many previous ones have had ends. Early aftershocks in 1983 clustered in the
boundary and the northern part of the Thousand Springs segment (Richins and
others, 1987). After November, 1983, aftershocks migrated through the
boundary into the Warm Springs segment (Zollweg and Richins, 1985).
Aftershocks at and near the boundary tended to have large magnitudes, high
stress drops, and focal mechanisms with diversely oriented nodal planes
(Boatwright, 1985; Richins and others, 1987), as though strain were being
accomodated by breaking bit by bit through a network of interlocked faults.
Crone and others (1987, p. 76U4) speculated about intersecting faults there
similarly as they did for the Elkhorn Creek boundary. Geodetic modeling (fig.
14 of Barrientos and others, 1987) indicates that rupture in the boundary
extended to lesser depths and involved less slip than did rupture on the
Thousand Springs segment, as though the boundary at depth had larger fracture
toughness than did the segment interior. All of these characteristics are
also expected properties of a nonconservative barrier. Thus, although we lack
slip-orientation data across the Willow Creek Hills and Elkhorn Creek segment
boundaries, the 1983-1984 earthquake sequence revealed enough characteristics

of the two boundaries that we conclude they are nonconservative barriers.

Hebgen Lake, Montana, August 17, 1959

The main shock consisted of two subevents (Ryall, 1962), the first at
about 10 km depth, followed five seconds later by a much larger subevent at
about 15 km depth (Doser, 1985b). Epicenters are poorly constrained but most
teleseismic epicenters for the main shock, its subevents, and large

aftershocks, and epicenters of small aftershocks determined from a portable
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network, cluster around the southeastern half of the trace of the Red Canyon
fault, near the southeastern end of ground ruptures (fig. 18; Stewart and
others, 1964; Trimble and Smith, 1975; Doser, 1985b). Geodetic modeling
indicated that rupture occurred on two planes that dip southwest from the
traces of the Hebgen and Red Canyon faults, with the rupture down dip from the
Hebgen fault extending to greater depth but having about the same length and
slip as that down dip from the Red Canyon fault (Barrientos and others,
1987). However, the first subevent was so much smaller than the second that
both planes must have slipped during the second subevent (Barrientos and
others, 1987). Therefore, it is not known which plane or which outcropping
fault slipped first to produce the first subevent and presumably trigger the

second.
FIGURE 18.—— FOLLOWING TEXT

The results described above have two interpretations in terms of segment
boundaries and barriers. The first is that the fault-bounded Red Canyon fault
block (fig. 18) is a salient and a persistent bouﬁdary between the Hebgen and
Red Canyon segments of the southwest-dipping Hebgen-Red Canyon fault zone. 1In
this interpretation the Hebgen Lake earthquake, the largest normal-faulting
shock so far recorded in or near the Basin and Range province, was one of the
few earthquakes that rupture past the salient to give it a structural relief
intermediate between those of the hanging wall and the footwall. If the
salient is a nonconservative barrier, its expected high fracture toughness
could require an unusually large earthquake to drive a rupture all the way
through the process zone. Alternatively, if previous earthquakes had strained

the barrier until it was ready to fail, the comparatively small first subevent



could have triggered that failure in the form of the much larger second
subevent, with its unusually large slip and stress drop (Barrientos and
others, 1987).

We prefer the second interpretation, that the Hebgen-Red Canyon fault
zone is young, and that its still-evolving geometry has not yet stabilized
enough to justify interpretation in terms of persistent segment boundaries and
long-lasting barriers. The youth of the fault zone has several bases. First,
Barrientos and others (1987) summarized evidence that the fault zone is part
of a fault system about 0.6-2.0 m.y. old, only about 12-50 percent the
estimated age of the Lost River fault zone. Second, Witkind and others (1962)
and Myers and Hamilton (1964, p. 85-87) observed that younger ground ruptures,
including those of 1959, tend to extend into unbroken rock beyond the ends of
older faulting. Barrientos and others (1987) suggested that the high stress
drops inferred for the mainshock subevents could reflect fresh breaks of
largely intact rock. Third, geologic mapping of Witkind and others (1964,
plate 5) shows that there is little cunulative slip across the ends of the
comparatively short traces of the Hebgen and Red Canyon faults, and that there
is no deep, sediment-filled valley on the downthréwn block, indicating few
slip events and presumably a short history compared to the Lost River or
Wasatch fault zones. Fourth, in 1959 the largest ground-level slip on the Red
Canyon fault was 9-15 ft (2.7-4.6 m) after correcting for local slumping
(Myers and Hamilton, 1964, plate 2). Near the same place the fault has its
largest cumulative slip of about 1000 ft (303 m) (Witkind and others, 1964,
plate 5). If slip in 1959 was typical of large events on the Red Canyon
fault, such events have occurred no more than 67-111 times. Lesser slips in
smaller earthquakes would decrease this number. If the fault is 0.6-2.0 m.y.

old, the recurrence interval for slips like that of 1959 is at least 5,400-
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29,800 yr, which is consistent with evidence for several late Quaternary
scarp-forming events on the Hebgen-Red Canyon fault zone (Myers and Hamilton,
1964). Fifth, from structural, geomorphic, and geodetic evidence Myers and
Hamilton (1964, p. 91-96) concluded that through Quaternary time a new system
of east-striking normal faults has been propagating eastward into the region
near and south of Hebgen Lake, cutting across and reactivating parts of older,
northwest-striking faults. Although the Hebgen and Red Canyon faults strike
northwest, overall subsidence in 1959 formed an east-trending basin (Myers and
Hamilton, 1964, plate 2).

That the geometry of the fault zone is still evolving would be suspected
from its youth alone. Additional support comes from the observation that the
traces of the Hebgen and Red Canyon faults lie near and in the down-dip
direction from the traces of older thrust faults (fig. 18). From this Myers
and Hamilton (1964) concluded that the normal faults probably reactivated the
thrust faults in the shallow subsurface. However, they also note that the
thrust complex is probably only a few km thick, so that the shapes of the
normal faults in map view are unlikely to resemble their shapes at hypocentral
depths. 1In particular, the curve of the Red Canyon fault around the Red
Canyon fault block is probably a near-surface feature, as is the block
itself. The two southwest-dipping rupture planes that were inferred from
geodetic data convérge downward. We speculate that eventually the Hebgen
fault will connect with the eastern half of the Red Canyon fault, abandoning
the Red Canyon fault block to the footwall of the fault zone. At depth, this
evolution might heve occurred already. If the Red Canyon fault block ig
shallow and ephemeral, interpretations of the Hebgen-Red Canyon fault zone in
terms of persistent segment boundaries and long-lasting barriers are premature

by at least several hundred thousand years.
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Rainbow Mountain, Nevada, July 6 and August 24, 1954

The Rainbow Mountain fault zone produced discontinuous, normal—giip,
surface ruptures with less than 1 m of suface offset twice within seven weeks
(Tocher, 1956). The July mainshock (fig. 19A, epicenter A) camprised two
subevents about eight seconds apart, the first and larger occwring at 10 km
depth in right-normal slip, and the second at 7 km in mostly normal slip
(Doser, 1986). The August mainshock (epicenter C) involved three subevents
starting over 22 seconds, all at about 12 km depth, of decreasing sizes, and
involving right-normal slip (Doser, 1986). From epicenters, focal mechanisms,
and locations of ground ruptures Doser (1986) inferred that the fault zone
broke in two overlapping sections, the southern portion in July and the
northern portion in-August, with each rupture zone propagating northward.
Large aftershocks (Doser, 1986) and small earthquakes in 1969-1970 (Ryall and
Malone, 1971) clustered near epicenters A and C of fig. 19A. The southern
part of the surface breaks passed along the straight east side of Rainbow
Mountain (Slemmons, 1956; Stewart and Carlson, 19?8), but otherwise the
rupture "...did not in its entirety follow any previously recognized fault..."
(Tocher, 1956, p. 10). Sparse gravity data between exposed Cenozoic andesites
and basalts of Rainbow Mountain and the southern Stillwater Range indicate a
thin cover of sediments there, but are too few to support inferences of the

shape of the buried bedrock surface (fig. 19B; Erwin and Berg, 1977).

FIGURE 19.-— FOLLOWING TEXT

The Rainbow Mountain earthquakes illustrate an important point about
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inferring segmentation of a fault zone. Despite the geologic, gravity, and
seismological investigations of the earthquake sequence and its swuroundings,
there are too few data to determine whether any previous earthquakes had ends
where the 1954 rupture zones started and stopped. The idea of segmentation
requires that at least a few ruptures have had ends at about the same place.
We cannot demonstrate coincident ends of successive ruptures on the Rainbow
Mountain fault, so we cannot show that the 1954 breaks were not randomly
distributed along an unsegmented fault zone. hs shown by the discussions of
other historic earthquakes in this report, the most useful evidence for such a
demonstration comes from field investigations of scarps and other records of
Holocene and late Pleistocene earthquakes, and from geophysical delineation of

changes in structural relief along a fault zone.

Fairview Peak-Dixie Valley, Nevada, December 16, 1954

Four months after the Rainbow Mountain earthquake sequence another
sequence on the opposite side of the Stillwater Range produced information
from which segmentation can be inferred. Bilateral rupture near the middle of
the graben-bounding Fairview fault began at 15 km depth, involved as many as
three subevents starting over 16 seconds, and also broke the opposite bounding
fault of the graben (West Gate fault) and a third fault (Gold King fault) that
is on strike north of the Fairview fault but dips oppositely to it (fig. 19A;
Doser, 1986). Slip was right-normal at the hypocenter and at the surface on
the Fairview and southern West Gate faults, but the Gold King and northern
West Gate faults showed only normal slip at the surface (Larson, 1957;
Slemmons, 1957; Slemmons and others, 1959; Doser, 1986). However, the

following summer geodetic measurements detected about 2 m of right slip that
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had occurred since the summer of 1954 across the southern Gold King and
northern West Gate faults (Whitten, 1957), so either coseismic or postseismic
right-normal movement characterized all three faults. Small earthquakes in
1966 and 1969-1970 mostly clustered between the mainshock hypocenter of 1954
and the southern part of the trace of the Fairview fault, with right-normal
slip (Stauder and Ryall, 1967; Westphal and Lange, 1967; Ryall and Malone,
1971).

Four minutes after the Fairview Peak earthquake, a smaller shock broke
the Dixie Valley fault (fig. 19A), beginning at 12-15 km depth in two
subevents starting six seconds apart, perhaps propagating bilaterally (Okaya
and Thompson, 1985; Doser, 1986). Slip was normal at the hypocenter (Doser,
1986) but at the surface it was right-normal northeast of a sharp bend in the
fault trace (at the letters DVF in figure 19A) and left-normal south of the
bend (Slemmons, 1957; Slemmons and others, 1969). Small earthquakes in 1969-
1970 were few but most clustered between the mainshock epicenter and the trace
of the Dixie Valley fault (Ryall and Malone, 1971).

The following evidence indicates that the narrow passage between Dixie
and Fairview Valleys is a persistent segment boundary of the fault zones on
both sides of the valleys. We name it the Pirouette Mountain boundary. On
the east side of the valley, in 1954 the Fairview-West Gate-Gold King rupture
ended there. Although surface faulting broke the boundary along the Gold King
fault, slip there was small and discontinuous and occurred with opposite dip
to that on the Fairview fault (Slemmons, 1957), analogously to surface
faulting in 1983 in the Willow Creek Hills boundary on the Lost River fault
(fig. 17). The Gold King fault also produced at least 3 miles (5 km) of
surface faulting in the Fall of 1903 (Slemmons and others, 1959). The 1903

rupture was confined to the Pirouette Mountain boundary, indicating that the
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boundary differs mechanically or in its strain history from parts of the same
fault zone to north and south. Slemmons (1956, fig. 2) depicted the fault
zone on the east sides of Dixie and Fairview Valleys as having had late
Quaternary slip. In both valleys the fault zone separates Quaternary
sediments from pre-Quaternary bedrock of the Clan Alpine and adjoining ranges
(Stewart and Carlson, 1978). Accordingly, in both valleys the fault zone has
probably accumulated at least a few tens of meters of structural relief.
However, in the Pirouette Mountain boundary the fault zone crosses exposed
bedrock as the Gold King fault, with little or no accumulated structural
relief (Slemmons and others, 1959). Therefore, at least one and probably
several pre-1903 faulting events either stopped at the Pirouette Mountain
boundary or decreased their slip markedly for 5-10 km across the boundary.
The latter is unlikely, because maps and longitudinal profiles of slip data
measuwred along surface ruptures of large historic earthquakes in and near the
Basin and Range province indicate that slip from single earthquakes varies
markedly over distance of 1-2 km, and can shift from one fault strand to
another where their tips overlap, but that stretches of small slip that are 5-
10 km wide usually exist only at the ends of ruptﬁres (Slemmons, 1957; Myers
and Hamilton, 1964, plate 2; Crone and Machette, 1984; Wallace, 1984, fig.
28). We conclude that the Pirouette Mountain boundary has been a late
Quaternary segment boundary.

Geophysical evidence indicates that the boundary has been persistent.
Gravity modeling across Dixie Valley and seismic-reflection profiles, all near
the north end of the 1954 ground ruptures, indicate up to 2 km of Quaternary
sediments, thickest in the west half of the valley (Okaya and Thompson,
1985). Seismic refraction studies in Dixie Valley indicate depths to pre-

Tertiary bedrock as great as 3.2 km in a central graben about 25 km north of
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Pirouette Mountain, shallowing southward to 1.1 km in the passage between
Dixie and Fairview Valleys (Meister, 1967). Sparse Bouguer gravity data show
a poorly defined gravity saddle at the boundary (fig. 19B), with about 20 mgal
of gravity relief compared to the centers of Dixie and Fairview Valleys (Erwin
and Berg, 1977). A local gravity high, perhaps attributable to exposed
Cenozoic and Mesozoic¢ andesites, rhyolites, and tuffs, masks any gravity
relief that might exist between the boundary and the narrow valley between the
Fairview and West Gate faults (fig. 19B; Erwin and Berg, 1977). Thus,
Pirouette Mountain is the exposed eastern end of a largely buried bedrock
ridge that separates Dixie and Fairview Valleys. The Pirouette Mountain
boundary lacks a fault-bounded salient or a projecting spur like the
persistent boundaries of the Wasatch fault zone, and more closely resembles
the Willow Creek Hills boundary of the Lost River fault zone, where the
bedrock ridge is exposed, and the Elkhorn Creek boundary, where the ridge is
buried (fig. 17). Because pre-Tertiary bedrock is shallower at the bedrock
ridge than under Dixie and Fairview Valleys, ruptures along the east sides of
both valleys have tended to lose slip and probably stop there persistently
throughout the evolution of the valleys. The same might be true for the
graben and valley between the Fairview and West Gate faults, and was true in
1954,

On the west sides of Dixie and Fairview Valleys, the 1954 Dixie Valley
rupture ended at the Pirouette Mountain boundary. The gravity saddle
indicates that many other ruptures also did so throughout the evolution of
both valleys. Accordingly, the bedrock ridge at Pirouette Mountain has
persistently segmented the fault zones on both sides of the valleys.

The manner in which the 1954 ruptures jumped from the east-dipping

Fairview fault across the Pirouette Mountain boundary to the east-dipping
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Dixie Valley fault suggests an analogy to the north end of the 1983 Borah Peak
rupture of the Lost River fault zone (fig. 17). At the Willow Creek Hills
boundary the rupture broke discontinuously and with little slip northwestward
through the boundary, forming or reactivating faults that dip oppositely to
the main rupture along the Thousand Springs segment. Previously we
interpreted results of rupture mapping, aftershock studies, and geodetic
modeling to suggest that at the Willow Creek Hills boundary the 1983 rupture
and its aftershocks broke, bit by bit, through a network of interlocked faults
that form the process zone of a nonconservative barrier, after the model of
King and Nabelek (1985). For the Dixie Valley and Fairview Peak earthquakes,
Snay and others (1985).modeled geodetic data and suggested that slip in 1954
also occurred on a buried fault that strikes north-northwest, dips steeply
east-northeast, and underlies southern Dixie Valley, the Pirocuette Mountain
boundary, and northern Fairview Valley. Perhaps the 1954 and 1983 ruptures
represent different expressions of the same phenomenon, in which most large
ruptures on the Fairview Valley and Thousand Springs segments stop at the
Pirouette Mountain and Willow Creek Hills boundaries, but some break through
to rupture the Dixie Valley and Warm Spring segments.

The north end of the 1954 surface rupture of the Dixie Valley fault is
not a segment boundary. The end overlaps by 15-20 km the south ends of
Holocene and late Pleistocene scarps (Wallace and Whitney, 1984) and there is
no gravity saddle there (fig. 19B). Perhaps rupture ends in the central part
of the Dixie Valley fault are distributed more or less randomly along the
fault, with southern ends bounded by the Pirouette Mountain boundary and with
ruptures extending northward various distances according to the amount of
strain that has accumulated on this and adjacent parts of the Dixie Valley

fault. This example shows the need to demonstrate that two or more rupture

B-64



ends coincide before inferring the presence of a segment boundary, whether

persistent or not.

Pleasant Valley, Nevada, October 2, 1915

Because of its early date little is known of this earthquake
seismologically, but geological and gravity evidence and the more recent
earthquakes that we have discussed previously allow some interpretation. The
mainshock, two large foreshocks, or both produced five main scarps (fig. 204;
Waliace, 1984). Of these, Wallace (1984) suggested‘that the small Stillwater
scarp might have formed by lateral spreading of a ridge instead of tectonic

rupture. We will not consider this scarp further.

FIGURE 20.-- FOLLOWING TEXT

Because of its length and large displacsments the Pearce scarp dominates
the 1915 surface ruptures, providing 70 percent of the total estimated seismic
moment (Wallace, 1984). Glass and Slemmons (1969) concluded from examination
of low-sun-angle aerial photographs that nearly all the 1915 scarps, including
the Pearce scarp, followed still older scarps, although these older scarps
could be of diverse ages. From diverse geological observations Wallace (1984)
concluded that the Pearce scarp had broken in at least one late Quaternary
earthquake with displacement similar to that of 1915, probably between a few
thousand and 12,000 years ago. An earthquake with such displacement would
probably have broken most or all of the 30 km length of the Pearce scarp, as
happened in 1915, From a trench dug across the northern tip of the Pearce

scarp Bonilla and others (1984) interpreted several Holoccne and late
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Pleistocene displacements, each probably less than one meter, and suggested
that two of them occurred in the 5,000 years before 1915. Therefore, probably
the Pearce scarp has broken at least twice including 1915 and perhaps more
often in the Holocene and latest Pleistocene.

To the south, the compilation of Wallace and Whitney (1984) shows no
Holocene or late Pleistocene scarps on the Sou Hills scarp or in the Sou
Hills, although Wallace (1984, plate 1) showed a few small pre-1915 scarps on
the Sou Hills scarp and along strike to the north (fig. 20A). Individual
scarps from 1915 are lower, shorter in map view, and less continuous along the
Sou Hills scarp than along the Pearce scarp. At its south end the Pearce
scarp splays to form numerous very short, low, east- and west-facing scarps,
covering an area about five kilometers long and two kilometers wide, and
dating from 1915 and earlier (Wallace, 1984, plate 1). The area resembles the
shallowly buried Pleasant View salient of the Wasatch fault zone both in size
and in the diffuse style of its faulting. Fonseca (1985) described the Sou
Hills similarly, contrasting its late Cenozoic faulting style to that of the
Tobin and Stillwater Ranges. At locality C of figure 20B a gravity saddle and
the exposed bedrock ridge of the Sou Hills separate Pleasant Valley, where
Erwin (1974) inferred from gravity data 2,000-2,500 ft (0.6-0.8 km) of
Cenozoic alluvial filling, from northern Dixie Valley, where Speed (1976)
estimated from gravity modeling 6,000 ft (1.8 km) of Cenozoic filling but
Erwin (1974) inferred only about 2,000 ft (0.6 km). These observations and
inferences support a suggestion that the 1915 and one or more earlier ruptures
had slip deficits at the Sou Hills and stopped there, analogously to the model
of figure 16.

By analogy to other fault zones discussed previously, the ending of the

1915 rupture at the Sou Hills, the gravity saddle, and the diffuse style of
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the 1915 and older faulting indicate that the Sou Hills is a persistent
segment boundary, and perhaps a nonconservative barrier also. Fonseca (1985)
drew an analogy to the Borah Peak earthquake, during which low, discontinuous
surface ruptures broke into the Willow Creek Hills segment boundary and a few
kilometers farther north into the Warm Spring segment (fig. 17). Similarly to
the Willow Creek Hills, the Sou Hills are fault-bounded, juxtaposing Tertiary
rocks of the bedrock ridge to the Triassic rocks of the adjacent Stiliwater
Range and the Triassic and Permian rocks of the southern Tobin Range (Muller
and others, 1951). The Sou Hills have structural relief intermediate between
that of the bounding ranges and the relief of Pleasant and Dixie Valleys. We
follow Fonseca's (1985) usage in defining the Sou Hills segment boundary,
which includes the Sou Hills scarp of Wallace (1984).

North of the Pearce scarp, at the gap that separates it from the Tobin
scarp, a gravity saddle indicates a buried bedrock ridge (locality B of fig.
20B). Erwin (1974) inferred from gravity data that Grass Valley contains
about 4,000 ft (1.2 km) of Cenozoic filling at the north edge of the area
shown in figure 20, Throw across the Tobin scarp is at least 2,500 ft (0.8
km), comparable to Erwin's (1974) inference of 2,000 ft (0.6 km) of Cenozoic
filling in northern Pleasant Valley. Throw on the Tobin scarp decreases to
zero immediately south of the scarps south end (Muller and others, 1951).
This evidence of accumulated slip deficits at the gap could support a
speculation of a persistent segment boundary there.

However, we found no evidence that individual ruptures have had ends
there. In 1915 the Tobin scarp broke an older scarp as continuously and with
as large displacements as did the Pearce scarp (Wallace, 1984). The
compilation of Wallace and Whitney (198”) shows late Pleistocene scarps on

both sides of the gap. The compilation shows Holocene scarps along the Pearce
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scarp but not along the Tobin scarp. However, these Holocene scarps are so
few that the difference might be erosional instead of tectonic. Also, gravity
relief in both Grass aqd Pleasant Valleys is about 25 mgal between the valley
centers and the ranges to the east, and about 40 mgal to the west, whereas
relief across the saddle between the valleys is only 10-20 mgal (Erwin,

1974). 1If structural relief increases with gravity relief, then the
structural relief across the Tobin and Pearce scarps is little less at the
saddle than north or south of it. There is little accumulated slip deficit at
the gap between the Tobin and Pearce scarps. Finally, Wallace (1984) observed
that a piedmont surface that spans the gap slopes north and northwest, and
appears to be oversteepened. He suggested that structural relief might be
expressed in the gap as warping. An old scarp strikes northeast partway
across the gap (fig. 20A), and could be evidence of occasional surface rupture
across the gap. Thus, with insufficient geologic evidence to determine
whethér prehistoric ruptures crossed the gap, the buried bedrock ridge might
have been produced by warping and occasional throughgoing ruptures instead of
by repeated rupture ends at a segment boundary. If there is a boundary there,
it did not persist through 1915.

At the north end of the 1915 ground ruptures scarps were few, low, and
discontinpous compared to those on the Tobin and Pearce scarps. This was the
case in 1915, probably during the Holocene, and during the late Pleistocene
(Wallace, 1984; Wallace and Whitney, 1984). The China Mountain scarp is the
only one from 1915 to form within a mountain block instead of along a range
front. Wallace (1984) and Wallace and Whitney (1984) showed no scarps of any
late Quaternary age in the gap between the China Mountain and Tobin scarps,
and Wallace (1984) wondered why the 1915 break jumped across the gap to the

China Mountain scarp instead of following the older scarps northwestward along
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the east side of Grass Valley. Which of the two paths was followed by most
pre-1915 ruptures is unknown. A wide, gentle gravity saddle centers at
locality A of figure 20B, but is poorly defined by a few stations in its
northwestern quarter (Erwin, 1974). The existence of the saddle is determined
mostly by lows in Pumpernickel Valley north of the area shown in figure 20 and
in Grass Valley. The area of the China Mountain scarp, including the gap
between it and the Tobin scarp, might be a segment boundary, perhaps
persistent, but without more gravity and geologic evidence we cannot settle
the issue. Prehistoric ruptures might have tended to end at the gap north of
the Tobin scarp, might have continued preferentially northwest along the edge
of Grass Valley, or might have begun to abandon Grass Valley in favor of the
China Mountain scarp in response to an hypothesized clockwise rotation of the
direction of regional extension (Wallace, 1984). Evidence supporting such an
hypothesized rotation can be seen in map relations in the Augusta Mountains
(fig. 20A). North-striking normal faults within the mountains are truncated
by a north-northeast - striking normal fault at the range front (Muller and
others, 1951). This range front fault forms the contact between bedrock and
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