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A B ST R A C T

Marine reflection seismic and bore-hole data from the Great Salt Lake basin, 

Utah, along with geological information from the region, show a complex interac

tion of crustal stretching, normal faulting, and synextensional deposition beneath 

the lake. The basin comprises two sub-basins which are separated by a base

ment high. The sub-basins are bounded by listric normal-faults. The first of a 

two-phase regional extension process created localized half-grabens, which contain 

Eocene-Oligocene rocks. This was followed by a later phase of early to middle 

Miocene extension which continues today. Genozoic extension was preceded by 

eastward directed Sevier-age crustal shortening which was accommodated along 

several major thrusts. Some of these thrusts were responsible for localization of 

younger Genozoic normal faults which merged with the pre-existing thrusts and 

reactivated parts of them creating listric geometries. The variable geometry of 

normal-fault hanging wall horizons and small-scale antithetic and synthetic faults 

show that extensional deformation was complex. Certain aspects of the deforma

tion can be quantified in terms of extension direction, shear-plane orientation and 

out-of-plane deformation. These parameters, along with hanging wall geometries, 

are used to determine fault geometries at depths where seismic imaging of the fault 

planes is difficult. The geometry of the Great Salt Lake normal faults, existence 

of older thrust surfaces, basin geometry, and the syntectonic depositional history 

imply that Genozoic extension followed Sevier-belt thrusting after a brief hiatus 

(<10) Ma. Extension was accommodated along faults which flattened to low dips 

of ~10° — 20° at depths (~  5 km) shallower than the brittle-ductile transition zone 

in the Basin and Range Province (~  10 km), implying that their geometry was 

strongly controlled by pre-existing structures. Subsequent extension during later 

stages of the Genozoic resulted in further displacement along the normal faults. 

The total amount of extension documented by the Great Salt Lake seismic profiles
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was as much as 9 km or 83%, similar to large amounts of extension reported from 

other parts of Basin and Range Province.



12

C H A P T E R  1 In tro d u c tio n

The Basin and Range Province of the western United States is one of the largest 

extended terranes in the world. The tectonic evolution of this region is a man

ifestation of the Cenozoic taphrogenesis, which is a complex interaction among 

lithospheric extension, pre-existing structure, brittle-failure, and ductile flow of 

crustal rocks. Prior to the Cenozoic extension, eastward directed crustal contrac

tion was accommodated along several thrusts during Sevier-belt Orogeny. These 

two phases of crustal deformation have been a matter of great interest to geosci

entists, who want to understand the mechanisms of these deformations and any 

relationships, if they exist, between them. An approach to achieve this objective 

is to map and study the structures at different localities and integrate all the in

formation to understand the regional tectonic framework. Though the structures 

are well exposed in the Cordilleran fold and thrust belt, they are either eroded 

or buried under the Quaternary alluvial sediments in the hinterland. Therefore 

the role of subsurface information becomes critical in understanding the structural 

relationships in these areas. The Great Salt Lake lies to the west of the Wasatch 

Range, in the hinterland of Cordilleran fold and thrust belt. A large database of 

seismic, bore-hole, gravity and palynological data from the Great Salt Lake of

fers an excellent opportunity to study Cenozoic extensional tectonics and possible 

relationships to preceding Sevier-belt crustal contraction.

Cenozoic extension in the eastern Basin and Range Province created large 

basins, and syntectonic sedimentation filled these basins. The relatively shallow 

and restricted basins, initially formed during an early stage of extension, gradually 

evolved into major fault-bounded asymmetric grabens. On the western margin of 

the Wasatch Front, several of these large basins became the locus of formation for
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Pleistocene Lake Bonneville, of which the Great Salt Lake is one of the few rem

nants. It is also one of the largest, and possibly among the most continuously active 

Tertiary basins in the eastern Basin and Range Province and records one of the 

most complete Tertiary sedimentary rock sequences [Stewart, 1978]. Interpreta

tion of reflection seismic data, spanning most of the lake, yields a three-dimensional 

view of the basin geometry, fault patterns, and rock sequences. This information 

serves as a window into the structural and tectonic development which laid the 

foundation for the architecture of the present-day Basin and Range Province.

Several major problems associated with upper crustal structure, particularly 

fault geometry and Tertiary basin evolution of the Basin and Range Province, are 

addressed in this dissertation through the analysis of the Great Salt Lake data. 

When did the extension begin? What is the amount of extension? What is the 

geometry of the system of faults that accommodated extension? Does the geometry 

remain the same along strike? Does the fault geometry change with depth? What 

factors controlled the fault geometry? Seismic imaging, in quite a few cases, cannot 

image the fault geometry at great depths. Can the fault geometry be reliably 

determined at depths using some other method? Is the basin evolution complex? 

If so, can it be quantified to a reasonable extent? What are the implications of 

these results for understanding regional tectonics?

1.1 T he A pproach  U sed and  C h ap te r R eview

To help answer some of the questions posed above, this study focuses on the 

structural and tectonic aspects of the Great Salt Lake. An extensive grid of seis

mic, bore-hole, and gravity data covering the lake and other geologic information 

provide a means to address some of the questions. The data were acquired by 

Amoco Production Company in the 1970s and were released to the University of 

Arizona through a cooperative research agreement.
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Reprocessing of the seismic data provides a three-dimensional image of the 

basin. Reflection seismic imaging is combined with bore-hole data and geologic 

information from the vicinity of the lake to understand the structure and stratigra

phy beneath the lake. Finite-element modeling and a three-dimensional numerical 

method are also used to address some of the structural problems associated with 

the faults beneath the lake.

This dissertation is a compilation of three chapters which focus on the struc

tural and tectonic evolution of the study area. Taken as a whole, these chapters 

describe (1) the basin geometry, (2) geometries of faults bounding the basin, (3) 

modes of extension that led to the basin’s structural and stratigraphic evolution, 

(4) structural and tectonic controls on the fault geometries, and (5) the regional 

tectonic implications of these results.

The second chapter integrates the seismic, bore hole, geologic and gravity data 

to determine the basin geometry, timing of extension and amount of extension 

across the lake, geometry of basin-bounding faults accommodating extension, spa

tial and temporal variation of fault geometry, sedimentation rates, and their role 

in the evolution of the Great Salt Lake basin.

The third chapter uses a three-dimensional method on seismically imaged hang

ing wall horizons and fault-plane geometries to place quantitative constraints on 

parameters that control average basin deformation and to understand implications 

regarding basin evolution. The deformation parameters and the hanging wall hori

zons are used to determine fault geometries at depths where seismic resolution of 

fault planes is difficult.

The fourth chapter addresses some of the factors that might have controlled 

the fault geometry beneath the Great Salt Lake. This chapter suggests evidence 

for pre-existing thrust faults and evaluates their control on younger normal-fault 

geometries using finite-element modeling.
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C H A P T E R  2 B asin and  Fault G eom etry , and
E xtension

2.1 In tro d u c tio n

The transition from the Basin and Range Province to the middle Rocky Moun

tains and Colorado Plateau in northern Utah is marked by a roughly N-S-trending 

topographic escarpment known as the Wasatch Front. Along this trend, Holocene 

fault scarps and high seismicity [Smith, 1978] define a wide zone of active fault

ing and crustal taphrogenesis. The Great Salt Lake lies immediately west of the 

Wasatch Front in an area that is undergoing active extension [ Viveiros, 1986; Smith 

et a l, 1989; Mohapatra et a l, 1993]. Major west-dipping fault zones bound large 

NNW-trending sedimentary basins beneath the Great Salt Lake that record signif

icant Cenozoic extension at the eastern margin of the Basin and Range Province. 

These sedimentary basins formed as half-grabens in the hanging walls of active 

normal faults.

A knowledge of the three-dimensional geometries of major normal faults in 

the Wasatch Front region can provide key data for more general understanding of 

normal-fault mechanisms, long-term strain rates, and tectonic control on the three- 

dimensional structural and stratigraphic evolution of depositional basins. The 

Great Salt Lake data set provides an opportunity to construct a three-dimensional 

image of the basin’s normal-fault system on a subregional scale. Depth-converted 

seismic profiles from the Great Salt Lake show that the basin-bounding faults are 

listric, i.e., fault dips decrease with depth. However, the temporal and spatial 

variation of the listric geometry is not well understood because fault geometries 

are notably different from area to area even along the same fault zone [Smith and 

Bruhn, 1984], and are irregular in both the strike and dip directions along the 

same fault segments.
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Another goal of this paper is to determine the three-dimensional geometry 

of the entire basin and locate the depocenters in the basin. Using a dense grid 

of seismic and bore-hole data, the basin structure, its spatial relationship to the 

major normal faults, relative locations of the depocenters, their evolution through 

time, and spatial and temporal variations in sedimentation rates are determined. 

A correlation of basin and fault growth gives a better understanding of the basin 

evolution.

Previous studies [e.g,, McDonald, 1976; Viveiros, 1986] concluded that the 

Great Salt Lake basin evolution started as early as Miocene. However, a volcanic 

tuff discovered in the north sub-basin was dated as possibly Oligocene by zircon 

fission-track analysis [Bortz et a l, 1985], implying that basin evolution started 

earlier than Miocene. The tectonic implication of this result is also discussed.

Varying amounts of crustal extension have been reported from many areas of 

the Basin and Range Province on local as well as regional scales. Estimates of 

extension amounts vary from as low as 20-30% on a regional scale [e.g., Proffett, 

1977] to 300% on a local scale [e.g., Wernicke, 1981]. Palinspastic reconstructions 

on depth-converted seismic sections help determine the extension amount across 

the Great Salt Lake and allow comparison with previous estimates [e.g., Viveiros, 

1986], as well those in other localities.

2.2 T ectonic and  Geological S e tting

Though the Great Salt Lake (Fig. 2.1) occupies a Cenozoic basin, the root of 

its geologic evolution can be traced to the Archean. Following a late Precambrian 

rifting event at about 600 Ma, the Great Salt Lake area was part of the Paleozoic 

passive continental margin, trending northwest through western Utah and eastern 

Nevada [Stewart, 1972], where the miogeocline of the Cordillera was established. 

Late Precambrian to mid-Paleozoic miogeoclinal units are composed dominantly of
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marine-shelf carbonates and clastic strata [ Tooker, 1983] which thicken to the west. 

Hintze [1988] reports thick Ordovician, Silurian, and Devonian deposits from the 

Stansbury Mountains and Lakeside Mountains west of the Great Salt Lake basin. 

In latest Paleozoic time, the westward thickening of the sedimentary sequence was 

reversed, which is best seen in the Pennsylvanian-Permian Oquirrh basin [Roberts 

et al., 1965] to the south of the Great Salt Lake. The Mesozoic section appears 

to be missing within the area of the Great Salt Lake. During the Cretaceous, the 

region was within the hinterland of Armstrong’s [1968] Sevier Orogenic system and 

the westward thickening pile of miogeoclinal tectonostratigraphic units was trans

ported east along several thrusts to form the Cordilleran fold and thrust belt. The 

end of the contraetional orogeny was marked by a change in regional tectonic and 

magmatic styles, and transition to the beginning of Cenozoic extensional tectonics 

that would shape the Basin and Range Province.

Cenozoic extension can be broadly divided into two stages. Coney [1980] doc

umented evidence of early Cenozoic pre-Basin and Range extension south of the 

Snake River Plain, associated with the Raft River-Grouse Creek metamorphic core 

complexes. Additional evidence for this early extension, such as magmatic dike 

swarms, also comes from Zoback et al. [1981] and Henry and Price [1986]. This 

was followed by middle-late Cenozoic extension, which deformed the region and 

produced many parallel, approximately north-trending, basins and ranges, giving 

rise to the modern Basin and Range physiography. The still-active extension is 

evidenced by Holocene fault scarps [Hecker, 1993 and references therein]. The 

extension is accommodated by normal faults which created basins into which the 

products of surficial erosion were accumulated. The Great Salt Lake is within 

one such extensional basin, which preserves an excellent record of the products of 

Cenozoic tectonism.

As in most other basins in the province, Quaternary and Tertiary rocks are
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Figure 2.1, Simple geological map of the Great Salt Lake region. Seismic lines 
used in the study are shown by solid lines, those presented here are numbered. 
Well locations in the lake are also shown. Data courtesy Amoco Production Com
pany. Abbreviations: AI (Antelope Island), FI (Fremont Island), PM (Promontory 
Mountains), Cl (Carrington Island), SI (Stansbury Island), SM (Stansbury Mourn 
tains), LM (Lakeside Mountains), CM (Oquirrh Mountain). Depocenters A, B, C, 
D are marked. The normal fault system comprising the Carrington Fault (CF), 
and East Lake fault (ELF) are shown. The solid-triangle line is the sub-crop of 
the Willard thrust (WT). Line with double soild-triangles is the footwall imbricate 
of the Willard thrust. Thrust to the east of Antelope island is the Ogden thrust 
(OT).
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found in the Great Salt Lake basin. Bore-hole data such as lithologic logs, cores and 

cuttings, and outcrops on the edge of the basin help determine the rock composition 

in the basin. These data show that the Cenozoic basin-fill deposits consist mainly 

of consolidated and unconsolidated clay stone, sandstone, siltstone, conglomerate, 

and tuff. At places in the northern and southern parts of the basin, Tertiary rocks 

are probably underlain by Paleozoic rocks over a Precambrian basement.

2.3 D a ta

About 2700 line-kilometers of high-quality reflection seismic data is the primary 

source of data used in the study. Well-log data from thirteen wells, geophysical 

and lithological logs, cores and cuttings, and surface gravity data also are used in 

the study. The data were acquired by Amoco Production Company in the 1970s, 

and were donated to the University of Arizona through a cooperative research 

arrangement.

2.3.1 Seism ic and  G rav ity  D a ta

The seismic profiles cover roughly 80% of the area of the Great Salt Lake, thus 

constituting one of the most detailed and areally extensive networks of data from 

an extensional basin in the western United States. Digital data for 35 seismic 

profiles, and paper sections of all of the profiles, were used in the study. The dense 

grid (0.8 km to 4.8 km spacing) of seismic reflection data was recorded to two-way 

travel times of 5-6 seconds, thus providing a detailed, three-dimensional view into 

the crust to depths of approximately 12-15 km. The data were acquired using 

an airgun source and 24-channel recording systems. Although Great Salt Lake 

‘marine’ seismic data quality is generally good for Basin and Range seismic reflec

tion data, original processing procedures on many of the seismic profiles were not 

optimum to answer the questions addressed by this paper. In the reprocessing (us
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ing workstation-based ProMAX interactive seismic data processing software) and 

analysis of lines, emphasis was given to: 1) careful velocity analysis, 2) optimiza

tion of the imaging of steep dips near fault planes through improved dip-moveout 

(DMO) processing, 3) steep-dip finite-difference time migration, and 4) signal en

hancement and noise reduction filtering (including F-X deconvolution) to improve 

seismic images. The seismic sections were converted to depth with interval ve

locities (Appendix A) calibrated to well-log information. The immense volume 

of seismic and bore-hole data were interpreted using GeoQuest (IBS and IESX) 

interpretation software to correlate events, tie seismic data to well data, and to 

perform isopach analysis, generate interpretation maps, etc. Apart from using the 

digital data for approximately thirty-five profiles, paper sections of many other 

seismic lines also were used for interpretation purposes, especially to determine 

fault locations.

Detailed bouger gravity data [Cook et al., 1980; Zoback, 1983; Amoco Produc

tion Company proprietary data, 1990] spanning the region of the lake also were 

used to aid seismic interpretations, and were especially helpful in corroborating 

the locations of depocenters, trends of basin-bounding faults, and general base

ment structure.

2.3.2 B ore-hole B a ta

Sonic, density, caliper, gamma-ray, self-potential (SP) and dipmeter data from 

thirteen bore holes within the lake were used in the study. Sonic and density 

logs were used to make synthetic seismograms for each well to tie the reflection 

seismic data to depth and to lithology. Synthetic seismograms were prepared 

using Geophysical Micro-Computer Applications (CMA) well log software (LogM). 

Depths to various formations determined from palynological data from the wells, 

and in particular from five wells where detailed palynological analysis was done
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[Moutoux, 1995], were projected to the seismic profiles through correlation with 

the synthetic seismograms. The gamma-ray and SP logs were used to aid the 

interpretation of formation boundaries made from the sonic and density logs. The 

dipmeter data show magnitude and direction of formation dips as a function of 

depth, and thus help to determine the presence of angular unconformities (sharp 

changes in dipmeter readings), fault zones (random readings within fault zones), 

and basement structure (random readings).

2.4 B asin  G eom etry

The three-dimensional basin geometry was determined by mapping the depth 

to the basement using seismic profiles and well data. The acoustic basement mainly 

consists of Paleozoic (in places) and Precambrian meta-sedimentary and crystalline 

rocks whereas the basin-fill sediments are Cenozoic. The sediment-basement con

tact is very distinct on most of the seismic profiles because of its high acoustic 

impedance contrast. This impedance contrast is caused by the high velocity differ

ence between basement rocks (5.0-6.0 km/sec) and the basin fill sedimentary rocks 

(1.8-3.5 km/sec). Continuous and quasi-continuous reflection events from layered 

units in the basin-fill are absent in basement rocks. Some of the wells penetrate 

the basement rocks beneath the basin-fill units thus providing a depth and seismic 

travel time to the sediment-basement contact. From the bore hole this contact is 

tied to the closest seismic line and is correlated to the other seismic lines. Thus 

both acoustic impedance contrast and well data are used to map the basement 

throughout the basin. Figure 2.2 shows the basement depth contour map of the 

Great Salt Lake basin.

Also shown in Figure 2.2 are the traces of the Carrington and the East Lake nor

mal faults. These terms are used informally to identify the major basin-bounding 

faults. The Carrington normal fault trends in a ENE direction just north of Car
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rington Island. Its trend then changes to approximately north along the west side 

of the Promontory Mountains. The East Lake fault trends in a NNW direction 

on the west side of Antelope and Fremont Islands. The fault has a SW trend 

in the southernmost part of the lake just north of the Ocquirrh Mountains, and 

probably continues south along the west margin of the Ocquirrh Mountains. This 

interpretation is corroborated by closely-spaced gravity contours west of Oquirrh 

mountains. Cook et al. [1980] refer to the East Lake fault as the ‘East Great 

Salt Lake fault’ and define it as the fault following the west boundary of a linear 

topographic high formed by the Promontory Mountains, Fremont and Antelope 

Islands. However, as will be shown later, the portion of the ’East Great Salt Lake 

fault’ to the west of the Promontory Mountains is most probably a part of the 

Carrington fault.

The whole lake can be broadly divided into two major sub-basins. The Car

rington fault bounds the northern sub-basin which can be further divided into two 

depocenters (A and B). The East Lake fault bounds the southern sub-basin, which 

also consists of two depocenters (C and D). The maximum depth of these depocen

ters is between 4.5 and 4.8 kilometers (Fig. 2.3). Both of the major sub-basins are 

elongated, are bounded by basement highs on both sides, and are almost parallel 

to the fault trends.

Bouger gravity anomaly patterns (Fig. 2.4) in the lake are consistent with 

the basin geometry determined from the seismic data. The gravity data reveal 

the existence of the four major depocenters in the basin, which are characterized 

by low Bouger anomalies. Their positions match very well with the depocenters 

determined by seismic imaging, corroborating the seismic interpretations.

The nature of the basin geometry is clearly seen on the seismic profiles from 

both sub-basins. Profiles from the south sub-basin (Figs. 2.5a-e) show that it is 

an asymmetric half-graben bounded by the East Lake listric normal fault on the
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Figure 2.2, Basement depth contour map. Contour interval: 1000 ft. Note the 
locations of depocenters A, B (north sub-basin), and C, D (south sub-basin). North 
sub-basin is to the north of Carrington Island, South sub-basin is to its south. 
Traces of Carrington fault (CF) and East Lake fault (ELF), determined from 
seismic profiles, are shown. For abbreviations refer to Figure 2.1.
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Figure 2.3, Three dimensional view of the basin geometry to north (upper) and 
to south (lower). Depth to the basement is plotted. Maximum depth of the basin 
is about 4.8 km. Islands and depocentcrs are marked for reference. Note the 
geometry of the two basins. Faults (Carrington Fault: CF; East Lake Fault: ELF) 
are marked by solid lines.
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Figure 2.4, Bouger gravity anomaly map. Contour interval 0.5 mgal. Note the 
trend of the basin-bounding faults and the gravity contours. The major depocen- 
ters are also very well delineated by the gravity data. Data courtesy Amoco Pro
duction Company.
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eastern margin. The general trend of the basin is SSE-NNW, parallel to the trend 

of the East Lake fault. Sediments of all ages show thickening near the fault. The 

sub-basin is deep (approximately 4.5 km) in the southernmost part, but gradually 

becomes shallower to the north. Nevertheless, the asymmetric geometry with 

maximum thickness of sediments near the fault remains a characteristic of this 

sub-basin.

In comparison, the north sub-basin, bounded by the Carrington fault, shows 

some amount of variation in the asymmetric nature of basin geometry. Seismic 

line 14 (Fig. 2.6a) shows a cross-sectional view of the south sub-basin and an 

oblique cross-sectional view of the north sub-basin. The asymmetric, deep, half- 

graben structure of the north sub-basin in line 18 (Fig. 2.6b), with layers thickened 

near the fault, changes to a more symmetric, broad, basin in line 20 (Fig. 2.6c). 

Here, sedimentary layers thicken toward the center of the basin. This geometry 

again changes back to a shallower asymmetric half-graben structure in the northern 

portion of the lake as seen from line 23 (Fig. 2.6d).
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Figure 2.5, (a-e)Seismic profiles (depth-converted) from south sub-basin. The up
per figure (vertically exaggerated) shows the basin deformation, while the lower 
section (true scale) portrays the fault geometry. Note the listric geometry of the 
East Lake fault (ELF). The sediment-basement contact is represented by the solid 
line. Synthetic and antithetic faults offset horizons in the hanging wall block. The 
synthetic faults are very well imaged in line 22 (Fig. 2.5e). Note the spatial change 
in the listric fault geometry. For horizontal scale: distance between each annotated 
GDP location is about 1.5 km. Vertical axis in feet (10000 ft ~  3 km).
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Figure 2.6, (a-g) Seismic profiles (depth-converted) mainly from the north sub
basin showing the basin geometry and the Carrington Fault (CF). For figures 
showing two sections, the lower one is to true scale, where the upper figure is 
displayed with vertical exaggeration. Figures b, c, and d show the change in 
basin geometry from south to north of the sub-basin. Listric geometry of faults, 
spatially variable, is seen on all profiles. Note the presence of numerous synthetic 
and antithetic faults in the basin, (a) line 14 shows both sub-basins. Synclinal 
folding of hanging wall horizons occurs above the East Lake fault. Figures c, d, 
f, and g show an intensely deformed hanging wall block (marked by a wavy line 
cutting through the horizons) in the fault vicinity. The deformation is almost 
absent in other profiles. Figure 2.6e shows the location and age of samples from 
the Bridge Well ’L’ which give the age control on the Paleogene and Neogene 
basins. The well is 1.5 km north of the seismic line. For scales see Figure 2.5.
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2.5 F au lt G eom etry

As described above, the sub-basins of the Great Salt Lake, are bounded by 

a major normal-fault system comprising the Carrington fault and the East Lake 

fault. The sub-basins, themselves, consist of more than one depocenter; however 

they have deformed in a regional extensional field sharing a common evolutionary 

history, because the hanging wall geometries imaged on dip profiles in the sub

basins are reasonably consistent. Two or more strike lines in each sub-basin, also 

show the continuity of reflection events.

Analyzing several of the seismic profiles from the Great Salt Lake, previous 

studies [e.g., Smith and Bruhn, 1984; Viveiros, 1986] have shown that the basin- 

bounding faults of the south sub-basin are listric. Utilizing a dense grid of seismic 

lines throughout the lake, the fault geometries in both sub-basins are presented 

in this paper. This areal grid of data helps determining whether these major 

basin-bounding faults remain listric along strike over their entire extent.

Seismic profiles from the south sub-basin (Figs. 2.5a-e) show that the East 

Lake fault has a listric geometry which is traceable down to a depth of about 6 

km. The listric fault reflection is traceable into the basement. Almost all of the 

seismic lines used in the study are oriented within 15° to 20° of the average dip 

direction of the fault plane. Therefore, the dip of the faults imaged on the seismic 

profiles shows almost the true fault dip. Typically, the faults start near the surface 

with fault-plane dips between 50° and 60°, and flatten to low dips of between 10° 

and 20° at depths of about 5 km. The rate at which fault dip decreases with depth 

varies between 0.7°/100 m and 0.8°/100 m. Proffett [1977] reports a rate between 

0.3°/100 m and 0.7°/100 m from Yerrington district, Nevada, while Hamblin [1965] 

reports a rate between 1.3°/100 m and 2.0°/100 m for the Hurricane fault, Grand 

Canyon, Arizona. Seismic line 11 (Fig. 2.5a) and line 12 (Fig. 2.5b) in the 

northern half of the south sub-basin, show a very smooth decrease of fault-plane
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dip, while line 5 (Fig. 2.5c) and line 7 (Fig. 2.5d) in the southern half of the south 

sub-basin, show a nearly ramp-flat-ramp geometry [Ellis and McClay, 1988]. Line 

5 (Fig. 2.5c) shows two distinct fault segments comprising the East Lake fault. 

The lower segment bounds the Eocene-Oligocene deposits whereas the upper one 

bounds the Miocene-Recent deposits, thus clearly demonstrating the superposition 

of later phase normal faulting on the earlier one. Both segments show decreasing 

fault dip with depth. Line 12 (Fig. 2.5b) best displays the listric geometry of 

the East Lake fault. Although the overall fault geometry is listric along the entire 

southern sub-basin, the details of the listric nature are different from place to place.

Horizons in the hanging wall block of the East Lake fault have been offset by 

small-scale antithetic and synthetic faults (Figs. 2.5a-e). A significant number of 

the secondary faults in the hanging wall block are synthetic normal faults, that 

dip to the west, much like the master faults, (e.g., Fig. 2.5e). The faults occur at 

various distances from the main fault. The change in the dip of the basin-bounding 

fault is reflected in the growth of hanging wall horizons and their ‘reverse drag’ 

near the fault.

Unlike the East Lake fault, the Carrington fault, which bounds the north sub

basin, shows a more noticeable variation in fault geometry and associated hanging 

wall deformation. Line 18 and line 3 (Fig. 2.6b and 2.6e), which are almost normal 

to the average strike of the fault on the northern side of Carrington islandf show 

nearly true-dip orientation of the fault plane. The listric geometry of the fault 

plane is obvious, although the rate of change of dip with depth is smaller than 

profiles in the south sub-basin (Fig. 2.5a and 2.5b). Line 15 and line 51 (Fig. 

2.6f and 2.6g), which are oblique to the fault plane, image gentler apparent dip of 

the fault plane caused by the oblique orientation of the profile with respect to the 

direction of average dip of the fault plane. Nevertheless, the listric geometry of 

the fault plane also is apparent on these profiles. In Figure 2.6f, a dipping event is
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imaged between GDPs 451 and 1451 at depths between 10000 and 18000 feet, i.e., 

between 3.0 and 4.8 km, which has a shallower dip than the main Carrington fault. 

This event is most probably an out-of-plane event off either the Carrington fault 

or the East Lake fault. In this part of the basin, the two faults merge or intersect 

each other as observed by the projected fault outcrops from seismic profiles. There 

is a complex interaction between the two faults in this region. Slip on the East 

Lake fault is most probably transferred to the Carrington fault in this region. A 

consequence of this interaction may have resulted in the decreasing basin depth 

on the northern portion of the East Lake fault, e.g., the basin on the east side of 

line 14 (Fig. 2.6a). Beyond this region, as far as the northernmost part of the 

lake, most of the slip is accommodated by a fault which most probably is a part of 

the Carrington fault as inferred from the projected fault outcrops on the seismic 

profiles. The fault geometry is listric as observed on line 20 (Fig. 2.6c) and line 

23 (Fig. 2.6d). The basin is shallower in this region because the slip on the faults 

is less compared to other parts of the lake. Because of their positions, seismic 

lines in the northernmost part of the lake do not image the surface outcrop of the 

fault, which most probably lies east of the lake shore. The trend of the gravity 

anomaly contours (Fig. 2.4) corroborate this interpretation. On the south side of 

the north sub-basin, the fault lies to the west of Carrington Island and continues to 

the south. Doelling et al. [1990] document evidence for a normal fault southwest 

of Carrington Island which could be a southward continuation of the Carrington 

fault.

The three-dimensional relationship between the two basin-bounding faults is 

shown in Figure 2.7. Although it is difficult to precisely determine the interaction 

between the two faults, their trends reflected in the contour plots imply a merging 

or cross-cutting of the two faults. The Carrington fault differs from the East Lake 

fault in at least one important respect: hanging wall horizons near the Carrington
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Figure 2.7, Three-dimensional perspective image of the Carrington and East Lake 
normal fault systems. The faults have been scismically imaged up to a maximum 
depth of about 5.5 km. Note the along-strike variation in fault geometry. Dip of 
the faults changes from about 50° — 60° at surface to about 10° — 20° at depths of 
about 5 km. Islands arc marked for reference.
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fault have suffered significant deformation. This observation also indicates that the 

fault west of Promontory Mountains is part of the Carrington normal fault. The 

lateral continuity of reflection events on many of the profiles is disrupted by nu

merous small-scale synthetic and antithetic faults near the fault. The deformation 

zone follows the trend of the Carrington fault. The severely faulted hanging wall 

horizons also show a significant amount of rotation implying a significant decrease 

in fault-plane dip below the rotated horizons. The reason for the complex hanging 

wall deformation is not known, but could be due to the interaction of the two faults 

in this area. The hanging wall deformation is most severe near the junction of the 

faults and decreases to the north (e.g., Fig. 2.6d), and to west, (e.g., Fig. 2.6b). 

Small-scale antithetic and synthetic faults are more abundant in the hanging wall 

blocks in this sub-basin than in the south sub-basin.

The listric geometry of the major basin-bounding faults, when considered along 

strike and in depth, calls for an explanation other than the presence of the brittle- 

ductile transition at depths between 8 and 10 kilometers [Smith and Bruhn, 1984]. 

Because the faults flatten to low dips of about 10o-20° at depths of about 5 kilo

meters, the pre-existing structures, especially older thrust faults, might have had 

a strong influence on the geometry of normal faults. The similarity in the trends 

of the two basin-bounding normal faults (Fig. 2.1) also implies some pre-existing 

structural control on their initiation. Strong evidence for pre-existing thrusts in the 

Great Salt Lake and their influence on the geometry of younger Cenozoic normal 

faults have been addressed in Chapter 3.

2.6 O nset of E x tension

Although previous work [e.g., Viveiros, 1986] concluded the earliest onset of 

extension across the Great Salt Lake as Miocene, bore-hole data suggests an 

Oligocene to early-Eocene onset of extension recorded in the Great Salt Lake basin.
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Radiometric data, dipmeter data and seismic data show that extension had started 

as early as late Eocene to middle Oligocene. Seismic line 3 (Fig. 2.6e) from the 

north sub-basin shows the basin-bounding Carrington normal fault flanking a half- 

graben structure near the base of the Tertiary sedimentary section. In the deep 

part of the graben, a tilted wedge-shaped sequence is truncated and unconformably 

overlain by layers with apparently horizontal dip. In the wedge, the rock units dip 

into and are cut by the fault plane. The Bridge well ’L’, located approximately 1.5 

km east of this profile, penetrates the basement rocks in this part of the basin and 

encountered rock units in this wedge. A zircon fission-track date of about 10.3=1=1.0 

Ma [Bortz et al., 1985], and a Ar-Ar date of 8-12 Ma [0. Davis, pers. comm., 1996] 

are obtained for samples from a depth about 2.4 km, just above the angular un

conformity. The corresponding fission-track and Ar-Ar dates for cuttings from a 

depth of approximately 3 km are about 29=1=1.3 Ma and 40 Ma respectively, show

ing that the wedge is a Paleogene half-graben. Dipmeter data indicates Neogene 

strata dip 5°-120 east to northeast, whereas, late Paleogene horizons dip 150-35° 

south to southwest. The geometry of the Paleogene half-graben changes along the 

strike of the Carrington fault, as seen in Figure 2.6h.

A seismic profile (Fig. 2.5c), from the south sub-basin images a structure 

similar to that in Figure 2.6e, in the north sub-basin. Unlike the north sub-basin, 

no direct radiometric age evidence for Paleogene deposits exists in the south sub

basin. However, structural similarity between profiles from both basins strongly 

suggests the presence of Paleogene rocks in the south sub-basin. The East Lake 

normal fault bounds the Paleogene half-graben overlain by younger Neogene rocks. 

The unconformity is marked by a strong seismic acoustic impedance contrast as in 

profiles in the north sub-basin (Fig. 2.6e and Fig. 2.6h). Thus, both sub-basins 

record extension starting as early as mid- to late-Eocene.
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2.7 E x tension  A m ount and  F au lt Slip

Widely varying amounts of extension have been reported from different areas 

in the Basin and Range Province in the past. At least 100% of local east-west 

extension in the Yerrington district, Nevada is reported by Proffett [1977] from 

balanced cross sections. Wernicke [1981] reported 300% extension in the northern 

Egan and Cherry Creek Ranges. Extension amounts as small as 20-30% are re

ported from the Rawhide Mountains of Arizona [Wernicke and Burchfiel, 1982], 

and Dixie Valley [Okaya and Thompson, 1985]. Palinspastic reconstructions done 

by Allmendinger et al. [1983] imply about 100% extension across the Sevier Desert 

detachment. On a regional scale, varying amounts of extension are also reported 

by several workers. Proffett [1977] estimates an extension of between 30% and 35% 

across the Great Basin, while Wernicke [1981] estimates it to be between 50% and 

100%. The difference in these amounts is due to the the fact that the measurements 

were done in different areas and with different assumptions. Moreover, percentages 

do not make much sense unless the pre-deformation stage is accurately known. To

tal extension stated in terms of distance rather than in percentage provides a less 

subjective estimate of this parameter. As no accurate amount of extension can be 

obtained on a regional basis, the preferred approach is to document the amounts 

from various localities to get a reasonable constraint.

Previous studies [e.g., Viveiros, 1986] report extension amounts between 26% 

and 37% for the Great Salt Lake basin, based on conservation of cross-sectional 

area. In this study, two profiles from the middle and south parts of the basin (Figs. 

2.8a-b respectively) are used to calculate the amount of extension. Tops to vari

ous horizons (Oligocene, Miocene, Pliocene, and Quaternary) were projected from 

bore-hole data to the depth-converted seismic sections. Palinspastic reconstruc

tions were done on each of these profiles (Figs. 2.8a-b) using GEOSEC restoration 

software. The sections were restored to their pre-faulting position using a combi
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nation of vertical and inclined simple shear. The horizons were decompacted after 

each restoration. Amounts of extension and fault slip for each time period are 

shown in Figures 2.8(a-b). Although the amounts and rates of extension calcu

lated in this manner are not precise, they can be regarded as reasonable estimates. 

The total extension amount (since the Oligocene) calculated varies between 7.0 

and 9.5 kilometers. Considering the particular time intervals, as much as 1 km 

of extension occurred in the Quaternary, 2.6 km in the Pliocene, 2.9 km in the 

Miocene, and 2.8 km in the Oligocene. The total amount of extension is equiva

lent to 83%, when compared to extension amounts in percentages reported from 

other areas in the Basin and Range Province.

Clearly, the amount of extension in an area plays a major role in modifying the 

structures associated with slip along normal faults. Using sand-box models, Ellis 

and McClay [1988] demonstrate the increase in complexity of hanging wall defor

mation with increasing extension. Synthetic and antithetic normal faults form as 

a result of extension and their interaction can become complex with increasing ex

tension. Large amounts of extension produce considerable reverse drag of hanging 

wall strata on a master listric normal fault surface. Seismic profiles from the Great 

Salt Lake, show significant amounts of reverse drag of hanging wall horizons and 

secondary antithetic and synthetic faults in the hanging wall blocks, very similar 

to the structures seen in the sand-box models of Ellis and McClay [1988].

Fault activity can be expressed in terms of fault slip rates which are as much as 

0.7 mm/yr in the Quaternary, 1.1 mm/yr in the Pliocene, 0.2 mm /yr in the Miocene 

and 0.4 mm/yr in the Oligocene. The rate for each geologic epoch is calculated 

by dividing the corresponding fault length by the amount of time it represents, 

assuming that the sedimentation rates are controlled by slip along the fault. Al

though the extension amount was greater in the Midcene and the Oligocene, the 

calculated fault slip rates are less because of their longer time intervals.
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Figure 2.8, Palinspastic restoration of line 5 (a), and line 11 (b). Extension amounts 
(km) for each time period and fault slip rates (mm/year) are shown for each profile. 
Amount of extension is the difference in section length before and after deforma
tion. Fault slip rate is the fault length for the time period divided by that time 
interval. Different time periods are Oligocene (35-23 Ma), Miocene (23-5 Ma), 
Pliocene (5.2-1.6 Ma), Quaternary (1.6-0 Ma).
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2.8 Isopach  A nalysis

The Cenozoic basin-fill in the Great Salt Lake basin consists of sediments of 

Oligocene-Eocene, Miocene, Pliocene and Quaternary age. Tertiary fresh-water la

custrine sedimentation was the dominant depositional process that filled the Great 

Salt Lake basin. Lacustrine, marginally lacustrine, and alluvial depositional se

quences consist of conglomerates, mudstones, siltstones and poorly consolidated 

sandstones. Palynological data [Bortz et. a l, 1985; Moutoux, 1995], radiometric 

data [Bortz et. a l, 1985; 0 . Davis, pers. comm., 1996], velocity logs, and reflection 

event continuity were used to identify the boundaries between the major chrono

logical units. Isopachs (contours of equal thickness) for each chronostratigraphic 

unit (Figs. 2.9a-d) were used to determine the variation in sedimentation in the 

lake during various developmental stages.

2.8.1 O ligocene

Figure 2.9a shows the isopach map for Eocene-Oligocene deposits. The local

ized nature of these deposits (defined by the limited extent of contour lines) implies 

that the early basin development is preserved in a limited area, and was very much 

restricted to places where fault slip was active. The half-grabens containing the 

Oligocene deposits (Fig. 2.5c and 2.6e) are conspicuous in the depocenters B and 

D (Fig. 2.9a). These confined half-grabens are unconformably overlain by younger 

Neogene rocks. Lithologic logs from several wells show that the prominent rocks 

are shale, sandstone, claystone with traces of basalts, tuffs, and rhyolite that dip 

into the fault plane. As there is no direct evidence of active volcanism in the Great 

Salt Lake itself, volcanic materials might have been carried in from adjacent areas. 

The maximum thickness of these deposits is about 1.4 kilometers. All four of the 

major depocenters contain Oligocene deposits, although the maximum deposition 

was in depocenters B and D.
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2.8.2 M iocene

A distinct unconformity (e.g., Fig. 2.5c and 2.6e) marks the boundary between 

the Miocene and Oligocene deposits in the basin. In the absence of Oligocene 

sediments, the Miocene sediments are deposited directly on Precambrian and/or 

Paleozoic basement rocks. The Miocene isopachs (Fig. 2.9b) show that Miocene 

deposits were widely distributed over the area of the lake unlike the Oligocene de

posits. Both the north and south sub-basins became wider, and the basin margins 

migrated westward. Nevertheless, depocenters B and D were still the major sites of 

sedimentation. Miocene deposits are characterized by lacustrine deep-water facies 

and westward-prograding fluvial systems consisting of conglomerates, mudstones 

and siltstones, as indicated by lithological logs. The conglomerates were derived 

from basement highs flanking the basin, implying active denudation and tectonic 

uplift. Syntectonic deposition is also shown by thickening of the units toward the 

basin-bounding faults. These growth units are prevalent all over the basin and 

imply significant fault activity during deposition. The units show considerable re

verse drag near the fault, implying a decrease of fault dip at depth. The Miocene 

deposits are the thickest deposits of all ages in the basin with a maximum thickness 

of about 2.3 kilometers in depocenter B (Fig. 2;9b).

2.8.3 P liocene

Locations of maximum sedimentation shown by the Pliocene isopachs (Fig. 

2.9c) differ conspicuously from the Miocene isopachs. In the north sub-basin, 

this location has shifted from depocenter ’B ’ to ’A’. In the south sub-basin, both 

depocenters received considerable amounts of sediments. The isopachs show the 

maximum amount of sedimentation occurring west of the Promontory mountains 

(depocenter ’A ’) and also along the East Lake fault, implying shifting of depocen

ters to the east. Maximum thickness of the Pliocene sediments is about 1.5 kilo
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meters (depocenter A). The Pliocene units also show considerable growth towards 

the basin-bounding fault. Considerable rotation of lower Pliocene horizons near 

the fault plane and moderate amounts of rotation of upper Pliocene horizons are 

observed on the seismic profiles. The Pliocene rocks represent lacustrine deposits 

consisting of higher fractions of sandstone and less of conglomerate. In the north

ern sub-basin, especially in the vicinity of depocenter ’A ’, occurrence of basalt is 

noted from the sample cores and well cuttings. The basalt, due to its strong acous

tic impedance contrast with the sediments, makes a useful Pliocene marker on the 

seismic profiles. The, basalt, however is not traceable in the southern sub-basin. 

Palynological analysis [Moutoux, 1995] shows the presence of a few Pliocene tuffs 

in the northern and southern sub-basins which are useful chronologic markers.

2.8.4 Q u a te rn a ry

Quaternary isopachs (Fig. 2.9d) show deposition over the entire lake area. 

However, the southern sub-basin had thicker deposits than the northern sub-basin. 

Thick accumulations are seen near the junction of the two basin-bounding faults 

in the middle of the lake, and in depocenter ’D ’. The thicker depositional sequence 

near the fault boundaries implies continued significant syntectonic growth through 

the Quaternary. The Quaternary-Pliocene boundary is very well constrained by 

dated tuffs and ashes in both sub-basins [Moutoux, 1995]. The isopachs show thick 

accumulation of sediments near the northwest segment of Carrington fault (west of 

the Promontory Mountains) and along the East Lake fault. Maximum thickness of 

the Quaternary sediments is about 700 meters. Quaternary syndeformational basin 

fill is characterized by fine-grained siltstones, mudstones and poorly consolidated 

sandstones.
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Figure 2.9, (a-d) Isopachs for major geologic time intervals. Major depocenters 
and fault traces are shown, (a) Eocene-Oligocene: Note the localized nature of the 
Eocene-Oligocene deposits. Thickest deposits occur in depocenters ’B ’ and ’D ’. 
Maximum thickness is 1.8 km. (b) Miocene: Sediments distributed all over the 
lake, depocenters ’B ’ and ’D ’ still receive more sediments compared to ’A ’ and ’C’. 
Maximum thickness is 2.3 km. (c) Pliocene: Sedimentation is higher in depocenter 
’A ’ compared to ’B \ Maximum thickness is 1.5 km. (d) Quaternary: Maximum 
thickness is 0.7 km.
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2.9 S ed im en ta tion  R ates

Isopachs for different stratigraphic assemblages in the major depocenters were 

used to determine average sedimentation rates throughout the Cenozoic. Limiting 

sedimentation rates are determined by dividing the thickness of each stratigraphic 

package by the geologic time it represents, giving an average rate for the interval. 

Unconformities within the sequences visible on seismic profiles and corroborated by 

dipmeter readings, imply that the sedimentation rates thus calculated are minimum 

estimates (Table 1).

During the Oligocene, the sedimentation rate was highest in depocenter B, and 

less in depocenter D to the north. The Miocene rate also was highest in depocenter 

B; there was no significant difference in the sedimentation rates during Oligocene 

and Miocene. During the Pliocene, the most active depositional epoch, all the 

depocenters showed a considerable increase in sedimentation rate. Although the 

Miocene deposits are thickest, they were deposited during a considerably longer 

interval of time (approximately 18 Ma) than the Pliocene deposits (approximately 

3.5 Ma). The presence of unconformities within the Miocene section also reduces 

the calculated sedimentation rates. Depocenter A shows the highest rate of sed

imentation during the Pliocene, implying that there is an eastward shifting of 

sedimentation in the north sub-basin in the Pliocene. Depocenters in the south 

sub-basin show more uniform rates. During the Quaternary, the sedimentation 

rate is almost uniform over the entire lake area, though it is marginally higher in 

the south sub-basin. In the northern sub-basin, depocenter A records a higher rate 

of sedimentation than depocenter B.

The sedimentation rate during the Pliocene was highest in the basin. In the 

north half of the basin, there was an eastward shift of the locus of maximum 

sedimentation during Pliocene, whereas in the south sub-basin no such shift was 

observed. Both show the highest value during the Pliocene and show a mutual



62

Table 2.1, Sedimentation Thickness and Rates 
(Thickness (Thick.) in km and rate in mm/yr)

Depocenter A B C D
Age Thick. Rate Thick. Rate Thick. Rate Thick. Rate

Quaternary 0.54 0.34 0.43 0.25 0.55 0.34 0.58 0.35
Pliocene 1.44 0.44 1.04 0.28 1.28 0.36 1.34 0.36
Miocene 1.24 0.07 2.14 0.12 1.34 0.07 1.44 0.08

Oligocene 0.61 0.05 1.34 0.11 0.87 0.07 1.14 0.09

correspondence during other time periods.

2.10 D iscussion

During Sevier Orogeny crustal shortening was accommodated along several 

major thrusts forming the Cordilleran fold and thrust belt. As thrusting ceased 

due to changes in the North American and Pacific plate configurations at the end of 

the Sevier-Laramide Orogeny, gravitational collapse of the fold and thrust belt took 

place resulting in the formation of normal faults. The location and geometry of 

these normal faults were strongly controlled by the pre-existing Sevier thrusts. The 

thrusts localized the normal faults which reactivated them and merged with them 

at greater depths. Thus the normal faults became listric in geometry. Evidence 

for this interpretation exists in the Great Salt lake basin, where the Willard thrust 

and its footwall imbricate thrust controlled the locations and geometries of the 

Carrington and East Lake normal faults respectively. Similarities in the trends 

of both normal faults also indicate some pre-existing structural grain inherited 

by them. Seismic imaging, bore-hole data, gravity data, core samples and finite- 

element modeling have been used in Chapter Three to suggest that the location 

and listric geometry of the main basin-bounding faults were strongly controlled by 

pre-existing thrusts. Evidence of reactivation of pre-existing thrusts by younger 

normal faults exists in other parts of the Cordillera [e.g., Smith and Bruhn, 1984;
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Zoback, 1992; Constenius, 1996 and references therein].

A general lack of correlation between modern earthquake epicenters and surface 

rupture is observed in the Great Salt Lake. There is a lack of modern seismicity 

in the middle and southern portions of the lake, where considerable slip has oc

curred along the basin-bounding faults (~4.5-4.8 km of vertical slip). Rates of 

fault slip and rates of sedimentation in the Great Salt Lake show a positive cor

relation implying that the former controls the later. Fault-slip rate during the 

Quaternary is about 0.7 mm/yr. Pechmann et al. [1987] reported a fault slip 

rate of 0.4-0.7 mm/yr by analyzing seismic and bore-hole data from Great Salt 

Lake. The estimated modern fault slip rates in the Great Salt Lake are about half 

the Holocene slip rates in the Central Wasatch fault zone (1-2 mm/yr, Hecker et 

al., 1993 and references therein), and more than twice the amounts estimated for 

the Wasatch fault zone since middle Pleistocene (0.1-0.3 mm/yr, Machette et a l, 

1992). Quaternary slip rates on the Hurricane and Sevier faults in southwestern 

Utah, measured from various fault-displaced basalts, are 0.3-0.5 mm/yr and 0.4 

mm /yr respectively [Anderson and Christenson, 1989]. A noticeable difference 

between these faults and the Great Salt Lake basin-bounding faults is the lack of 

seismicity on the later. If fault slip rates are any indication of recurrence intervals 

for large earthquakes, the Great Salt Lake faults have a recurrence interval of 4000 

years compared to 2000 years for the central Wasatch fault zone [Pechmann et al., 

1987].

Evidence for early Cenozoic extension exists in various parts of the Basin and 

Range Province (see Constenius, [1996] and references therein). The timing of on

set of extension has important implications for the tectonics of the region. Sevier- 

age thrusting ceased as late as 50-40 Ma. If the Great Salt Lake basin evolution 

began in the Miocene, there is a gap of about 25 Ma between the cessation of 

thrusting and the beginning of local extension. A possible implication is that
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there might not be a strong correlation between the earlier thrusting and younger 

extensional structures. However evidence from the Great Salt Lake shows the evo

lution of the Great Salt Lake actually started as early as 40 Ma, implying that the 

hiatus between the cessation of thrusting and the onset of extension was brief, at 

most approximately 10 Ma, and if regional correlations by Constenius [1996] apply 

to the Great Salt Lake basin, perhaps as little as ~ l-5  Ma. Extensional tecton- 

ism was superimposed on the earlier compressional structures, and most likely the 

older structures helped to control the subsequent structural development of the 

region.

Two temporally distinct phases of normal faulting and sedimentation took place 

during the evolution of the Great Salt Lake basin. At places these two phases are 

also structurally distinct as inferred from seismic imaging. The first phase of 

extension started as early as late Eocene or early Oligocene and is coeval with 

formation of metamorphic core complexes in the hinterland of the Cordillera fold 

and thrust belt. It is separated from the second phase of extension by a distinct 

angular unconformity. On a regional scale this angular unconformity may represent 

a hiatus of ~3-15 Ma [Constenius, 1996]. The second phase of normal faulting 

is coeval with Neogene Basin and Range extension. Sedimentation during the 

early phase of extension is preserved in localized half-grabens which are buried 

under the sediments deposited during the later phase of extension. An excellent 

record of this phenomena is preserved in the Great Salt Lake. The chronologic 

evolution of the basin is better understood by isopach analysis, which illustrates 

the gradual evolution of the confined Paleogene half-grab ens into major basins into 

which sediments of later ages were accumulated.

As much as 9 km of extension occurred during the two phases of extension 

across the Great Salt Lake. When stated in term of percentage, Cenozoic extension 

is 83% compared to a previous estimate of about 26% by Viveiros [1986]. The
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estimated percentage is on the same order as those estimated from other workers 

[e.g., Wernicke, 1981; Allmendinger et a l, 1983]. The basin-bounding faults have 

accommodated most of the extension across the lake while the secondary antithetic 

and synthetic faults have accommodated the rest.

2.11 C onclusions

Seismic data from the Great Salt Lake show that the major basin-bounding 

faults are listric in nature; their dip changes from about 50o-60° at the surface 

to about 10o-20° at depths of about 5 km. Although the geometry, in general, 

remains listric along strike, local variations are common. The general trends of 

the two basin-bounding faults, the Carrington fault and the East Lake fault, are 

similar. Their geometry and trends imply a pre-existing structural control on their 

initiation and growth. Both faults record extension which started as early as late 

Eocene-early Oligocene implying that there was only a brief gap between Sevier- 

age thrusting and onset of Cenozoic extension. The earlier phase of extension 

during the late Paleogene is separated from the later phase of Basin and Range 

extension by a major angular unconformity.

Moderate amounts of extension, as much as 9 km, on these faults formed the 

Great Salt Lake basin. In the south, the basin is generally an asymmetric half- 

graben, whereas in the north it is more properly characterized as a broad half- 

graben. Isopach analysis indicates that the confined Oligocene half-grabens evolved 

into major half-grabens during the extension and the depocenters were shifting 

eastward as faulting progressed. Fault-slip rates in the Quaternary are as much as 

0.7 mm/yr implying that these faults still may be tectonically active.



C H A P T E R  3 3-D constra in ts  on T ertia ry
D eform ation  and  Fault G eom etry  in th e  G rea t 

Salt Lake B asin, U tah : T he ir S tru c tu ra l and

66

3.1 In tro d u c tio n

Major west-dipping normal-fault zones bound large NNW-trending sedimen

tary basins beneath the western Great Salt Lake that record significant Neogene 

extension at the eastern margin of the Basin and Range Province. These sedi

mentary basins formed as half-grabens in the hanging walls of the normal faults. 

The geometries of normal faults that accommodate crustal extension are still a 

matter of debate. Low-angle normal faults and low-angle parts of listric faults 

are not commonly observed to be seismogenic [e.g., Jackson and McKenzie, 1983; 

Arabasz and Julander, 1986; Smith and Bruhn, 1984; Jackson, 1987; Smith et a l, 

1989]. However, many workers [e.g., Anderson, 1971; Proffett, 1977; Eaton, 1980; 

Wernicke, 1981; Wernicke and Burchfiel, 1982; Allmendinger and Platt, 1983; All- 

mendinger et a l, 1983; Miller et a l, 1983; Smith and Bruhn, 1984; Spencer, 1984; 

Gans et a l, 1985; Hamilton, 1987; Buck,19%%] Miller and John, 1988; Spencer and 

Chase, 1989; Lister and Davis, 1989; Johnson and Log, 1992; Yarnold et a/., 1993; 

Mohapatra et a l,  1993; Mohapatra and Johnson, 1995; Mohapatra and Johnson, 

submitted], document the presence of high-angle, low-angle, and listric faults in 

the Basin and Range Province. Listric extensional fault systems have also been 

documented in continental extensional regimes [Gibbs, 1983, 1984a,b; Beach, Bird 

and Gibbs, 1987], the Cordilleran fold and thrust belt [Bally et a l,  1966; Royse et 

a l, 1975; and Constenius, 1996], and other studies [Lowell et a l, 1975; Le Pichon 

and Sibuet, 1981].

Analysis of seismic reflection data from the Great Salt Lake shows that the
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basin-bounding normal-fault geometry is listric but variable along strike. On the 

seismic profiles, listric faults can be traced with reasonable certainty to maximum 

depths of between 3-5 kilometers. Beyond these depths, the seismic imaging is 

insufficient to resolve the fault geometry because the faults juxtapose similar base

ment lithologies and do not represent large acoustic impedance boundaries. How

ever, determining the geometry of faults at these depths will help understand the 

change of listric geometry with depth and the factors controlling the fault geome

try at depth. Therefore a numerical method is used to determine fault geometry 

at depths where imaging is poor.

Two-dimensional section-balancing schemes [ Verrall, 1981; Gibbs, 1983; Suppe, 

1983; Jackson and Galloway, 1984; Kligfield et ah, 1984; Davison, 1986; White 

et a l, 1986; White, 1987; Williams and Vann, 1987; Faure and Chermette, 1989] 

Rowan and Kligfield, 1989; Groshong, 1990; Dula, 1991; Higgs et al., 1991; Nunns, 

1991] commonly are used to determine fault geometry from hanging wall horizons. 

These schemes are based on the assumption that cross-sectional area or bed length 

is conserved during deformation. These methods assume extension orthogonal to 

the average strike of the fault, no out-of-plane deformation, and vertical simple 

shear (except in the case of the arbitrary inclined simple shear model [ White et 

al., 1986; White, 1987; Dula, 1991]). In reality, oblique-slip deformation of hanging 

wall block does occur, in which extension direction can be arbitrary, out-of-plane 

deformation can occur and shear planes in the hanging wall horizons can be arbi

trarily inclined. Therefore, the oblique-slip deformation parameters and fault ge

ometries beneath the Great Salt Lake are determined using a numerical approach 

[Kerr et al., 1993] and their tectonic and structural implications are discussed.
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3.2 T heory

In order to determine fault geometry from hanging wall geometry, or vice versa, 

as accurately as possible, the oblique-slip deformation of the hanging wall block 

should be considered, which can be represented by three Euler angles a i, and 

a 3 [Fig. 3.1]. For the most general case of extensional deformation, the regional 

extension direction is oblique to the true dip direction of the fault plane by angle 

a \.  Actual slip direction on hanging wall shear planes (planes parallel to strike of 

the fault plane) is given by the rake angle, ag. The shear planes are inclined by 

angle o>3 from the vertical. The x axis is parallel to the average strike direction of 

the fault trace, the y axis is parallel to the azimuth of the dip of the fault surface, 

and the z axis is vertical; this axis measures depth below the horizontal surface 

plane. The actual direction of shear in terms of the three Euler angles, cxi, a 2, 

and Qis, is given by the vector, V. In a general 2-D deformation frame, extension 

direction is parallel to the y-axis, the shear planes in the hanging wall block are 

vertical and the shear direction, V, is parallel to fault dip (rake angle =  0 ). The 

main assumptions behind the oblique-slip deformation method are that (a) the 

hanging wall deforms by an arbitrarily inclined bulk simple shear and differential 

compaction; (b) the fault does not change geometry as deformation proceeds; and 

(c) the amount of extension is constant in the direction of extension but can vary 

along strike.

The difficulty of calculating fault geometry in the case of oblique slip can be 

avoided by rotating the coordinate axes in such a way that the problem becomes 

two-dimensional for computation. The xyz coordinate system (Fig. 3.1) is rotated 

by angle ax around the z axis so that the y axis is parallel to the extension direction. 

The second rotation is done by angle oc3 around the x axis in the altered coordinate 

system so that the z axis is within the shear plane. The final rotation is by angle 

a 2 around the y axis so that the direction of shear (dashed arrow on shear plane)



69

Strike

True Dip Y
Extension
Direction

hear Plane

■ * ■ ■ ■ fcw • » •

a 1 Extension direction angle in the horizontal plane 

0C2 Rake Angle on the Shear Plane 

(Xg Inclination of Shear Plane

V Vector showing the actual motion on shear plane

Figure 3.1, Schematic diagram showing deformation in three-dimensions. Hanging 
wall block is outlined by a dashed line. The shear plane in the hanging wall block 
is outlined by a gray solid line. Extension direction on the xy plane is oblique to 
the true dip direction by angle oq. The shear plane is inclined to the vertical by 
angle a 3. Vector V representing the actual motion on the shear plane has a rake 
of a 2 on the shear plane.



70

is parallel to the vector V representing the actual motion of particles on the shear 

plane.

The rotation of the axes is achieved by a coordinate transformation. The 

coordinate system xyz is transformed to x’y’z’ by the following equation [Gasson, 

1983]:

A = BC (3.1)

where

B =

and where c* =  coso% and s* =  sinotj, and

(  x ' \
A = y' (3.2)

\ z '  )

cl c2 — S1S2S3 —C2 S1 — S2S3C1 S2C3 X
C3S1 C3C1

Ss
(3.3)

—S2C1 — S3S1C2 s is 2 — C1C2C3 C2C3 /

C =
x  ^
y (3.4)

X z /
Once the coordinate transformation is done, all deformation occurs in the y V  

plane, and thus reduces to a 2-D problem. Figure 3.2 shows the calculation of 

fault plane geometry (F) from the hanging wall geometry (b’) and its undeformed 

geometry (r’) in the transformed coordinates using the constant heave method 

[Verrall, 1981], in which the fault geometry is calculated from the hanging wall 

geometry at constant intervals of horizontal distance (‘h’ in Figure 3 .2).

The length |a6| is equal to length |cd|, hence the fault plane coordinate f ’ is 

given by

/ i  =  b'i +  /o  — r o- (3.5)

The x ’y’z’ coordinates of the calculated fault can be transformed back to the xyz 

reference frame by

c  = bta. (3 .6)



71

r’(Regional)

f’ (Fault Calculated) 

I ab I = I cd I F

Figure 3.2, In the transformed coordinates (x’y’z’) deformation takes place in y’z’ 
plane. The fault geometry (F) is calculated from the bed (b’) and regional (F) 
using constant heave method.
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3.2.1 R ole of C om paction

Compaction of sediments at various depths is likely to have a significant efiect 

on the deformation of hanging wall horizons. Kerr and White [1994] have shown 

that the axis of shortening due to compaction can be reasonably assumed to be 

parallel to the direction of shear. Porosity variation with depth is given by the 

following empirical relationship [e.g., Sclater and Christie, 1980]:

<f>(z) =  <t>0e x p {-z /X ),  (3.7)

where 4>0 is the porosity at the surface and A is the porosity decay length. In the 

transformed coordinates, porosity is given by

(j)\x'y'z') =  (j)0exp(X C° S az S—^   ̂ S*n a3)exp(—zl cos a 2 cos o^/A). (3.8)
—A

The lengths |o6 | and |cd| in Figure 3.2 no longer will be equal due to the effects 

of compaction, but the amount of solid material between the lengths \ab\ and \cd\ 

will be the same, which can be expressed by the equation

/ ( l  — (j)')dz' =  J  (1 — (f>)dz'. (3.9)

Substitution of equation 5 in equation 6 and subsequent integration gives the 

following equation:

f[ — fo ~  r0 +  +  Pi ~  P‘2 (3.10)

where

Pi =  ^[0]A'&rp[-/o/A'] -  expl-r^X '} (3.11)

P2 =  (j)'0[l]exp[-f[/X '} -  exp[—b'1/X']. (3.12)

The above equation can be solved by iteration, for the geometry of a fault f ’ from 

horizon b’ or vice versa. ■
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3.2.2 D ete rm in a tio n  of P a ra m e te rs  and  F au lt G eom etry

Equation 3.10 involves five parameters, o i, 012, 0:3, (f>oy and A, which are used to 

determine the fault geometry from the horizon geometry or vice versa. A number 

of fault geometries can be calculated from the same horizon geometry for a range 

of these five parameters. If the fault geometry is known, the misfit between the 

calculated fault geometries with the original fault can constrain these parameters. 

Misfit between the predicted and actual fault must be calculated at a number of 

points. Misfit is calculated by taking the difference in x, y, and z coordinates of 

both faults, summing them up, and dividing by the total number of points. The 

best estimated values of the parameters are those for which the misfit between 

the predicted and observed fault is minimum. If the fault geometry is not known, 

which quite often is the case, two or more hanging wall horizons can constrain the 

parameters and the fault geometry can be determined uniquely. The underlying 

assumption is that all the horizons have been deformed in the same way. The best 

estimated values of the parameters are those for which the misfit between faults 

predicted from the horizons is minimum. A slightly different approach is taken 

from that of Kerr and White [1993,1996] to determine the fault geometry at depths 

where seismic imaging is poor. The deformation parameters are determined from 

the hanging wall geometry and seismically imaged portion of the fault geometry, 

and are then used to estimate fault geometry at greater depths, where seismic 

imaging is poor.

3.3 S yn the tic  E xam ples

In order to quantify the performance of this approach, the method was tested 

with synthetic data before applying it to real data. The objective was to see if 

the deformation parameters (the three Euler angles) could be retrieved using an 

inverse approach, and accurately predict the fault geometry. Synthetic data were
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----■ Fault from Horizon (angles :0,0,0)*
----- Original Model Fault
—  Horizon from Model fault (angles:20,10,-35) 
----© Fault from Horizon (angles:20,10,-35)

Distance (km)

Figure 3.3, Comparison between 3-D and 2-D deformation. Model fault is shown by 
the solid line. A horizon (dash line) was calculated from the model fault (forward 
model) with angles a\ = 20°, (*2 =  10°, and 0:3 =  —35°. Fault calculated from 
the horizon (inverse method) using the actual angles is shown by line joined by 
hollow circles. Fault calculated using a 2-D method, angles a i =  £*2 =  £*3= 0 , is 
shown by a line joined by solid squares. Note the large discrepancy between the 
two calculated faults.

numerically generated by the forward problem. An arbitrary fault geometry [Fig. 

3 .3] was chosen and a hanging wall horizon was computed from it by using c&q =  

20°, £*2 =  10°, £*3 = —35°, 4>0 = 0.375, A =  1.5 km.

In the forward problem, the fault geometry and the undeformed horizon, were 

transformed to the new coordinates by using the given angles. In the transformed 

coordinates, a hanging wall horizon was calculated by using the constant-heave 

method. Finally the horizon was transformed back to the original coordinates.

In the inverse method, the horizon computed by the forward problem, was
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transformed to the new coordinate system from the original coordinate system for 

a range of three Euler angles. The porosity (</>„), and the porosity decay length 

(A) were held constant because our prime interest was to extract the Euler angles. 

In the transformed coordinates, a fault was calculated for each combination of 

the Euler parameters and then were transformed back to the original coordinate 

system. Misfit between the original fault and each calculated fault was computed. 

The angles, for which the misfit was minimized, were the best estimated by the 

method.

Figure 3.4 shows the calculated misfit as a function of the three Euler angles. 

The plots can be considered to be slices through a cube, located at the values of 

a i , a 2 , as, used in the forward model.

The contour plots indicate that the misfit function has a minimum at the values 

used in the forward model. Figure 3.3 shows that the fault geometry calculated 

from the hanging wall horizon using the actual parameters a \ =  20°, «2  =  10°, qjs =  

—35°, obtained from the inversion, matches very well with the original fault. The 

importance of these parameters in the deformation process is further realized when 

the fault geometry, when calculated assuming simple 2-D deformation {ax =  Qi2 =  

as =  0.0), is very much in error (Fig. 3.3). The synthetic test demonstrates that 

the method can be reliably used to determine fault geometry from hanging wall 

geometry. Next the method is applied to the Great Salt Lake seismic data.

3.4 T he G rea t Salt Lake

The western body of the Great Salt Lake [Fig. 3.5] is underlain by thick 

accumulations of Oligocene, Miocene, Pliocene and Quaternary sedimentary rocks 

in two large sub-basins separated by a Precambrian-cored arch that plunges to 

the NE between Carrington island and Promontory mountains [Bortz et a l, 1985; 

Petropolus, 1994; Mohapatra and Johnson, 1995].
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Figure 3.4, Misfit contour plots for the model shown in figure 3.3. Misfit between 
the actual fault and calculated fault is calculated for a range of Qfi, a 2, and as. 
Three slices of the misfit function through actual values of a\ = 20°, a 2 =  10°, and 
0:3 =  —35° are shown. Minimum misfit occurs for these values, which were used 
in the forward model. The misfit scale is shown to the right.
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Figure 3.5, Simple geological map of the Great Salt Lake region. Seismic lines 
presented here are numbered. Well locations in the lake are also shown. Data 
courtesy Amoco Production Company. Abbreviations: AI (Antelope Island), FI 
(Fremont Island), PM (Promontory Mountains), Cl (Carrington Island), SI (Stans- 
bury Island), SM (Stansbury Mountains), LM (Lakeside Mountains), OM (Oquirrh 
Mountain). The normal fault system comprising the Carrington Fault (CF), and 
East Lake fault (ELF) are shown. The solid-triangle line is the subcrop of the 
Willard thrust (WT). Line with double solid-triangles is the footwall imbricate of 
the Willard thrust. Thrust to the east of Antelope island is the Ogden thrust 
(OT).
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Both sub-basins are asymmetric to the east and are bounded by normal faults 

along the western sides of Antelope Island (south) and Promontory Mountains 

(north). The Oligocene deposits occur in the two sub-basins as confined Paleogene 

half-grabens separated from younger Neogene rocks by an unconformity. The age 

of the rocks is constrained by dates available from Zircon fission track and Ar-Ar 

analysis [Mohapatra et a l, 1993; Mohapatra and Johnson, submitted].

Modeling results along five seismic profiles, selected from a grid of over 50 

which spans almost the entire lake, are presented in this study. All the seismic 

profiles in this study are parallel to the average dip of the basin-bounding normal 

fault. Although some of the seismic lines of the Great Salt Lake basin have been 

used in previous studies [e.g., Smith and Bruhn, 1984; Bortz et al., 1985; Viveiros, 

1986], the data were reprocessed to improve the imaging of the fault plane and 

hanging wall deformation. The migrated seismic lines were converted to depth 

using interval velocities from bore-hole data and these depth sections have been 

used for the following computations.

The fault geometry beneath Great Salt Lake is variable along the strike direc

tion and is reflected in the basin depositional patterns and hanging wall geometry. 

The five seismic profiles [Fig. 3.6(a-e)], illustrate the spatial variability of fault 

geometry and hanging wall deformation. Line 11 (Fig. 3.6a) and line 12 (Fig. 

3.6b) show distinct listric geometries of the basin-bounding faults. Line 14 (Fig. 

3.6c) images the upper portion of the fault. The lower portion of the fault is not 

imaged well. However, the synclinal folding of the hanging wall horizons indicate 

that the lower portion of the fault must be steeper than the upper portion of the 

fault. Line 5 and line 8 (Figs. 3.6d, 3.6e) are from the south part of the basin. 

Both of these lines show the the variability of fault geometry with depth.

The variations observed in these profiles suggest a need for the use of the in

verse approach described previously. Hanging wall deformation is characterized
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by normal and reverse drag of horizons, and antithetic and synthetic faults cut

ting through them. This complex deformation pattern implies that a simple 2-D 

section-balancing scheme cannot be adopted to determine fault geometry. There

fore the 3-D method is used to determine the deformation parameters to a reason

able accuracy, and then use them to predict the fault geometry at depths where 

seismic imaging is poor.
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Figure 3.6, (a-e) Parts of migrated and depth converted seismic lines presented 
in the study. Data was processed using ProMAX software. Lines plotted to true 
scale. Vertical axis in feet. CDP interval 50 ft. Seismic lines 11, 12 , 14, 5, and 8 , 
showing the variability of geometry of the basin bounding East Lake Fault. Note 
the different styles (normal and reverse drags, synclinal folding) of hanging wall 
deformations for these lines too. Synthetic and antithetic faults can be seen on the 
hanging-wall blocks.
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3.4.1 Inverse A pproach

As mentioned before, our approach to determine the deformation parameters 

is somewhat different from that of Kerr and White [1993, 1994, 1996]. They made 

an assumption that all the horizons in the hanging wall block can be assumed to 

have deformed in the same manner. However, that assumption may not always 

be true, especially for the Great Salt Lake basin, because of its long history of 

evolution (since Oligocene to Present, Mohapatra et al., 1993). The fault plane is 

very well imaged from the seismic imaging in the shallower part of the basin (<  

3-4 km depth). Two to three horizons from each seismic profile have been used 

in the inverse method to calculate the fault geometries for a range of cki, ag, and 

# 3. Misfit between the actual fault and the predicted fault was calculated. The 

parameters producing the minimum misfit, were used to determine the fault ge

ometry at depth. Thus, independent estimations of parameters for each horizon 

were done and used to calculate fault geometries. Rather than using the inverse 

method to determine the porosity {(j)0) and porosity decay length (A), the appro

priate values for these parameters were obtained from neutron formation density 

logs. Porosity measurements at different depths and the use of equation 4 gives a 

reasonable estimation of (f>0 and A. Values used here are (f)0 =  0.375, and A =  1 

km.

3.5 R esu lts

One of the objectives of this study is to determine the deformation parameters 

and see if they are spatially and temporally consistent or not. If so, it implies that 

the structural and tectonic controls on the basin deformation were uniform, oth

erwise not. The Euler angles a i ,a 2, and do not model the precise deformation 

of the hanging wall but rather the average deformation. Figure 3.7 shows misfit 

contour plots for the seismic profiles. The plots are slices from a cube (axes a i,
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<22, Ag) for a particular value of <21, which contains the minimum misfit value.

3.5.1 D eform ation  P aram e te rs

The misfit contour plots (Fig. 3.7) are the misfit between the fault predicted 

from a shallower hanging wall horizon (horizon 1) and the observed fault on the 

seismic profiles. Positive value of <2% implies that an anti clockwise rotation by 

amount <21 from the average dip of the fault plane gives the average extension 

direction. A negative value of <2% implies a clockwise rotation. Positive value of 

<23 implies synthetic shear i.e., the shear planes through the hanging wall horizons 

are inclined sub-parallel to the fault dip. Negative value of <23 implies antithetic 

shear i.e., the shear planes dip into the fault plane. Non-zero values of <22 implies 

out-of-plane deformation.

For line 11 (Fig. 3.7a), <2% =  —25°, <22 =  —12.5, and <23 =  15° give the 

minimum misfit between the calculated and the observed fault. An extension 

direction 25° clockwise from the average dip of the fault, some amount of out-of

plane deformation, and synthetic shear planes dipping about 15°W characterize the 

deformation. There are no obvious small-scale faults in the hanging wall, but some 

amount of synthetic shear has helped produce the reverse drags of the horizons 

(Fig. 3.6a). Deformation parameters estimated for the deeper horizon (horizon 2) 

are <2% =  —25°, a 2 =  —15.5°, and <23 =  20°, are consistent with those from horizon 

1.

The minimum misfit function for line 12 (Fig. 3.7a), is obtained for <2% =  

—17.5°, <22 =  20°, and <23 =  —45°. The extension direction is 17.5° clockwise from 

the average dip of the fault. Out-of-plane deformation is implied by the non-zero 

value of <22. The last parameter, <23, being negative implies that the hanging wall 

shear planes are antithetic to the fault. Small-scale antithetic faulting observed in 

the hanging wall block (Fig. 3.6b) supports the result from the inversion. Minimum
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Figure 3.7, (a) Misfit contour plots for profiles 11, 12, and 14 (Fig. 3.6a-c). Misfit 
between fault calculated from the shallowest horizon and the actual fault is plotted. 
Misfit scales are shown to the right of each plot. Each plot is for a specific value of 
cti and its axes are a 2 and 0 :3. Minimum misfit location is indicated on each plot. 
For detailed discussion, see text, (b) Misfit contour plots for profiles 5 and 8 (Fig. 
3.6d-e)
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misfit between fault determined from horizon 2 and the actual fault occurs for

=  —20°, oii =  25°, =  —47.5°, which are consistent with parameters for

horizon 1 .

The misfit function for line 14 (Fig. 3.7a) has its minimum for a i =  —25°, 

(%2 =  —35°, (%3 =  37.5°, which together imply an extension direction 25° clockwise 

from average dip of the fault, out-of-plane deformation, and synthetic shear. For 

horizon 2 , the parameters are =  —25°, =  —42°, and <23 =  42°. The geometry

of the hanging wall syncline (Fig. 3.6c) is controlled by the fault geometry and 

the nature of shear.

Deformation parameters (three Euler angles, a i, 012, a 3) determined by the in

verse method were found to be consistent, as indicated by the results from three 

seismic profiles. The extension directions determined for all the lines are oblique to 

the average dip of the fault surface. The average dip of the main basin-bounding 

fault is approximately S25°W. The angle ou, measured from the average dip of the 

fault for all profiles is between 17° and 25°. A clockwise rotation of the extension 

direction about those amounts orients it approximately E-W. A significant com

ponent of out-of-plane deformation is implied from the non-zero values of for 

all the lines. Inclined simple shear played a major role in influencing the geometry 

of the hanging wall horizons, and spatial change in the orientation of the shear 

planes was observed. Although both antithetic and synthetic shear were inferred 

to have deformed the hanging wall horizons, synthetic shear may have played a 

more dominant role. The results agree with the orientation of small-scale faults in 

the hanging wall blocks.

Seismic lines 5 and 8 (Figs. 3.6d, 3.6e) image an Paleogene (Oligocene) half- 

graben overlain by younger Neogene rocks. An unconformity separates the Paleo

gene and Neogene rocks. The presence of these Paleogene rocks indicates that the 

Great Salt Lake had a two-phase extension, the earlier one starting as early as 30-



91

40 Ma, and a later one starting between 10-15 Ma [Bortz et a l, 1985; Mohapatra 

et a l, 1993; Mohapatra and Johnson, 1996; and Constenius, 1996]. In order to see 

if the deformation parameters during these two phases of extension are consistent 

or not, three horizons in each of these two seismic profiles were selected. The 

shallowest horizon (horizon 1) is a Neogene horizon, whereas the two deeper ones 

(horizon 2 and horizon 3) are Paleogene horizons.

Figure 3 .7b shows misfit contour plots for lines 5 and 8 . The misfit is between 

the fault predicted from horizon 1 and the actual fault. Values of cni for both the 

lines is consistent with that for the other three lines. The extension direction is 

rotated clockwise by 25° and 22.5° for line 5 and 8 respectively, from the average 

dip of the fault plane. Both plots indicate out-of-plane deformation and synthetic 

shear, although for line 8 , the shear planes dip gentler ( 50° from vertical) than 

line 5 ( 25° from vertical). A comparison of results from these two lines with 

the previous lines shows that although the Neogene deformation parameter values 

show some spatial variation, they are consistent.

Two horizons (horizon 2 and horizon 3) in the deeper parts of the basin, the 

Paleogene graben, were chosen to determine the deformation parameters during 

the earlier phase of extension (starting as early as 30-40 Ma). The values of a \  

(7.5° and —2.5° from horizons 2 and 3 respectively for line 5; —10° and —5° for line 

8) indicate a small amount of rotation of the extension direction from the average 

fault dip as compared to that for the shallowest horizon in all the profiles. Non-zero 

values of 0% (7.5° and 10° for line 5; —25° and —20° for line 8 ) for both horizons 

implies out-of-plane deformation. Antithetic shear is implied from negative values 

of 0-3 (20° and 17.5°) for line 5, whereas synthetic shear is implied from positive 

values of 0:3 ( 40° and 45°) for line 8 .

One immediate implication of these observations is that the basin deformation 

is complex and excluding these parameters is certainly not the proper way to
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calculate fault geometry from the configuration of hanging wall strata or vice versa.

3.5.2 F au lt G eom etry

Fault geometries determined from different horizons for each profile are shown 

in Figures 3 .8-3 .12 . The deformation parameters were used to determine the fault 

geometry from each hanging wall geometry. For line 11 (Fig. 3.8), between the 

depths of 1.5 and 4.5 km, the calculated fault geometries from both horizons not 

only match very well with each other but also with the original fault imaged by 

seismic imaging. However, at depths greater than 4.5 km, the faults do not match 

with each other very well, but show a very similar trend. The faults decrease to 

dips about 10° at depths of about 6 km. The portion of the fault plane imaged 

seismically shows a significant change in dip of the fault with depth. This trend is 

also seen in the predicted portion of the fault at greater depths. Fault geometries 

calculated from these two horizons using the 2-D method (au =  =  as =  0) do

not match with the seismically imaged fault and show large discrepancies between 

each other.

For line 12 (Fig. 3.9), the fault geometries predicted from the two horizons 

match well with each other. Both the predicted faults match well with the actual 

fault except at depths of 2.7 to 4 km where small discrepancies are observed. The 

discrepancies between the predicted faults is small at greater depths too. The 

faults seem to obtain low dips (10*) at depths of about 5 km.

The synclinal geometry of hanging wall horizons of line 14 (Fig. 3.10) implies 

that the fault must be becoming steeper beneath the synclines. The calculated 

profiles, in fact, show such a geometry. Although the predicted faults show some 

discrepancy at depths greater than 3 km, they obtain low dips of about 15* at 

depths about 4 km.

Figure 3.11 shows faults predicted from the three horizons for line 5. Due to
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insufficient lengths of the horizons, faults could not be predicted at greater depths, 

nevertheless, they show reasonable match with the actual fault and imply the 

decreasing dip of the fault with depth. Faults calculated from two deeper horizons 

match better with the actual fault than the shallowest horizon.

Figure 3.12  shows the fault geometries determined from three horizons for line 

8 . Fault geometry predicted from horizon 1 matches well with the seismically 

imaged fault between depths of 1.5 and 4 km. At depths greater than 4 km, 

the predicted fault is deeper than the original fault, but not very far from the 

actual fault. The fault predicted from horizon 2 matches well with the original 

fault, except for some discrepancies between depths of 3.5 and 4.5 km. The fault 

predicted from the deepest horizon (horizon 3) matches well with the actual fault 

except few discrepancies. It was difficult to match the details of the original fault 

geometry by the modeling. The fault geometry could not be determined at greater 

depths due to inadequate lengths of the horizons. Nevertheless, the predicted fault 

geometries do show decrease in the fault dip at depths greater than 4.5 km.

S tru c tu ra l and  Tectonic Im plications

Hanging wall geometries and fault geometries imaged on seismic profiles from 

the Great Salt Lake have been used in an inversion method to determine the 

deformation parameters and the fault geometries at depths where seismic imaging 

is poor. In this section, the structural and tectonic implications of these results 

are outlined.

3.6.1 E x tension  D irection

All the seismic profiles presented in this study are almost parallel to the aver

age dip of the basin- bounding normal fault, which is approximately in a WSW  

direction. The Euler angle, a i, measures the angle of the difference between the
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------ Fault (seismic imaging)
•---- • Horizon 1 (seismic imaging)
■---- ■ Horizon 2 (seismic imaging)
----- Fault from horizon 1 (angles: -25,-12.5,15)
----- Fault from horizon 2 (angles:-25,-15.5,20)
».... o Fault from horizon 2 (angles:0,0,0)
a —-o Fault from horizon 1 (angles:0,0,0)

Distance (km)

Figure 3.8, Fault geometries calculated from hanging wall horizons. Deformation 
parameters (Euler angles) used to calculate fault geometry from each horizon are 
shown in brackets. Faults predicted from deeper horizons match with actual fault 
better than those from shallower horizons. Line 11: fault geometries calculated 
using 2-D and 3-D methods. Note the overestimation of fault depths by the 2-D 
method (angles: 0, 0, 0).
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-------  Fault (seismic imaging)
------ Fault from horizon 1 (angles:-17.5,25,-45)
•------• Horizon 1 (seismic imaging)
■------■ Horizon 2 (seismic imaging)
------ Fault from horizon 2 (angles:-20,25,-47.5)

Distance (km)

Figure 3.9, Line 12: predicted fault geometries match well with the seismically 
imaged fault and show small discrepancy between each other.
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- Fault (seismic imaging)
-* Horizon 1 (seismic imaging)
* Horizon 2 (seismic imaging)
- Fault from horizon 1 (angles:-25,-35,37.5)
- Fault from horizon 2 (angles:-25,-42,42)

Distance (km)

Figure 3.10, Line 14: predicted fault geometries match well with seismically imaged 
portion of the fault. Their trends at depth > 3 kms. imply the flattening of faults 
to low dips of 5° — 10°.
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v------  Fault (seismic imaging)
•---- • Horizon 1 (seismic imaging)
■---- ■ Horizon 2 (seismic imaging)
— — Fault from horizon 1 (angles:-25,22.5,25)
-  -  -  Fault from horizon 2(angles:7.5,7.5,20)
a---- a  Horizon 3 (seismic imaging)
------ Fault from horizon 3 (angles:-2.5,10,-17.5)

Distance (km)

Figure 3.11, Line 5: Faults predicted from deeper horizons match well with the 
actual fault. Note the small values of ol\ for horizons 2 and 3.



98

Fault Geometry for Line 8

/ ----- Fault (Seismic Imaging)
•---- • Horizon 1 (seismic imaging)
-----Fault from horizon 1 (angles: -23,-20,50)
-  -  -  Fault from horizon 2 (angles:-15,-25,45) 
■----■ Horizon 2 (seismic imaging)

Distance (km)

Figure 3.12, Line 8: faults calculated from two horizons match well with the seis- 
mically imaged fault except slight variations at depths between 4-5 kms.
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extension direction and the average dip direction of the fault. In all the profiles, 

for the shallowest horizon (horizon 1), a \  is between -20° and -25°. For profiles 

11, 12, and 14, cxi determined from the deeper Neogene horizon (horizon 2) is 

also between -20° and -25°. A clockwise rotation by these amounts orients the 

extension direction roughly in an E-W direction, implying that the basin evolution 

was strongly influenced by westward-directed Neogene extension. This agrees well 

with the regional Neogene extension direction inferred from studies which docu

ment E-W or ESE-WNW directed least principal stress [e.g., Zoback et al., 1981; 

Reiter and Minier, 1985; Henry and Price, 1986; Zoback, 1989].

For the two deeper horizons (horizon 2 and horizon 3) in seismic lines 5 and 

8, a i  ranges from —7.5° to 7.5°. These horizons are in the Paleogene half graben. 

Rotation of extension direction by these amounts orients it roughly along WSW  

direction implying that the earlier phase of basin evolution was controlled by an 

approximately WSW-directed Paleogene extension. Least principal stress direc

tion during the Paleogene was approximately WSW-ENE [Zoback et a l, 1981; 

Reiter and Minier, 1985; Henry and Price, 1986]. Thus the extension direction 

derived from the inversion method matches reasonably well with evidence from 

other studies.

The results show that the evolution of the Great Salt Lake basin was influenced 

by a two phase extension: an earlier phase (>10-13 Ma) ENE-WSW-oriented ex

tension followed by a E-W-oriented extension (<10-13 Ma). Thus the inferred 

basin evolution is compatible with the regional tectonic framework. During the 

Sevier Orogeny, eastward crustal compression along several thrust faults formed 

the Cordilleran fold and thrust belt, which collapsed and spread to the west due 

to crustal extension between the middle Eocene and early Miocene (49-20 Ma) 

[Coney, 1987; Constenius, 1996], followed by a later stage of crustal extension 

between middle Miocene and Present (17-0 Ma) forming the present-day Basin
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and Range Province. Results from this study, seismic imaging [Mohapatra and 

Johnson, 1996], and radiometric dates \Bortz et al., 1985; Moutoux, 1996] show 

that the Great Salt Lake preserves an excellent record of the two phases of crustal 

extension.

3.6.2 Sim ple S hear D eform ation

The Euler angle otg represents the inclination from vertical of hanging wall shear 

planes. Although it is difficult to precisely determine the dip of the shear planes in 

the hanging wall block, the average values imply inclined simple shear (antithetic 

and synthetic) which show significant spatial variations. This interpretation is 

supported by the presence of synthetic and antithetic faults in the hanging wall 

block of the basin-bounding normal faults (Fig. 3.6a-e). Synthetic shear dominates 

the deformation of the hanging wall horizons, although some antithetic shear is 

present, as found for horizons in line 12 and the deeper horizons (horizon 2 and 

horizon 3) in line 5. In a pure extensional environment, where slip primarily occurs 

on planar normal faults, antithetic shear dominates the hanging wall deformation 

[e.g., Melosh and Williams, 1989]. Therefore, predominantly synthetic shear with 

some antithetic shear deformation of hanging wall horizons in the Great Salt Lake 

basin imply influence of other factors, for example, variations in fault geometry 

and pre-existing weaknesses.

3.6.3 O ut of P lan e  D eform ation

Evidence for out-of-plane deformation is obtained from non-zero values of 

the rake angle on the shear plane. The results developed above imply that out-of- 

plane deformation occurred throughout the history of basin evolution and influ

enced hanging wall geometry.
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3.6.4 F au lt G eom etry

The results obtained imply a complex evolution of the Great Salt Lake basin. 

The results also imply that simple 2-D geometrical methods are not always suffi

cient to describe the deformation pattern. The complex deformation of the hanging 

wall horizons is a reflection of the complex fault geometry. Seismic imaging shows 

a significant spatial variation in the basin-bounding fault geometry (Figs. 3.6a-e). 

Using the inverse method, the fault geometry is projected to depths where seismic 

imaging is poor. Significant decrease in fault dip, 50o-60° at surface to 10° at about 

6 km depth, well above the brittle-ductile transition zone in the Basin and Range 

Province [Smith and Bruhn, 1984] indicates a possibility of influence of older faults 

on the geometry of the younger normal faults; Mohapatra and Johnson [submitted] 

have shown that the listric geometry of normal faults in the Great Salt Lake is 

strongly controlled by the pre-existing thrust-fault ramps.

3.7 C onclusions

Seismic data and an inverse method were used to determine deformation pa

rameters and fault geometries in the Great Salt Lake. Complex hanging wall 

deformation can be represented by a simple oblique-slip kinematic model. First, 

the method was tested with synthetic data to check the reliability of the approach 

and was found to be capable of correctly predicting the deformation parameters 

and fault geometry. Second, the method was applied to the Great Salt Lake seis

mic data. Average basin deformation was quantified in terms of oblique extension, 

out-of-plane deformation and arbitrarily inclined simple shear. The Great Salt 

Lake preserves a record of an ENE-WSW directed Paleogene extension followed 

by an E-W directed Neogene extension, which agree with the regional least prin

cipal stress directions. Synthetic shear dominates the hanging wall deformation, 

and implies influence of fault geometry and pre-existing structural control. In ad
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dition, evidence for out-of-plane deformation further suggests a complex structural 

evolution of the Great Salt Lake basin. The results also imply that oblique-slip 

methods are more appropriate than conventional 2-D methods to interpret hang

ing wall deformation. Fault geometries calculated from the horizons matched well 

with seismically imaged portions of the faults. The fault geometries predicted at 

depths where seismic imaging is poor appear to obtain low dips ~10° at about 6 

km, suggesting that they possibly may sole out into pre-existing thrust faults.
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C H A P T E R  4 Localization of L istric Faults a t 
T h ru s t Fault R am ps b en ea th  th e  G rea t Salt 

Lake B asin, U tah : E vidence from  Seismic 
Im aging and  F in ite  E lem en t' M odeling

4.1 In tro d u c tio n

Crustal extension can be accommodated by planar, high-angle faults, low-angle 

faults, and high-angle faults that become listric at depth. Evidence of listric exten- 

sional fault systems in continental extensional regimes comes from the North Sea 

Basin [Gibbs, 1983,1984a,b; Beach et a l, 1987] and the Basin and Range [Hamblin, 

1965; Anderson, 1971; Proffett, 1977; Eaton, 1980; Wernicke and Burchfiel,1982-, 

Smith and Bruhn, 1984; Gans et a l, 1985; Smith et a l, 1989; Mohapatra et a l, 

1993; Mohapatra and Johnson, 1995], the Cordilleran fold and thrust belt [Bally, 

1966; Royse et a l, 1975; and Constenius, 1996], and other studies [Lowell et a l, 

1975; Le Pichon and Sibuet, 1981]. However, Anderson’s [1951] theory of fault

ing, and earthquake focal-mechanism solutions, do not appear to favor formation of 

listric faults or low-angle normal faults [e.g., Jackson and McKenzie, 1983; Arabasz 

and Julander, 1986; Jackson, 1987; Smith et a l, 1989; Johnson and Loy, 1992]. 

Nevertheless, clear field and subsurface evidence of the existence of listric normal 

faults calls for explanation.

Several workers [e.g., Smith and Bruhn, 1984; Melosh, 1990] have suggested 

that the brittle-ductile transition zone plays a significant role in the rotation of the 

faults from high angles at surface to low angles at depths between 5-10 km. Smith 

and Bruhn [1984] hypothesize that a wide brittle-ductile transition underlain by a 

quasi-plastic zone could make the fault geometry curviplanar through a significant 

depth interval. Migrated and depth converted seismic sections in the Great Salt 

Lake basin show that the faults, with dips of about 50o-60° at surface, flatten to low
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dips of about 10o-20° at depths between 4 and 6 km, significantly above the brittle- 

ductile transition zone which occurs as shallow as ~  8 —10 km in the eastern Basin- 

Range [Smith and Bruhn, 1984]. Although the presence of the shallow brittle- 

ductile transition zone may have influenced the normal-fault geometry, the presence 

of Sevier-age thrusts in the lake suggest that the normal faults have reactivated 

these pre-existing thrusts, merged with them and thus became listric in geometry.

During the Cretaceous, the Great Salt Lake region (Fig. 4.1) was within the 

hinterland of the Sevier Orogenic system [Armstrong, 1968], which moved miogeo- 

clinal tectonostratigraphic units eastward along several major thrusts to form the 

Cordilleran fold and thrust belt. Crustal extension between middle Eocene and 

early Miocene (~  49 — 20 Ma) [Coney, 1987; Constenius, 1996] caused westward 

collapse of part of this belt. This was followed by a later stage of crustal exten

sion between the middle Miocene and Present (~  17 — 0 Ma), which established 

the current Basin and Range Province architecture. The Great Salt Lake basin 

preserves an excellent record of these two phases of crustal extension [Mohapatra 

et a,l, 1993; Constenius, 1996], and provides striking evidence for reactivation of 

Sevier thrusts by early Tertiary normal faults.

One of the key observations on the nature of Wasatch Front faults is that at 

least some are listric faults, perhaps including parts of the Wasatch fault [Stokes, 

1976; Smith and Bruhn, 1984; Viveiros, 1986; Smith et a/., 1989]. The presence of 

older thrust sheets west of the Wasatch fault in the area of the Great Salt Lake 

[Crittenden, 1972; Tooker, 1983] implies that younger Basin and Range exten- 

sional deformation is superposed on thrust deformation. Supporting the idea that 

subsurface locations of Sevier-age thrust-fault ramps may be the loci for Tertiary 

normal-fault reactivation is the correspondence between fault-segment boundaries 

along the Wasatch Fault Zone and terminations or variation in structural level 

along major late Mesozoic to early Tertiary thrust fault structures [Smith and
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Bruhn, 1984], and evidence from other studies that show that normal faults com

monly reactivate older thrust faults [e.g., Bally, 1966; Dahlstrom, 1970; Royse et 

a l, 1975; Sprinkel, 1979; McMechan, 1981; Corbett, 1982; Constenius, 1982, 1988; 

Standlee, 1982; Hopkins, 1982; Lamerson, 1982; Allmendinger and Platt, 1983; 

Allmendinger et. a l, 1983; Coney and Harms, 1984; West, 1993; Carpenter et al. 

1993; Constenius, 1996].

This paper examines the basin-bounding normal-fault geometry of the Great 

Salt Lake basin, Utah and presents evidence from seismic imaging, gravity data, 

geological information and finite element modeling to show that Sevier thrust faults 

controlled the listric geometry of younger normal faults in this part of the Basin 

and Range province. Published geological information, seismic imaging, gravity 

data, and bore-hole data combined with finite-element modeling yields a better 

understanding of older structural control on younger normal faults. Finite-element 

modeling helps in understanding the location and geometry of faulting which result 

from slip on a pre-existing thrust-fault ramp. It also explains the spatial position 

and geometry of later stage faulting due to slip on the newly formed fault.

4.2 D a ta  an d  In te rp re ta tio n

Data from various sources are presented in this section to constrain the location 

of the Willard thrust and its footwall imbricates in the Great Salt Lake and their 

relationship to major basin-bounding normal faults.

4.2.1 Geology

Although the Willard thrust, a major Mesozoic thrust of the Sevier Orogenic 

belt [Beck, 1981], is well exposed in the Wasatch range, there is no surface exposure 

of the fault to the west of the Wasatch range, including the Great Salt Lake area. 

However, geological information available from the islands of the Great Salt Lake
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(Fig. 4.1) suggests that the Willard thrust subcrops beneath the lake. Constraints 

on the subcrop location of the Willard thrust fault come from geological constraints 

[e.g., Palmer, 1969; Doelling et a l, 1990; Yankee, 1992], seismic imaging and bore

hole data (this study).

The upper plate of the Willard thrust, exposed in the Ogden area along the 

Wasatch Front, contains an extremely thick section of Proterozoic metasedimen

tary and Paleozoic rocks, whereas the lower plate contains a thin section of Paleo

zoic rocks and no Proterozic rocks [Crittenden and Sorensen, 1985a, 1985b]. The 

rocks on Antelope Island are most similar to rocks in the lower plate of the Willard 

thrust exposed in the Ogden area. On Antelope Island, Paleozoic metasedimen

tary rocks, primarily the Tintic Quartzite (245-305 m thick), are underlain by a 

thin section of Proterozoic metasedimentary rocks (Kelley Canyon and Mineral 

Fork Formations, about 20-145 m thick). These rocks unconformably overlie Pre- 

cambrian crystalline basement rocks (Farmington Canyon Complex) [Doelling et 

al., 1990]. The elongated and flattened pebbles in the Tintic Quartzite are plas

tically deformed, recrystallized, sheared, and shattered. The recrystallization and 

shearing most likely occurred during the Cretaceous Sevier orogeny [Doelling et 

a l, 1990].

Rocks on Fremont Island are part of the upper plate of the Willard thrust 

[Doelling et a l, 1990, Yankee, 1992; Yankee, pers. comm., 1996]. Here, rocks of the 

lower Proterozoic Huntsville Group are exposed with dips ~  20° W. Therefore, the 

trace of the Willard thrust passes between Antelope and Fremont Islands; Doelling 

et al. [1990] suggest that the Willard thrust fault was probably positioned just a 

few hundred meters above the rocks now exposed on Antelope Island.

There is no absolute constraint on the position of Willard thrust in the Great 

Salt Lake to the west of Antelope Island; however, Carrington Island contains the 

Diamictite Member of the lower Proterozoic Huntsville Group, similar to rocks
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20 km
|  Precambrian [% ] Tertiary Undivided

0  Paleozoic | | Quaternary Tertiary Intrusives

] Paleozoic & Mesozoic Tertiary Basalt

Figure 4.1, Simple geological map of the Great Salt Lake region. Seismic lines pre
sented here are numbered. Locations of wells, especially ‘H’ and £E’, in the lake are 
also shown. Data courtesy Amoco Production Company. Abbreviations: AI (An
telope Island), FI (Fremont Island), PM (Promontory Mountains), Cl (Carrington 
Island), SI (Stansbury Island), SM (Stansbury Mountains), LM (Lakeside Moun
tains), OM (Oquirrh Mountain). Depocenters A, B, C, D are marked. The normal 
fault system comprising the Carrington Fault (CF), and East Lake fault (ELF) 
are shown. The solid-triangle line is the subcrop of the Willard thrust (WT). Line 
with double solid-triangles is the footwall imbricate of the Willard thrust. Thrust 
to the east of Antelope island is the Ogden thrust (OT).
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found on Fremont Island, with dips of ~  20° W [J. Coogan, pers. comm., 1996]. 

On Stansbury Island, a thick section of Paleozoic and Proterozoic rocks similar 

to that of the upper plate of Willard thrust [A. Yankee, pers. comm., 1996] are 

exposed. Here, about 350 m of lower Paleozoic rocks (Tintic Quartzite) and about 

470 m of Proterozoic rocks (Big Cottonwood Formation) are exposed [Palmer, 

1969]. The thicknesses of these units may be greater as the base and top of these 

formations are not exposed. In the northern part of the island, where Precambrian 

rocks are exposed, bedding plane dips do not exceed 20° [Palmer, 1969]. This is 

consistent with bedding plane dips of the Precambrian rocks on Fremont Island and 

Carrington Island. On the Stansbury Island, the Tintic Quartzite is not sheared, 

as it is on Antelope Island, implying that it is in the upper plate of the Willard 

thrust. Consequently, the trace of the Willard thrust most probably continues 

to the south between Stansbury and Antelope Islands. The exact location of 

the subcrop of the thrust between these two islands is uncertain. Palmer [1969] 

documented the presence of a major Sevier-age thrust on the eastern margin of 

Stansbury Island. Although it is difficult to say whether the thrust is the Willard 

or not, its position matches well with the interpreted position of the subcrop of 

the Willard from bore-hole data, which will be presented later.

4.2.2 Seism ic D a ta

The locations of the basin-bounding normal faults in the lake are well con

strained by seismic imaging [Bortz et a l, 1985; Viveiros, 1986; Mohapatra et ah, 

1993; Petropoulos, 1994; Mohapatra and Johnson, 1995]. The normal faults dis

place Paleozoic and Precambrian metasedimentary rocks and Precambrian crys

talline rocks, forming an asymmetric graben, into which syntectonic Tertiary sedi

ments were deposited. The normal faults have listric geometries; their average dip 

decreases from ~  50° — 60° at surface to about ~  10° — 20° at depths of about 4-6
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km (Fig. 4.2).

Although some of the seismic lines of the Great Salt Lake basin have been 

published in previous studies [Smith and Bruhn, 1984; Bortz et al., 1985; Viveiros, 

1986], reprocessing of the data improved the imaging of the fault plane and de

formed hanging wall strata. Data improvements were achieved principally by care

ful velocity analysis, dip-moveout correction, noise reduction filtering, and mi

gration. The seismic lines were converted to depth using the interval velocities 

(Appendix A) of the formations obtained from bore-hole data and plotted at true 

scale to portray the geometry of the fault planes.
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Figure 4.2, Parts of migrated and depth converted seismic line 3,7,11,12, plotted 
to true scale, showing the listric geometry of the basin bounding normal faults. 
Antithetic and synthetic faults are found in the hanging wall block. The line 
locations are shown in figure 3.1. Seismic data was collected by Amoco Production 
Company; Airgun source. Data was processed with ProMAX software.
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Figure 4.3, (a)Migrated time-section of seismic line 11, showing evidence for prob
able Sevier-belt thrust faulting, to the east of the East Lake normal fault. Two 
wells ‘E’ and ‘H’ used in the study are shown, (b) Magnified plot of the boxed area 
in (a),which shows the low angle fault surface, probably a thrust ramp. Note ter
mination of east-dipping events against the thrust ramp between GDPs 1191-1541, 
due to thrusting. Rock unit abbreviations: PcX, Precambrian crystalline rocks; 
PcS, Precambrian meta-sedimentary rocks; Pz (Lower Paleozoic, Cambrian, rock)
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The structure of the northwestern part of Antelope Island shows a steep, 

younger normal fault (East Lake fault) which changes dip with depth (Fig. 4.3a). 

This change in fault dip is reflected in the ‘reverse’ drag and growth of hanging wall 

horizons towards the fault. The seismic profile also images a relatively low-angle 

ramp-like reflection surface (with spatially varying dip), to the east of the normal 

fault (Fig. 4.3b). Gentle (<  25°) east-dipping layered reflections are truncated 

against the ramp-like reflection surface. Dip divergence (growth) between these 

dipping reflection events, which is a common feature of syntectonic extension, is 

not evident. Moreover, these layered reflections show gentle folding. Such struc

tures may have been created originally by Sevier thrusting. The wedge containing 

these dipping, folded units is bounded by the listric normal fault on the west and 

the low-angle fault on the east. An unconformity separates the rocks in the wedge 

from the overlying Cenozoic basin-fill rocks. The unconformity is characterized by 

a strong reflection event caused by a high acoustic impedance contrast between 

the overlying Quaternary sediments and the rocks in the wedge. We interpret 

the ramp-like reflection surface to be a thrust surface formed during the Sevier 

Orogeny. If this interpretation is correct, the rocks in the wedge must be pre- 

Cenozoic. In the absence of bore-hole data in this part of the basin, determination 

of the age of rocks in the wedge is based on geological relations exposed on An

telope Island [Doelling et a l, 1990], interval velocities of the rocks, Cenozoic-pre 

Cenozoic contact from seismic profiles, and gravity modeling.

Lower Paleozoic rocks (Tintic Quartzite), Precambrian metasedimentary rocks 

and crystalline rocks (Farmington Canyon Complex) are exposed on Antelope Is

land. On the northern part of Antelope Island (Ladyfinger fault zone), Tertiary 

and Cambrian rocks (highly shattered Tintic Quartzite) are exposed [Doelling et. 

al, 1990]. As the seismic profile images the northwest part of the Antelope Island 

structure (Fig. 4.1), it is possible that the wedge contains similar pre-Cenozoic
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rocks (Cambrian Tintic Quartzite, Precambrian metasedimentary and crystalline 

rocks). Projection of the Cenozoic-basement rock contact from reflection seismic 

profiles [McNeil and Smith, 1992] in the region east of Fremont and Antelope 

Islands places it in about same depth range as that of the seismically imaged 

unconformity implying that the rocks below the unconformity are pre-Cenozoic 

rocks. Within the same depth range, the interval velocities (obtained from the 

stacking velocities) of rocks in the wedge containing the east-dipping units were 

found to be higher (3.0-4.0 km/sec) in comparison to those of Cenozoic units (1.8- 

2.5 km/sec) directly above them and in the hanging wall of the East Lake normal 

fault. This velocity difference gives another indication that the rocks in the wedge 

are pre-Cenozoic in age.

4.2.3 G rav ity  D a ta

To add further constraint to the interpretation that the rocks in the wedge 

are Pre-Cenozoic, 2-D gravity modeling (Fig. 4.4) was done along the seismic 

line which images the low-angle fault (Fig. 4.3). Seismic profiles from McNeil and 

Smith [1992] were used for determining the basin structure east of Antelope Island. 

Sediment density in the basin varies from 1800 k g /m 3 at the surface to 2300 k g /m 3 

at depths of about 3 km (based on detailed bore-hole gravity data). In the wedge, 

Cenozoic rocks have a density of 2250 k g /m 3 and pre-Cenozoic rocks have a density 

of 2600 k g /m 3. Precambrian crystalline rocks constituting the basement have a 

density of 2700 kg /m 3 [Clark, 1966; Smithson, 1971]. Bouger gravity computed 

from the model with Precambrian metasedimentary rocks (density 2600 kg /m 3) 

in the wedge matches reasonably well with the observed gravity, whereas that 

computed from the model with Cenozoic sediments (density 2250 k g /m 3) shows 

a large discrepancy (Fig. 4.4), thus supporting the interpretation that the rocks 

in the wedge are pre-Cenozoic. Simple calculations of Bouger gravity anomalies
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for simple 3-D geometries representing the wedge show similar results; the gravity 

data correlate best with the interpretation that pre-Cenozoic rocks comprise the 

wedge.

4.2.4 B ore-hole D a ta

Two wells, Antelope Island well ‘E’ and Carrington Island well ‘H’ (Fig. 4.3), 

along with other wells in the lake allowed geologic correlations with seismic data 

and provided additional information used in the study. Palynological data, depths 

to dated tuffs and ashes [Peterson, 1981; Moutoux, 1995], lithologic logs, cores, 

cuttings and dipmeter data have been used for seismic interpretation, e.g., for de

termining major chronostratigraphic boundaries and locating fault zones. Synex- 

tensional Tertiary rocks in the basin contain Quaternary to late Miocene and early 

Oligocene rocks.

Cores from depths at about 1.2 km in the Carrington well 'IT, southeast of Car

rington Island, show that the rocks at this depth are Cambrian Tintic Quartzite. 

The absence of almost any feldspar in this quartzite rules out the possibility of 

its being Proterozoic [J. Coogan, pers. comm., 1996]. The quartzite shows signifi

cant shearing characterized by flattened quartz grains (Fig. 4.5). The rock is very 

similar to the Tintic Quartzite found on Antelope Island, which is in the lower 

plate of Willard thrust. The significant shear deformation in the Tintic Quartzite 

encountered in Carrington well ‘H‘ implies that the trace of the Willard thrust 

should not be far above this depth. Rocks on Carrington Island are in the upper 

plate of the Willard thrust, implying that the sub crop of the Willard thrust must 

pass between Carrington Island and the location of Carrington well 'IT (Fig. 4.1).

4.2.5 S tru c tu ra l and  Tectonic In te rp re ta tio n

Figure 4.6 shows a schematic interpretation along the seismic profile in Figure 

4.3, based on seismic, bore-hole, gravity, and geologic data. The position of the
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#  — #  Observed
B---- 0  Calculated (Pre-Cenozok wedge)
A— A Calculated (Cenozoic wedge)

Distance (km)

East Lake Fault Antelope Island

P r e - C e n o z o i c

B a s e m e n t

Distance (km)

Figure 4.4, Comparison of computed gravity anomalies with the observed gravity 
along seismic profile in Figure 4.3. Seismic profiles from McNeil and Smith [1992] 
were used for determining the basin structure east of Antelope Island. The dark 
solid line is interpreted as the basement. The wedge with pre-Cenozoic rocks 
matches well with the observed Bouger gravity. Sources of density values: [Clark, 
1966; Smithson, 1971]. Gravity data was donated by Amoco Production Company.
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•  •  • :

Figure 4.5, Photomicrograph of Tintic Quartzite from a depth of about 1.2 km 
in the Carrington well ‘IP. The rock mostly constitutes of intensely sheared and 
flattened quartz pebbles. Core samples were donated by Amoco Production Com
pany.
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subcrop of the Willard thrust is constrained by the depth to the Tintic Quartzite 

in well ‘H’ as described above. The Willard thrust extended above Antelope Island 

and was eroded, subsequently exposing lower plate rocks on Antelope Island.

As described previously, geologic information, seismic data, and gravity mod

eling support that the rocks in the wedge bounded by the East Lake normal fault, 

the low-angle fault, and a Cenozoic unconformity (above) are Cambrian Tintic 

Quartzite, Precambrian metasedimentary and crystalline rocks (Fig. 4.6). We in

terpret the low-angle fault as a thrust surface, a footwall imbricate of the Willard 

thrust. The rocks in the wedge have been cut and folded by the footwall imbricate 

thrust. As seen in Figure 3, Part of this fault was reactivated by the East Lake 

normal fault during Cenozoic extension.

This seismically imaged structure is similar to that in the Ogden duplex ex

posed in the Wasatch Mountains, east of the Great Salt Lake. There, the Willard 

thrust is folded above a broad anticlinorium formed by a basement duplex sys

tem in its footwall [Schirmer, 1988]. The imbricate thrust in the footwall block of 

the gentle east-dipping Willard thrust cut and folded the overlying Paleozoic and 

Precambrian crystalline rocks. During subsequent Tertiary extension, the region 

above the thrust ramp served as a locus for the Wasatch normal fault, and was 

reactivated by it.

Evolution of the Great Salt Lake basin is shown schematically in Figure 4.7. 

Following a Proterozoic rifting event, at about 600 Ma, the Great Salt Lake 

was part of the passive Paleozoic continental margin [Stewart, 1972]. During 

the Sevier Orogeny, eastward crustal compression was accommodated along the 

Willard thrust, which carried a thick sequence of Paleozoic and Proterozoic meta- 

sedimentary rocks. Further crustal compression developed imbricate thrust ramps 

in the footwall of the Willard thrust and other regional thrusts which cut and 

folded the overlying strata. After cessation of thrusting, erosion took place and
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Basin along seismic profile in Figure 4.3, showing the relationship between the 
Willard thrust (WT), its foot-wall imbricate thrust (FIT), and the East Lake 
normal fault. The trace of the Willard thrust passes over the Antelope Island.
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was followed by extension in the early Tertiary. In our view, initial extensional slip 

on the imbricate thrust ramp localized strain in a region above the ramp; failure 

occurred, and this became the location of the East Lake fault. With further exten

sion, this incipient normal fault took advantage of the thrust ramp and reactivated 

it. Thus, the normal fault had a steep dip at the surface and flattened to lower 

dips (10° — 20°) at depths of about 5 km, resulting in a listric geometry. The lower 

part of the fault is the reactivated portion of the thrust ramp. The newly formed 

fault accommodated a major amount of extension (between 7 and 9 km) forming 

a large, asymmetric basin.

The trends of normal faults and sub-crop of thrust faults in the Great Salt Lake 

basin (Fig. 4.1) suggest that the location and geometry of the Carrington fault 

were controlled by the Willard thrust, whereas those of the East Lake fault were 

controlled by the footwall imbricate of the Willard thrust. A cross-sectional view 

along a WNW-ESE profile from Carrington Island to Antelope Island (Fig. 4.8) 

shows the inferred structural relationships between the thrusts and normal faults 

in the Great Salt Lake.

4.3 F in ite  E lem ent M odeling

The normal faults formed in the Great Salt Lake and the Wasatch range were 

synthetic to the pre-existing thrust ramps. Seismic and geological interpretations 

suggest that the thrust ramps controlled the location and the nature (synthetic) 

of the younger normal faults. However, several workers [e.g., Ellis and McClay, 

1988; Melosh and Williams, 1989] have shown that extension along a primary 

normal fault (planar, curviplanar) also results in secondary normal faulting which 

generally are antithetic to the primary fault. In order to show that initial slip 

along pre-existing thrust ramps causes synthetic normal faults, a finite element 

approach was adopted. In this approach, it is possible to determine the location
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Figure 4.8, Schematic structural relationship among faults in the Great Salt Lake. 
While the Willard thrust was reactivated by Carrington normal fault, its foot wall 
imbricate was reactivated by the East Lake normal fault. Abbreviations; WT: 
Willard Thrust, FIT: Footwall Imbricate Thrust, CF: Carrington Fault, ELF: East 
Lake Fault, Pz: Lower Paleozoic, PcS: Precambrian metasedimentary, PcX: Pre- 
cambrian crystalline
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of failure due to slip on a pre-existing fault and also constrain the orientation of 

the subsequent faulting.

Finite-element modeling is a numerical approach to determine displacement 

and stress in a material subjected to different boundary conditions. The approach 

used here is to model extension in a two-dimensional elastic material with uniform 

rheology and a pre-existing fault surface. The oversimplification of making the 

grid Theologically uniform is done to test the first-order effects of fault geometry 

on rock failure in the model and the influence of initial fault geometry on secondary 

fault geometries. Deformation of the model progresses until Mohr-Coulomb failure 

occurs in some region of the grid due to slip on the pre-existing fault. The analysis 

proceeds by computing the displacements, deviatoric stresses and the proximity to 

failure in the grid. Note that the finite element results depend on the pre-existing 

fault geometry, no matter whether geologically it is a reactivated thrust ramp or 

low-angle normal fault.

A model consisting of an extending homogeneous elastic layer is used to study 

the change in displacement, stress pattern and proximity to failure induced by 

slip on a reactivated thrust fault. An elastoplastic rheology is most appropriate 

to study the location and geometry of incipient faulting in brittle material [Hobbs 

et a l,  1990] because elastic behavior implies a linear relationship between stress 

and strain until the elastic limit is reached, where failure occurs. Therefore the 

region of failure can be determined with an elastic approach. After faulting occurs, 

plastic behavior determines the orientation of the fault. Effects of plastic behavior 

can be simulated by a simple minimum energy approach [Melosh and Williams, 

1989], which can determine the orientation and location of the incipient faulting.

A two-dimensional, plane-strain, finite-elemerit code, TECTON [Melosh and 

Williams, 1989], was used to investigate this model. The finite-element grid (Fig. 

4.9) is 240 kilometers wide, 57 kilometers deep, and includes 4080 nodes and 3981
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elements in a state of plane strain. The grid is much larger than the region of 

interest, which is 40 kilometers wide and 10 kilometers deep (Fig. 4.9). Faulting 

has a significant effect on the stress field in this part of the grid. The large size 

of the entire grid is chosen to ensure that the results are not influenced by the 

far-field boundary conditions.

Constant-displacement boundary conditions are applied to the model. The 

bottom of the grid is prevented from moving in the vertical direction but is free 

to move in the horizontal direction. Constant displacements in the positive and 

negative x directions are applied to the right and left sides of the grid, respec

tively, to simulate horizontal extension. Consequently, the sides of the grid are 

pulled in both directions by a constant amount but are free to move in the vertical 

direction. A laterally uniform gravitational body force is applied throughout the 

model. Lithostatic stresses [e.g., McGarr and Gay, 1978; McGarr, 1988; Melosh 

and Williams, 1989] also are computed and applied to the model as an initial 

condition.

Throughout the model, constant elastic parameters: (Young’s modulus (70 

Gpa), Poisson’s ratio (0.25) and density (2800 k g / m 3)) were used which are rep

resentative values for the entire lithosphere [Turcotte and Schubert, 1982].

Zones of weakness in the model are represented by slippery nodes [Melosh and 

Williams, 1989]. In the modeling program, fault slip is introduced by inserting an 

extra degree of freedom for each node on the fault in the direction of fault slip. 

The planes containing the slippery nodes are planes of zero resolved shear stress 

because, once extension begins, displacement is allowed to occur along this plane.

The fault plane consists of a flat-ramp-ramp geometry (Fig. 4.9). Triangular 

grid elements are used to define the fault plane in the ramp sections. The slope of 

the middle ramp is about 30° whereas that of the upper ramp is about 10°. The 

geometry of the fault in the model is consistent with that of the thrust ramp in
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Figure 4.9, Complete finite element grid with the region of interest shown on the 
lower section of the figure. Arrows represent constant displacement boundary 
condition. Rollers on the bottom boundary of the grid indicate that the boundary 
is fixed in vertical direction but can freely move in horizontal direction. Slippery 
nodes allow fault displacement to occur.
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interpreted depth-converted seismic sections (Fig. 4.2). In the model, the upper 

ramp of the fault is at a depth between 3.0 and 3.5 kilometers; the model fault 

soles out at a depth of about 10 kilometers. The depths to the fault in the model 

are about three times as much as in the seismic section. This was done purely for 

modeling purposes because the aspect ratio between the height and width of each 

element was kept less than 5, especially in the region of interest, to avoid distortion 

artifacts. Model runs with different depths showed no qualitative change in the 

results. The length of the entire fault plane is 40 kilometers (flat length: 15 km, 

middle ramp length: 13 km, upper ramp length: 12 km). The lengths chosen are 

somewhat arbitrary, and very large ‘flats’ do not affect the results significantly.

Once slip begins on the fault plane, the displacements and stresses are computed 

at various stages. Proximity to failure (P/) as defined below is calculated from the 

principal-stress and shear-stress values for each element. Deviatoric stresses are 

also calculated from the principal-stress values.

4-4 D ev ia to ric  S tress and  P ro x im ity  to  Failure

The interpretations and conclusions in this study are based on the resulting 

velocities, deviatoric stresses and the proximity-to-failure coefficients in the model 

as slip is allowed to occur on a pre-existing fault plane to accommodate extension. 

In this section we provide a discussion of the proximity to failure (P /) and the 

deviatoric stresses to understand how these parameters could be used to determine 

the location and nature (compressional, tensional) of incipient failure.

Mohr-Coulomb theory is a model of the critical shear level that is required to 

break a rock. The applied stress should be large enough to overcome the rock’s 

cohesive strength (<jq )  so  that the rock fractures and, at the same time, it should 

overcome the rock’s internal resistance to faulting so that movement can take place 

along the fracture. The Mohr-Coulomb-failure envelope for this basic condition is
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based on a linear relationship between the shear stress, r , and the normal stress

(o > ) :

^fa ilure  =  ^0 H" CfftCLTlQ) (4.1)

where <to is the cohesive strength of the rock and tanil is the friction coefficient (f2 

=  angle of friction). The Mohr circle (whose radius is a measure of the differential 

stress (ox — <t3)) enlarges with increasing stress, where <%i and a3 are the greatest 

and least principal stresses, respectively. Failure occurs when the Mohr’s circle 

first touches the Mohr-Coulomb failure envelope. This occurs when the radius of 

the Mohr circle, ( cri~<J3), is equal to the perpendicular distance from the center of 

the circle at (srisa) to the failure envelope, thus

( • ~ "2 <J" ) f a i l  =  Oocosfi +  ai ^  a 3 sinfi, (4.2)

Melosh and Williams (1989) defined the proximity to failure as the ratio between 

the actual radius of the Mohr circle and the radius at failure ( ,T1 g ^ )fan

P f  =
( g ^ ) (4.3)

( Z ^ h a i l '

When Pf <  1, the stress state is below the failure envelope, but when Pf =  1, 

failure occurs.

The normal stresses axx, ayy and azz and shear stress axy are computed for 

each element in the model, and are used to compute the principal stresses <7i and 

as by the relation [Turcotte and Schubert, 1982],

<71,3 =  ±  (' 4
z(TX X ^ 4 ! + ^ , ) i (4.4)

Deviatoric stresses develop when the rock mass is subjected to extension or 

compression. In a lithostatic state of stress, the vertical stress (<tzz) and horizontal 

stresses (axx, ayy) are equal and the pressure P is

P  = — ®yy — (4.5)
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When the rock is not in a lithostatic state of stress, axx /  ayy /  azz and pressure 

p _  (,o-xx+<ryy+trzz) _ 'pjjg resulting deviatoric stresses in this situation are defined 

as (axx — P ) , (<Tyy — P ) and (azz — P). A high positive value implies failure due 

to compressional deviatoric stress and a high negative value implies failure due to 

tensile deviatoric stress.

4.5 R esu lts  and  D iscussion

Elastic solutions calculated for the model represent the state of stress after 

an initial, instantaneous application of the load and the corresponding boundary 

conditions. The principal boundary condition in this easels a constant extensional 

displacement of 200 meters. Results for a part of the grid (40 km wide, 10 km deep) 

covering the main area of interest (Fig. 4.9) have been plotted in the subsequent 

figures.

As the grid is subjected to extension, relative displacement occurs between 

the footwall block and the hanging wall block. Hanging wall horizons develop a 

synclinal geometry above the position where the fault changes from a shallow to a 

steeper dip, and an anticlinal geometry develops above the position where the fault 

changes from a steep to shallower dip (Fig. 4.10). The behavior of the model thus 

matches with the observations of Verrall [1981] and Rowan and Kligfield [1989].

Deviatoric stresses resulting from the deformation are plotted in Figure 4.11. 

The larger the deviatoric stress, the farther the region is from stability and, hence, 

the closer it is to failure. High deviatoric stresses in the region above the upper 

‘ramp’ of the fault imply that the region is approaching failure. The compressive 

deviatoric stresses (triangles) result due to gravitational forces while the exten

sional deviatoric stresses (bars) are due to extension of the region.

Proximity to failure (P /), is plotted in Figure 4.12. Failure occurs in a region 

in the grid when Pf is 1. The region above the upper ’ramp’ has reached failure
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Figure 4.10, Deformation of the model due to extension. The fault plane is repre
sented by the solid black line.
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Figure 4.11, Deviatoric stresses due to slip on the initial fault. Triangles represent 
compressional stresses, straight lines represent extensional stresses. Note the con
centration of large deviatoric stresses inside the stripped region, where failure may 
possibly occur. Only part of the upper ramp of the fault plane is shown. Large 
compressional deviatoric stresses near surface is due to gravity.
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as indicated by the high values of P f .  As a result, faulting will occur in this part 

of the grid. However, although the P f  plot shows the region of failure, it does not 

imply anything about the optimal orientation and location of the incipient fault. 

A minimum strain-energy approach is adopted in the next section to address this 

issue.

4.5,1 L ocation  an d  O rien ta tion  of Inc ip ien t F au lting

Figure 4.13 shows a series of incipient synthetic (brown) and antithetic (blue) 

faults that have been introduced into the region of failure. The term ’synthetic’ 

is used to indicate that these faults dip in the same direction as the main fault. 

The term ’antithetic’ indicates that the faults dip in the opposite direction to the 

main fault. These secondary faults have dips of approximately 60° in accordance 

with Anderson’s [1951] theory of faulting. Each of these secondary faults passes 

through 5 nodes. The model is extended by a constant amount with displacement 

on the main fault (flat-ramp-ramp geometry) and on one of these secondary faults. 

The model is modified for each secondary fault and the strain energy is calculated 

after faulting in each case. The optimal orientation of the secondary fault is the 

one which results in the minimum strain energy of the system, The strain energy, 

W ,  of the system is the sum of the strain energies of each element. Strain energy, 

W{, for each element i is given by the following equation [Jaeger and Cook, 1969], 

adapted for plane strain:

Wi =  K1 “  ^  +  ay y } ~  2pa^ ayy +  2aly \A i (4-6)

where A, is the area of element i and <7y are the indicated stresses in the element. 

As we are interested in the initial stages of fault formation, the corresponding 

vertical displacements on the fault are relatively small, therefore the changes in 

the gravitational potential energies are small. We therefore calculate the total 

strain energy of the system instead of the total potential energy.
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Proximity to Failure

Figure 4.12, Proximity to failure in the model due to slip on the fault. Magnitude 
scale shown on the right side. The double-direction arrow indicates extensional slip 
on a fault which had undergone thrusting before. Faulting occurs in the region of 
failure. Note high values of proximity to failure basin-ward of the fault.
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Strain energies calculated for the incipient faults have been plotted in the form 

of bar diagrams along the top of Figure 4.13. The most favorable fault, which leads 

to the minimum-strain-energy configuration of the system, is a synthetic normal 

fault (Fig. 4.13). Note that away from the middle ‘ramp’ of the main fault, the dif

ference between the strain energies of the antithetic and synthetic faults decreases, 

implying that either configuration has some probability of occurrence. Closer to 

the ramp, the synthetic configuration has a greater probability of occurrence than 

the antithetic one. Once faulting occurs along the most favorable orientation, it 

intersects and joins the thrust-ramp to take advantage of the pre-existing weak

ness. Further minimization of energy takes place as the newly formed fault follows 

the thrust trajectory, which flattens to low dip with depth. Thus a listric normal 

fault forms whose upper part is almost planar, whereas the lower part, which was 

inherited from the pre-existing thrust, shows significant change of dip with depth.

4.5.1.1 Extension on the Listric-normal Fault,

The geometry of the listric fault continues to affect the failure and faulting 

pattern in the hanging wall as the fault accommodates further extension. Melosh 

and Williams [1989] showed that slip on a planar fault produces antithetic normal 

faults in the hanging wall. The model was modified to study the deformation 

and orientation of faulting due to slip on the listric fault (Fig. 4.14). Modeling 

progressed in the same manner as discussed above. As shown in Figure 4.15, large 

deviatoric stresses basinward of the listric fault imply a possibility of failure in 

that region, and proximity-to-failure values (Fig. 4.16) indicate that the region 

has failed.

A similar minimum-strain-energy approach as before is adopted to constrain the 

location and orientation of incipient failure. The most favorable fault, leading to 

the minimum-strain-energy configuration, is antithetic in nature and dips into the 

primary listric fault (Fig. 4.16). This sequence of faulting leads to the formation of
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Figure 4.14, (a) Model with the listric normal fault formed due to slip on the initial 
thrust ramp (dashed line). Only the region of interest is shown, (b) Deformation 
due to slip on the listric normal fault.
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a graben. Although the results are similar to that of Melosh and Williams [1989] , 

the strain energy difference between the antithetic and synthetic configurations at 

any location in our model is not very large. The antithetic configuration shows a 

clear priority in most locations in their model with large differences in antithetic 

and synthetic strain energies. At all locations in our model, either configuration 

has almost equal probability, although in this specific case, it is the antithetic 

fault, which has a slightly higher priority. Seismic sections from the Great Salt 

Lake show occurrences of antithetic and synthetic faults in the hanging wall of 

the master listric fault. These observations imply that the results of Melosh and 

Williams [1989] are only applicable to planar faults. When the master fault has a 

listric geometry, synthetic as well as antithetic faults may form, depending upon 

the exact geometry of the master fault and local rock properties.

Our results agree with those observed in analogue-model experiments [e.g., 

Ellis and McClay, 1988]. Roll-over anticlines (Fig. 4.14b), crestal-collapse graben 

structures (Fig. 4.16), and a probability of either synthetic or antithetic faulting 

observed in our modeling match their results. There are a few differences, however, 

because of the fact that the fault geometry in our model is not entirely similar to 

theirs, and ours is a finite-element approach to study the geometry of faulting 

due to regional-scale extension, whereas theirs is an analogue sand-box-modeling 

approach.

Great Salt Lake seismic lines (Fig. 4.2) show evidence for interpretations made 

from this modeling study. The main basin-bounding listric normal fault has ac

commodated a significant amount of extension. Slip on this fault has led to the 

formation of antithetic and synthetic faults in the hanging wall block. Slip on 

some of the antithetic faults has created a downdropped, fault-bounded wedge or 

graben.
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4.6 C onclusions

Reflection seismic data, bore-hole data and gravity data from the Great Salt 

Lake, and geological information from the vicinity, have been used to constrain the 

positions of the Willard thrust and a footwall imbricate and illustrate their reacti

vation as normal faults. During Tertiary extension, these Sevier-age thrusts served 

as planes of weakness and constrained the location, and subsequently, the geome

try of future basin-bounding normal faults. This interpretation is corroborated by 

results from finite-element modeling which demonstrate that extensional slip on 

pre-existing thrust ramps leads to the formation of energetically favored secondary 

synthetic normal faults. Some of these synthetic normal faults may merge with 

the ramps and reactivate them to take advantage of pre-existing weaknesses. The 

resulting normal faults have a steeply dipping segment at shallow depths and a 

gently dipping segment at greater depths. The presence of the Willard thrust and 

its footwall imbricate in the Great Salt Lake basin perhaps explains why the geom

etry of basin-bounding faults is listric and the faults flatten to dips about 10o-20° 

at depths as shallow as 4 to 6 km. Slip on the basin-bounding normal faults due to 

further extension causes failure basin-ward of the bounding faults where synthetic 

and antithetic faults may form. Slip on some of these faults results in formation 

of hanging wall grabens, which is a common feature in extensional basins.
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C H A P T E R  5 CO N C LU SIO N S

Reprocessing and interpretation of marine reflection seismic data from the 

Great Salt Lake basin, Utah shows the NNW-trending basin to be flanked by 

a Cenozoic normal-fault system. The fault system consists of two major normal 

faults: the East Lake fault trending along the western margin of the Antelope 

island and the Carrington fault trending along the north side of Carrington Island 

and west of the Promontory Mountains. Both faults have listric geometries. The 

faults have dips of about 50° — 60° at surface, which decreases to about 10° — 20° 

at depths of about 5 km (0.7o-0.8°/100m). The rate of change of fault-dip with 

depth is variable along the strike direction. The area where the faults intersect or 

merge with each other, is structurally very complex. Complex deformation of the 

hanging wall horizons diminishes to the north as well as to the south.

Because basement rocks are juxtaposed along the fault below the Tertiary basin 

fill, fault-plane reflection amplitudes decreased below 3-4 km and could not be in

terpreted reliably below ~4-6 km. Consequently, a numerical method, which incor

porated oblique slip, was used to predict the fault geometry. Using this method on 

the seismically imaged hanging wall horizons and basin-bounding faults allowed 

determination of parameters defining oblique slip and arbitrary inclined simple 

shear. One of these parameters, the angle between the extension direction and 

average dip of the fault plane, indicated a change in extension direction from 

approximately west-southwest (during Eocene-Oligocene) to approximately west 

(Miocene-Recent), which is compatible with the regional tectonic framework. In

clined simple-shear deformation (both synthetic and antithetic shearing) of the 

hanging wall horizons was inferred from the results. Using these parameters, fault 

geometries at depths where seismic imaging is poor were determined from the
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hanging wall horizons. The predicted faults show a decrease in fault dip with 

depth and match the imaged parts of the faults at shallower depths.

Based on seismic interpretations constrained by well control and radiometric 

dating, the extensional evolution of the Great Salt Lake basin started as early 

as middle-Eocene to early Oligocene. This implies that the beginning of exten

sion across the Great Salt Lake closely followed the cessation of eastward directed 

contractile deformation after only a brief hiatus. Confined Paleogene half-grabens, 

formed during the early extensional phase, evolved into major fault-bounded basins 

in Miocene to Recent times. The basin-bounding faults record as much as 9 km 

of extension across the Great Salt Lake, as implied by palinspastic restoration of 

hanging wall horizons to their initial configurations.

The three-dimensional listric geometry of the basin-bounding normal faults 

and the timing of extension implies that the faults were controlled to at least some 

degree by pre-existing structures, including Sevier-age thrust-fault ramps. The 

presence of the Willard thrust in the Great Salt Lake basin is supported by rock 

exposures on Fremont and Antelope Islands, seismic imaging of low-angle faults 

between these two islands, and cores which sample footwall rocks of the thrust. 

Eastward contractile deformation was accommodated along several thrusts dur

ing the Sevier Orogeny. In late Paleogene time, there was a decrease in eastward 

horizontal contraction, which was followed by WSW-W directed extension. Ini

tial extensional slip on the pre-existing thrusts caused normal faulting of rocks 

which preferentially reactivated the thrust-ramp surfaces. The geometry, espe

cially the flattening, of these normal faults to low dips at depth, was controlled 

by the pre-existing thrusts. In the Great Salt Lake, the geometry of both of the 

basin-bounding normal faults was strongly influenced by the Willard thrust and its 

footwall imbricate. The Carrington fault reactivated the Willard thrust whereas 

the East Lake normal fault reactivated the footwall imbricate of the Willard thrust.



Reactivation of west-dipping Sevier-age thrusts by Cenozoic normal faults accom

modated crustal extension leading to the evolution of the Great Salt Lake basin. 

This episode of crustal deformation is well preserved in the rocks beneath the Great 

Salt Lake, which also is a model of evolution for most of the other Cordilleran fore

land fold and thrust belt basins.

144
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APPENDIX A INTERVAL VELOCITY USED 
FOR DEPTH CONVERSION

Time velocity (ft/sec) Time velocity (ft/sec)
0.00 6000.00 1445.55 10673.14

65.71 6131.41 1494.83 10791.41
114.99 6229.97 1544.11 10909.68
164.27 6328.53 1593.39 13025.02
213.55 6427.09 1642.67 13103.87
262.83 6525.65 1691.95 13182.72
312.11 6624.21 1741.23 13261.57
361.39 6722.77 1790.51 13340.42
410.67 6821.33 1856.21 13445.55
476.37 6952.75 1905.49 13524.39
525.65 7051.31 1954.77 13603.24
574.93 7149.87 2004.05 13682.09
624.21 7248.43 2053.33 13760.94
673.49 7346.99 2102.61 13839.79
722.77 7445.55 2151.89 18634.21
772.05 7544.11 2201.17 18722.91
821.33 7642.67 2250.45 18811.62
870.61 9293.30 2299.73 18900.32
903.47 9372.14 2349.01 18989.02
952.75 9490.42 2398.29 19077.73
1002.03 9608.69 2447.57 19166.43
1051.31 9726.96 2496.85 19255.13
1100.59 9845.23 2546.13 19343.84
1149.87 9963.50 2595.41 19432.54
1199.15 10081.78 2644.69 19521.25
1248.43 10200.05 2693.97 19609.95
1297.71 10318.32 2726.40 19700.52
1346.99 10436.59 4928.83 19700.00
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