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ABSTRACT

Pseudo 3-D Imagery of the State Line Fault System
Stewart Valley, Nevada

By
Sandra C. Saldafia
Dr. Catherine M. Snelson, Examination Committee Chair
Assistant Professor of Geophysics
New Mexico Institute of Mining and Technology

The State Line fault system (SFS) is in the central Basin and Range province
and may mark the eastern extent of the Eastern California Shear zone (ECSZ). The
SFS consists of three main segments (from north to south): the Mesquite, Pahrump
and Armargosa segments. Although the SFS has been found to have the potential of
Mw 7+ earthquakes, little is known about the Quaternary history of the fault. We
acquired high-resolution seismic reflection data in Stewart Valley, located ~50 km
from Las Vegas, NV with the goal of using seismic reflection processing to produce a
pseudo 3-D seismic cross-section of the SFS. During the summer of 2007 four
seismic reflection profiles were acquired in Stewart Valley: two normal and two
parallel to the mapped traces of the SFS. In addition, in 2008, a series of shorter
higher-resolution seismic reflection profile were acquired over the fault location after
review of the 2007 data. These data reveal subsurface stratigraphy that was used to
resolve the subsurface geometry of the SFS and estimate the Pleistocene slip rate. In
Stewart Valley, the SFS exhibits a flower structure with a Pleistocene slip rate of 0.9

+6.5/-0.8 mm/yr, as estimated from an offset debris flow. The Pleistocene slip rate



estimate suggests that the slip rate along the SFS has slowed during the Quaternary,

suggesting that dextral shear strain has migrated onto faults to the west of the SFS.
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CHAPTER 1 INTRODUCTION

Geologic and geodetic investigations indicate that the San Andreas Fault
(SAF) system accommodates most of the dextral shear between the North American
and Pacific plates (Dokka and Travis, 1990; Savage et al., 1990). However, these
same studies also estimate that ~25% of the strain is accommodated by the Eastern
California Shear Zone (ECSZ) (Figure 1) (e.g., Bennett et al., 2003). The northern
end of the ECSZ connects to Walker Lane (WL) while the Intermountain Seismic
Belt (IMSB) lies to the east. Some workers suggest that the easternmost fault of the
ECSZ is the State Line fault system (SFS) while others define the boundary farther
east in Pahrump Valley, NV (Carter et al., 2008; Guest et al., 2007).

The State Line Fault System (SFS) is an ~200 km long right-lateral system
that runs north-northwest from Mesquite to Amargosa, Nevada along the
California-Nevada border (Figures 1 and 2) (e.g., Guest et al., 2007). The SFS is
made of (from north to south) the Armargosa, Pahrump and Mesquite segments
(Figures 1 and 2) (Guest et al., 2007). Most of the SFS runs through lacustrine or
aeolian deposits that have not preserved the fault scarps well (e.g., Schweickert and
Lahren, 1997; Snow and Wernicke, 2000). Paleo-seismic studies indicate that the
SFS has ruptured at least once along the Amargosa segment and twice along the
Pahrump segment during the Holocene, but little else is known about the
Quaternary behavior the SFS (Anderson et al., 1995; Menges et al., 2003; Piety,
1996).

In addition, the SFS may pose a significant seismic hazard to the facility at

Yucca Mountain as well as the cities of Las Vegas and Pahrump, Nevada. Based



on its rupture length, the SFS has a potential for earthquakes of Mw 7+, but the
large range in slip rate estimates makes it difficult to estimate the earthquake
recurrence interval (e.g., Guest et al., 2007; Shields et al., 1998). Geologic slip
rate estimates for the SFS range from ~0.1- 2.3 mm/yr (Table 1) (Anderson, 1999;
Guest et al., 2007; Louie et al., 1998; Wernicke et al., 2004). The slip rate proposed
by Guest et al. (2007) of ~2.3 mm/yr is a magnitude greater then the slip rate used
to determine the earthquake recurrence interval of >10 ka years (Menges et al.,
2003). Insufficient data exists to estimate the earthquake recurrence interval based
on the mid Miocene slip rate, however, if the mid Miocene rate is the current
average for the system, then the recurrence interval would certainly be much less
then the current estimate. Therefore, slip rate during the Quaternary is desirable in
order to understand how the system is evolving and what potential exists for strong
ground motion.

Geologic slip rate estimates for the SFS also disagree with the modern,
geodetically derived slip rate of 1 mm/yr (Table 1) (Anderson, 1999; Guest et al.,
2007; Louie et al., 1998; Wernicke et al., 2004). This relationship between the
geologic and geodetic slip rates is unusual for the ECSZ, where the geodetic slip
rates are generally higher than the geologic rates (e.g., Frankel et al., 2007; Hill and
Blewitt, 2006). Guest et al. (2007) proposed four possibilities for the discrepancy
between slip rates: 1) strain is being temporarily transferred to other fault systems
to the west for some finite period; 2) strain is continuing to accumulate along the
SFS but has not been released in any significant manner during the Holocene; 3) the

faults making up the ECSZ formed sequentially from east to west and the strain



once experienced by the SFS has now permanently migrated to younger fault
systems farther west; or 4) the poor surface expression of the SFS has led to
underestimated geologically derived slip rates.

Estimates of slip rate for the SFS during the Quaternary would give insight
as to whether strain has been partitioned elsewhere in recent time and allow for
inferences related to the earthquake recurrence interval for the system (e.g. Neimi et
al., 2005). However, none of the estimated offsets, on which the slip rates are
based, utilize Quaternary markers (Figure 2 and Table 1) (e.g., Guest et al., 2007).
Therefore, knowledge of the slip rate during the Quaternary would be helpful in
determining if strain has been partitioned west of the SFS to the Death Valley fault
zone (e.g., Neimi et al., 2005). If strain has been partitioned from the SFS to the
Death Valley fault zone, one would expect a decrease in the rate of offset along the
SFS in recent time (e.g., Guest et al., 2007). A decrease in the rate of offset with
time along the SFS would also indicate that the recurrence interval for events along
the SFS is increasing with time, lessening the risk for strong ground motion to
nearby cities (e.g., Guest et al., 2007).

The center portion of the SFS is comprised of the Pahrump Valley and
Stewart Valley (SVF) faults, the latter is the focus of our study (Hoffard, 1991). In
an effort to better constrain the history of slip along the SFS during the Quaternary
and obtain information related to the subsurface structure of the system, we
conducted a high-resolution pseudo 3-D seismic survey across the SVF, located ~50

km from the city of Las Vegas, NV (Figures 1-3).



Using our pseudo 3-D model of the SVF, we derived a slip rate of 0.9 +6.5/-
0.8 mm/yr for this portion of the SFS based upon offset of an interpreted debris
flow. This estimate indicates that strain has been partitioned away from the SFS
over time which allows for a better understanding of the potential for strong ground

motion in area.



Table 1. Slip Rate Data for SFS

Slip Rate Estimate Time Interval |Offset Marker No. Offset Offset Marker/Kind |Location Comments Reference
for Average (Figure 2) (km) of Estimate

2.3+0.35 13-0 Ma 2 ~30 ~13.1 £0.02 Ma Mesquite segment (Figure Guest et al., 2007
volcanic and rock 2)
avalanche denosits

0.9 mm/yr Modern Geodetically Derived | Amargosa Segment SFS,  |Modeled with locking [Wernicke et al., 2004

Near Yucca Mountain depth at 12 km
(Fiqure 2)
3 10-20 Correlated pre- Pahrump Segement (Figure Burchfiel et al. (1983); R. L.
Cenozoic faultsand |2) Christiansen, personal
facies trends communication in Stewart et al.
(1968)

<0.2 mm/yr Quaternary Based on weak scarp |Pahrump Segement (Figure |Basis for estimate may|Anderson, 1999
morphology along 2) be invalid for faults
Pahrump Segment with dominately lateral

motion

>0.1 mm/yr Holocene 0.018 Shallow 3-D seismic |Southern Stewart Valley Shallow seismic data [Louie et al., 1998
utilizing offset spring used for estimate.
mound

1 3 Mesozoic faults and |Southern Mesquite Segment Walker et al., 1995

folds of SFS (Figure 2)

Summary of offset and slip rate data for the SFS. Lack of data from the Quaternary has made it difficult to assess the seimic

hazard of the SFS.
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Figure 1.

(Top) Location of the Eastern Cali-
fornia Shear Zone (ECSZ) (tan).
Abbreviations: Walker Lane (WL),
Intermountain Seismic Belt (IMSB)
(dark yellow), San Andreas fault
system (SAF) (purple), Central
Nevada Seismic Belt (CNSB)
(yellow) (Bennett et al., 1999;
Oldow, 2003). Dashed lines indicate geodetic provinces (bold italic): SAFP-San
Andreas Fault Province, SGVP-Sierra Nevada/Great Valley Province, WGB-Western
Great Basin, CGB-Central Great Basin, EGB-Eastern Great Basin, CP-Colorado
Plateau (Wernicke et al., 2004). (Bottom) Regional setting of the SFS. Green box
indicates the location of Figure 2. The systems east of and including the Mojave
Extensional Block (MDEB) are considered part of the ECSZ while the SFS forms the
eastern limit of the ECSZ. The SFS is located along the western edge of the town of
Pahrump and ~90 km from the city of Las Vegas, NV, (after Guest et al., 2007 and
Dokka and Travis 1990). Abbreviations: SAF—San Andreas fault, PMF—Pinto Moun-
tain fault, GF—Garlock fault, SDVFZ—Southern Death Valley fault zone, KCF—Kern
Canyon fault, OVFS—Owens Valley fault system, DVFCFZ—Death Valley Furnace
Creek fault zone, SFS—Stateline fault system, MDEB — Mojave Desert extensional

block.




NN

> S5 Age of Offset Markers |8
g » Mid-late Miocene (£
E » Mesozoic y

A Normal Fault “-.Inferred Fault \ Strike-Slip Fault

Figure 2. Regional setting for Stewart Valley. Green star shows the location of the
seismic survey of Figure 3. Red Star is loction of previous geophyscal studies
(Sheilds et al., 1998). Pink and blue lines indicate areas were gravity and magnetic
data were collected (Blakely et al., 2000b). Red Triangles indicate the GPS locations
of Wernicke et al., 2004. Colored arrows indicate age of offset markers numbered
and referenced in the Table 2. Black arrows show the sense of movement along the
Stateline fault system (SFS) and the Rock Valley Fault (RVF). Abbreviations: Bare
Mountain (BM), Death Valley (DV), Death Valley fault zone (DVFZ), Las Vegas (LV),
Montgomery Mountains (MM), Nopah Range (NR), Pahrump (PH), Resting Springs
Range (RSR), Stewart Valley (SV), Yucca Mountain (YM) (after Guest et al., 2007).
DOQ from USGS, 2009.
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Figure 3. Map of the seismic reflection lines collected in 2007 and 2008. Digital Ortho-
quade (DOQ) (USGS seemless DEM) superimposed on the geologic map of de Polo
(2003). Lines 1-4 (red dots) were collected at 10 meter source and 5 meter station spac-
ing. Lined 5-7 (black & yellow dots) was acquired at 3 m station and receiver spacing.
Extent of the SFS flower structure along lines 1 and 4 are indicated by the brackets. The
SFS bears north (red dashed line) from line 1 and as the flower structure narrows by ~25
m. Additionally, the SFS is does not run between the two lines of vegetation as inferred
(dePolo, 2003). Instead it runs down dip of the modern alluvial fan and beneath the
mapped aeolian deposits. DOQ from USGS, 2009.




CHAPTER 2 GEOLOGIC SETTING

Two tectonic regimes have existed in the central Basin and Range during the
Cenozoic and persist today: right-lateral dominant and extensional Basin and Range
dynamics (e.g., Wernicke, 1992). During the Miocene (22-17 Ma), extension in the
form of detachment faulting dominated the Mojave desert and led to the formation
of the Mojave Desert Extensional Block (e.g., Dokka and Travis, 1990). Later, the
Mojave fault block experienced deformation and rotation related to movement
along the right-lateral SAF system (Figure 1) (Dokka and Travis, 1990).

The combination of the Mojave Desert extensional block and the Death
Valley and Furnace Creek fault systems were originally grouped together into the
Eastern California Shear Zone (ECSZ) (Figure 1) (e.g., Dokka and Travis, 1990).
Although it is not well defined, the ECSZ has been mapped as far north as Owens
Valley as well as extending to the Gulf of California and occupying a lateral zone
of ~160 km from just east of the Sierra Nevada Front to include the SFS (Figure 1)
(Dokka and Travis, 1990; Savage et al., 1990; Guest et al., 2007).

Geologically derived offsets from pre-Cenozoic markers for the three
segments of the SFS are ~25-45 km for the Amargosa segment, 10 km to 15-19 km
for the Pahrump segment and ~3 km for the Mesquite segment (Figure 2 and Table
1) (Stewart et al., 1968; Poole and Sandberg, 1977; Cooper et al., 1982; Burchfiel et
al., 1983; Stevens, 1991; Walker et al., 1995; Schweickert and Lahren, 1997).
Guest et al. (2007), found an offset of ~30 km along the Mesquite segment utilizing

a mid-Miocene aged (13.1 £0.02 Ma) marker.



CHAPTER 3 PREVIOUS GEOLOGIC AND GEOPHYSICAL STUDIES

A variety of geologic and geophysical studies have been conducted along
the SFS to understand its location and subsurface geometry. These studies are
outlined here to present context for our seismic results.
Potential Field Studies

Aeromagnetic data reveal the subsurface location of the SFS and indicate
that it is continuous in the subsurface (Blakely et al., 2000). Based on gravity data,
the SFS is interpreted as a wide zone (5-9 km) of west-stepping splays that cut into
deep carbonate basement, indicating that the SFS has accommodated significant
offset (Figure 2) (Blakely et al., 1998).

Shields et al. (1998) utilized ground-based magnetic and electromagnetic
(EM) surveys to discern characteristics of the SFS in southern Pahrump Valley
along three scarps. These data, in conjunction with the topographic data for each
scarp, indicate that the western most scarp is the youngest (Figure 2) (Shields et al.,
1998).
Controlled-Source Seismic Studies

Louie et al. (1998) used 3-D seismic reflection methods to find the near-
surface offset (upper 73 m) of the SFS in southern Stewart and Pahrump valleys.
The subsurface geometry of the SFS in both locations confirms that motion along
the system is almost purely strike-slip (Louie et al., 1998). In addition, a minimum
Holocene displacement of 18 m was determined implying a slip rate that is not less

than 0.1 mm/yr (Table 1) (Louie et al., 1998).
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Geodetic Studies

A dense GPS network was deployed from 1999-2003 to investigate the
potential impact of faults close to Yucca Mountain (Figure 2 and Table 1)
(Wernicke et al., 2004). Wernicke et al. (2004) modeled the Yucca Mountain GPS
data using elastic models with a two-fault dislocation at depth. The model fit the
data best when the SFS was included with the Death Valley fault system at a
locking depth of 12 km. This dislocation model gives a modern slip rate of ~1
mm/yr for SFS (Wernicke et al., 2004).

Geologic Investigations

Several geologic investigations have been conducted along the SFS in order
to deduce offset and slip rate for the system (e.g., Hoffard, 1991). Slip rate is
particularly difficult to derive because the SFS has formed in depositional
environments that have not preserved the scarps well and finding datable offset
markers is problematic (e.g. Neimi et al., 2005). Offset markers used to estimate
offsets along the SFS are all of pre-Quaternary age and give limited insight into the
Quaternary evolution of the SFS (Figure 2 and Table 1)(Burchfiel et al., 1983;
Guest et al., 2007; Stewart et al., 1968; Walker et al., 1995).

Guest et al. (2007) restored mid-Miocene volcanic deposits with their source
locations and estimated 30 +4 km of offset along the Mesquite segment, for a slip
rate of 2.3 £0.35 mm/yr (Guest et al., 2007). They noted the slip rate for the SFS
since 13.1 £0.02 Ma is 20 times greater then previous estimates derived from
geologic observations (<0.2 mm/yr; Anderson, 2006) and is two to three times

greater then the modern geodetic rate of ~1 mm/yr (Wernicke et al., 2004).

11



Carter et al., (2008) used well logs in Pahrump and Stewart valleys to infer
the existence of a dextral system in Pahrump Valley that may actually define the
easternmost fault of the ECSZ. However, well logs are too few and diffuse to make
any inferences as to the recent offset along the SFS in Stewart Valley (Carter et al.,

2008).

12



CHAPTER 4 SEISMIC DATA ACQUISITION AND PROCESSING

Seismic reflection data were acquired during the summers of 2007 and
2008. During the summer of 2007, we used a 144 channel Geode system with 4.5
Hz geophones to acquire four seismic lines, two parallel and two perpendicular to
the inferred trace of the SFS in Stewart Valley (Figure 3). Each of the four lines
were acquired at 10 m source and 5 m station spacing and varied in length from 550
to 715 m.

In 2008, the data collected during the previous year were used to constrain
the location of the SFS and design a survey with a smaller tuning thickness. This
knowledge allowed for the redesign and re-acquisition of a portion of lines 1 and 4
in addition to another line to the south of Line 1 in order to improve resolution over
the SFS (Figure 3). The source and receiver spacing for these lines was 3 m with a
total line length of 213 m. However, only Line 5, acquired over Line 1, ended up
being useful in capturing the SFS, the other two lines missed the fault due to a lack
of knowledge of the direction of strike and a problem with the GPS units (the
common midpoint stacks for lines 6 and 7 are presented in Appendix A).

We used a T7000 mini-vibroseis source to acquire the Stewart Valley data
(Table 2). For both acquisitions a linear 8 s sweep of 20-160 Hz was chosen to
capture both the shallow high frequency response and the lower frequency response
at depth. In addition, we acquired three sweeps at each source location to improve
the signal-to-noise ratio.

These data were processed using Seismic Processing Workshop (SPW) and

ProMAX. Seismic reflection data processing for the data presented here are

13



outlined in Table 3. The initial velocity range for the constant velocity stacking
was based on the first arrivals and velocities were improved from there based on the
coherence of the reflectors. Velocity tables and the corresponding depth
calculations are located in the Appendix B. The CMP stacks for each line are
presented in Figures 4-8.

Our resulting 2-D seismic sections with clear, laterally consistent reflectors.
Line 5, which was designed to maximize resolution, returned the best results.
Multiple reflectors are visible where only a single reflector shows up on Line 1,
acquired with less resolution (Figure 8).

We use these 2-D lines to produce a fence diagram of the area, with the tie
points of the diagram occurring at intersection points in the 2-D data (Figure 9). At
the corners of the cube the tie lines are projected because the deeper reflectors do
not contain sufficient fold at the edges of the profiles to reach the ends of the cube.
However, all the projected tie lines for the Stewart Valley data show good
continuity of reflectors, including the intersection of lines 1 and 2, which do not
intersect at the surface (Figure 3). This good continuity between two disconnected
seismic lines is due to the laterally consistent lithologies at depth.

A comparison of the CMP stacks of lines 2 and 3 reveals a difference in
reflector depths and amplitudes. The well logs compiled by Carter et al. (2008)
indicate that the playa deposits of Line 2 are much more indurated and are found to
have a slightly greater velocity than the dominantly aeolian deposits of Line 3.
Investigation of the well logs in the area reveal interfingering of playa and aeolian

deposits along the eastern edges of lines 1 and 4, collected normal to the trace of the

14



SFS (Figure 10).
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Table 2. Acquisition Parameters.

Description Parameters
File Format SEG-2
Receiver Spacing 5 - Red Lines

3 - Yellow Line

Source Spacing

3 - Yellow Line

10 - Red Line
Geophones 4.5 Hz/Vertical
Pilot Signal Synthetic
Vibroseis Sweep Linear

8s

20-160 Hz
Record Length 11s

Sample Interval

Lines 2-4: 0.5 ms

Lines1 &5:1ms

Assigned Pilot Channel

24

16



Table 3. Seismic Reflection Data Processing Flow

Processing Step Description Software Used
Data Input SEG-2 binary data converted to SPW format SPW
Vibroseis Correlation |Produces shot gathers from vibroseis data SPW
Shot Gather Stacking |Stack multiple shots acquired at each shot point to reduce noise ProMAX
Geometry Apply geometry acquired with a Trimble GPS system ProMAX
Trace Editing Eliminate noisy traces ProMAX
Top Muting Eliminate refractions and traces that are noisy at higher frequecies ProMAX
Bottom Muting Eliminate surface wave energy ProMAX
Velocity Analysis Iterative constant velocity stacking to improve coherence of reflectors |ProMAX
Normal Moveout Applied based on best velocities ProMAX
CMP Stacking Common mid-point summation ProMAX

17
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etry of the SFS at depth. Green and blue arrows indicate dip-slip offset in the
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61.0 61.0 61.0

Figure 10. Well log data for the area were the seismic data was acquired. (Top)
Locations of wells in the area. Black dots indicate well locations. Red lines indicate
the location of the seismic lines. (Bottom) Wells in 2-D. Interfingering of lacustrine
and aeolian deposits is evident from well logs especially along Line 3. Notice that
the wells located near Line 2 are dominated by clay deposits while the wells
located near Line 3 exhibit clay, sand and shale. This transition from clay to sand
and shale is indicative of interfingering of deposis from different depositional
enviroments and correlate to what is observed in the seismic data (modified from
Carter et al., 2008).
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CHAPTER 5 INTERPRETATION

The clarity of the Stewart Valley data allow for the interpretation of four
stratigraphic contacts that can be traced around the perimeter of the cube as well as
the subsurface geometry and extent of the SFS. The vertical resolution of the data
is ~5 m for lines 1-4, while that of Line 5 is ~3 m. The deepest reflectors for these
data occur along Line 2 at ~0.65 seconds which gives the minimum thickness of
sediments in Stewart Valley of ~500 m (Appendix B).

The reflectors marked in brown, purple, green and blue are interpreted to be
stratigraphic contacts (Figure 11). Based on the well logs, the brown and purple
contacts are interpreted to represent a lacustrine contacts at depth ranges of ~32-46
m and ~58-67 m respectively (Figures 10, 11 and Appendix B). Because the green
contact shows a similar seismic character as the brown and purple contacts, it is
also interpreted to be lacustrine at a depth of ~91-140 m (Appendix B). Due its
dipping nature, the blue contact is interpreted to be a paleo-fan surface and that
varies in depth from ~250-440 m. The stratigraphic packages represented by the
reflectors between these contacts all show thinning and thickening at locations that
correspond with changes from lacustrine to aeolian depositional environments in
the well logs.

An oval-shaped area of low reflectivity (outlined in orange, Figure 11)
shows up on both lines 2 and 3 at depths of ~132 and 123 m respectively and
disrupts the interpreted green contact (Appendix B). The lack of coherent reflectors
within the anomaly is indicative of the deposition of unlayered or lithologically

monotonous material (e.g., Badley, 1985; e.g., Sheriff, 1975). This feature is
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interpreted as debris flow (Figure 11). The seismic character and thickness (~18-38
m) of the anomaly is consistent with a series of debris flows that moved
unconsolidated material along existing channels and across the basin floor. Debris
flows coming off of the Spring Mountain Range that transverse the basin floor are
common in Stewart Valley (de Polo, 2003).

The location of the SFS is interpreted from truncated, pinched out or offset
reflectors along lines 1 and 4 (e.g., Sheriff, 1975). At depth the SFS is
multistranded and displays a flower structure, common for a strike-slip fault that
has experienced multiple events though time and is confirmed from the interpreted
data (Figure 11) (e.g., McCalpin, 1996). Line 5 shows a relatively complicated
tulip structure, which indicates strike-slip plus extensional motion (Figures 8 and
11).

Dip-slip motion along the SFS in Stewart Valley is evident in the interpreted
purple green contacts by offset reflectors along Line 5. The purple and green layers
are interpreted to be offset by ~14 and 33 m respectively (Figure 8 and Appendix
B). The CMP stack for lines 1 and 5 indicates that the SFS does not disrupt the
near surface reflectors including the interpreted purple layer as much as it does the
deeper reflectors. This may explain why the dip-slip offset of the purple contact is
much less than that of the green.

Seismic profiles 1 and 4 also captured the width of the fault zone (Figures 3
and 11). The SFS is ~200 m wide and is located between the two lines of
vegetation along Line 1 and ~175 m wide east of the lines of vegetation along Line

4. Thus, the SFS appears to strike nearly north in the area surveyed (Figures 3 and
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11). The eastern line of vegetation may exist due to water traveling down from the

SFS to the topographic low of the playa deposits.
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CHAPTER 6 SLIP RATE ESTIMATE

A Quaternary slip rate estimate may help resolve discrepancies in the
geologic and geodetic slip rates and may lend insight into the earthquake hazard of
the system (Table 1).

Because the original azimuth for the debris flow is unknown, we derived a
range of offsets from the angles of stream channels coming off the alluvial fan
surface directly to the east of the survey area. We then constrained the offset error
based on seismic lines 1 and 4 and determine an offset of ~671 +264/-576 m
(Figure 12). Lack of knowledge related to the strike of the fault zone contributes
only ~5 m of error to the calculation for offset; therefore, most of the error in this
calculation is derived from the angles of stream channels.

While age control is problematic in this area, general rates for sedimentation
indicate the age of the offset debris flow is older than Holocene. Work conducted
in the Tecopa basin, located ~43 km southwest of Stewart Valley, gives a range of
sedimentation rates of 0.005-0.1 mm/yr (Morrison, 1991). Considering the
interpreted debris flow varies in depth from ~132 m along Line 2 and ~123 m along
Line 3, an age range of ~1.2-26 Ma is derived by dividing the depths by the
assumed sedimentation rate. If the green contact is lacustrine, then its age is
constrained by geologic mapping in the area, which gives the oldest lacustrine
deposit an age of Pleistocene (de Polo, 2003). Using Pleistocene ages ranging

from 0.126 — 1.806 Ma, a slip rate of 0.9 +6.5/-0.8 mm/yr is derived.
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Figure 12. Illustration of how the offset was derived for the debris flow. North and
south brackets indicate the damage zone of the SFS as in Figure 11. East and west
brackets show the extent of the interpreted debris flow in the subsurface. The orange,
green, blue black and pink lines distinguish the different angles of stream channels
coming off the nearby alluvial fan. These angles were used in addition to the range of
the strike of the fault zone in determining the range of offsets for the debris flow. The
best guess for the angle at which the debris flow was deposited is 48.7° (blue) because
this is the angle of the modern drainage. Dashed yellow line is the SFS at its western
most extent (top) and its eastern most extent (bottom). Angles of flow are color
coded and correspond to the transects as shown.
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CHAPTER 7 DISCUSSION AND CONCLUSIONS
The slip rate for the SFS has been estimated from 0.1-2.3 mm/yr (Table 1)
(Anderson, 2006; Guest et al., 2007; Louie et al., 1998). These rates are contrary to
the modern geodetically derived slip rate of ~1 mm/yr (Bennett et al., 2003). This
inconsistency in slip rates makes it difficult to evaluate the seismic hazard for the
nearby city of Las Vegas and the town of Pahrump, Nevada.

In an effort to gain insight into the behavior of the SFS in recent time,
seismic reflection data were collected in Stewart Valley, Nevada. An analysis of
these data reveals the geometry and sense of displacement (transtensional, at least
locally) of the SFS at depth, which is in agreement with previous workers (e.g.,
Blakely et al., 1998; Hoffard, 1991). The SFS has formed a flower structure at
depth, which is indicative of strike-slip faults that have been active through time
(e.g., McCalpin, 1996). In addition, a few geologic surfaces can be traced through
the cube of the pseudo 3-D model and give insight into the age of what is
interpreted to be an offset debris flow. Although the age of the interpreted debris
flow is unknown, the depth at which it occurs is consistent with its being mid to late
Pleistocene in age and gives a Quaternary slip rate of 0.9 +6.5/-0.8 mm/yr.

Our findings indicate that the slip rate along the SFS has decreased during
the Quaternary. If slip has slowed since the Miocene the question of how strain
has been partitioned remains. One possibility is that strain has migrated west since
the mid-Miocene. Shields et al. (1998) analyzed three fault scarps of the SFS in
Pahrump Valley, Nevada and determined that western-most scarp was the youngest

(Figure 2). In addition, aeromagnetic data defines the SFS as being made up of
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western-stepping splays (Blakely et al., 2000). These findings in conjunction with
the decrease in slip rate along the SFS may indicate that at least some strain has
migrated west over time (Guest et al., 2007).

Slowing in slip from south to north along strike has been observed west
along the Death Valley — Furnace Creek (DVFC) fault zone and has led some
workers to hypothesize that the same extensional transfer zones that accommodated
block rotation during the mid-Miocene and Pleistocene may also be playing a role
today in the transfer of strain north to the faults of Walker Lane (Frankel et al.,
2007; Oskin and Iriondo, 2004). Several normal faults exist between the SFS and
the DVFC fault zones (Figure 1), perhaps strain has migrated west to this system
before moving north to Walker Lane.

Alternatively, the discrepancy in slip rates for the SFS may not be a
discrepancy at all, but may simply reflect artifacts of a young, evolving system
(e.g., Kirby et al., 2008). Slip rates have been found to differ spatially along the
strike of individual fault systems within the ECSZ (e.g., Frankel et al., 2007; Kirby
et al., 2008). Perhaps the difference in the geodetic and geologic slip rates for SFS
are a function of where the slip rate was measured as some workers have found a
decrease in slip rate along strike and to the north of center along the Owens Valley
and DVFC systems (Frankel et al., 2007; Kirby et al., 2008). Fault systems such as
the Death Valley and Rock Valley systems may be adding or taking away strain
from the SFS along strike, which would cause a spatial difference in slip rate

(Figure 2).
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In any case, more definitive slip rate estimates along the SFS of Quaternary
age would be helpful in determining the most recent activity along the SFS (e.g.
Neimi et al., 2005). Future work might include age control on multiple Quaternary-
aged offset stream channels in Stewart Valley (Neimi et al., 2005). Moreover, the
acquisition of two additional parallel seismic lines located on either side of and
closer to the SFS, in the area of interpreted debris flow, would be invaluable in
constraining the angle at which it was deposited and thus more accurately

constraining its offset.
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APPENDIX A CMP STACKS FOR LINES 6 AND 7
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Uninterpreted, unmigrated CMP Stack for Line 6 (Figure 3). This profile
was collected south of Line 1 and was 177 min length.
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Uninterpreted, unmigrated CMP Stack for Line 7 (Figure 3). This profile
was collected along a portion of Line 4 and is 176 m in length.
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APPENDIX B VELOCITY TABLES
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Line 1
TWTT (ms) Velocity (m/s) Depth (m)

0 1164.37 0.00
16.13 1164.37 9.39
32.26 1164.37 18.78
48.39 1170.32 28.22
64.52 1192.13 37.83
80.65 1213.38 47.62
96.77 1234.14 57.57
112.9 1254.57 67.69
129.03 1274.89 77.97
145.16 1295.36 88.41
161.29 1316.29 99.03
177.42 1337.91 109.82
193.55 1360.48 120.79
209.68 1384.11 131.96
225.81 1408.91 143.32
241.94 1434.8 154.89
258.06 1461.69 166.67
274.19 1489.27 178.68
290.32 1517.14 190.92
306.45 1544.95 203.38
322.58 1572.23 216.06
338.71 1598.43 228.95
354.84 1623.11 242.04
370.97 1646.15 255.32
387.1 1664.96 268.74
403.23 1664.96 282.17
419.35 1664.96 295.59
435.48 1664.96 309.02
451.61 1664.96 322.45
467.74 1664.96 335.88
483.87 1664.96 349.30
500 1664.96 362.73
516.13 1664.96 376.16
532.26 1664.96 389.59
548.39 1664.96 403.01
564.52 1664.96 416.44
580.65 1664.96 429.87
596.77 1664.96 443.29
612.9 1664.96 456.72
629.03 1664.96 470.15
645.16 1664.96 483.57

661.29 1664.96 497.00



Line 2
TWTT (ms) Velocity (m/s) Depth (m)

0 1208 0.00
13.16 1208 7.95
26.32 1208 15.90
39.47 1208 23.84
52.63 1208 31.79
65.79 1208 39.74
78.95 1208 47.69
92.11 1248.81 55.90
105.26 1261.98 64.20
118.42 1276.89 72.60
131.58 1293.43 81.11
144.74 1311.25 89.74
157.89 1329.99 98.49
171.05 1349.24 107.36
184.21 1368.63 116.37
197.37 1387.88 125.50
210.53 1406.79 134.76
223.68 1425.2 144.13
236.84 1443.06 153.62
250 1460.32 163.23
263.16 1476.97 172.95
276.32 1493.02 182.78
289.47 1508.49 192.69
302.63 1523.42 202.72
315.79 1537.84 212.84
328.95 1551.81 223.05
342.11 1565.37 233.35
355.26 1578.56 243.73
368.42 1591.44 254.20
381.58 1604.04 264.75
394.74 1616.42 275.39
407.89 1628.61 286.10
421.05 1640.65 296.89
434.21 1652.57 307.77
447.37 1664.41 318.72
460.53 1676.18 329.75
473.68 1687.92 340.85
486.84 1699.64 352.03
500 1711.36 363.29
513.16 1723.09 374.63
526.32 1734.85 386.04
539.47 1746.64 397.53
552.63 1758.46 409.10
565.79 1770.34 420.75
578.95 1782.26 432.47
592.11 1788.69 444.24
605.26 1788.69 456.01
618.42 1788.69 467.77

631.58 1788.69 479.54



Line 2
TWTT (ms) Velocity (m/s) Depth (m)

644.74 1788.69 491.31
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Line 3
TWTT (ms) Velocity (m/s) Depth (m)

0 1292.93 0.00
11.36 1292.93 7.34
22.73 1292.93 14.69
34.09 1292.93 22.04
45.45 1292.93 29.38
56.82 1322.81 36.90
68.18 1358.69 44.62
79.55 1393.06 52.54
90.91 1422.39 60.62
102.27 1442.32 68.81
113.64 1454.55 77.08
125 1462.19 85.38
136.36 1467.78 93.72
147.73 1473.75 102.10
159.09 1480.26 110.51
170.45 1489.78 118.97
181.82 1503.53 127.52
193.18 1521.37 136.16
204.55 1542.02 144.93
215.91 1563.69 153.81
227.27 1584.21 162.81
238.64 1602.29 171.91
250 1617.37 181.10
261.36 1629.76 190.36
272.73 1640.3 199.68
284.09 1649.82 209.05
295.45 1659.01 218.48
306.82 1660.69 227.92
318.18 1660.69 237.35
329.55 1660.69 246.79
340.91 1660.69 256.22
352.27 1660.69 265.66
363.64 1660.69 275.10
375 1660.69 284.53
386.36 1660.69 293.96
397.73 1660.69 303.40
409.09 1660.69 312.84
420.45 1660.69 322.27
431.82 1660.69 331.71
443.18 1660.69 341.14
454.55 1660.69 350.59
465.91 1660.69 360.02
477.27 1660.69 369.45
488.64 1660.69 378.89
500 1660.69 388.32
511.36 1660.69 397.76
522.73 1660.69 407.20
534.09 1660.69 416.63

545.45 1660.69 426.06



Line 3
TWTT (ms) Velocity (m/s) Depth (m)

556.82 1660.69 435.50
568.18 1660.69 444,94
579.55 1660.69 454.38
590.91 1660.69 463.81
602.27 1660.69 473.24
613.64 1660.69 482.68
625 1660.69 492.12
636.36 1660.69 501.55

647.73 1660.69 510.99



Line 4
TWTT (ms) Velocity (m/s) Depth (m)

0 1235.37 0.00
10.99 1235.37 6.79
21.98 1235.37 13.58
32.97 1235.37 20.37
43.96 1235.37 27.15
54.95 1235.37 33.94
65.93 1235.37 40.72
76.92 1235.37 47.51
87.91 1235.37 54.30
98.9 1235.37 61.09
109.89 1235.37 67.88
120.88 1235.37 74.67
131.87 1235.37 81.45
142.86 1235.37 88.24
153.85 1235.37 95.03
164.84 1235.37 101.82
175.82 1238.53 108.62
186.81 1249.29 115.48
197.8 1260.68 122.41
208.79 1272.64 129.40
219.78 1285.1 136.47
230.77 1298.01 143.60
241.76 1311.28 150.80
252.75 1324.82 158.08
263.74 1338.57 165.44
274.73 1352.45 172.87
285.71 1366.43 180.37
296.7 1380.49 187.96
307.69 1394.59 195.62
318.68 1408.72 203.36
329.67 1422.84 211.18
340.66 1436.92 219.08
351.65 1450.93 227.05
362.64 1464.86 235.10
373.63 1478.71 243.22
384.62 1492.47 251.43
395.6 1505.06 259.69
406.59 1505.06 267.96
417.58 1505.06 276.23
428.57 1505.06 284.50
439.56 1505.06 292.77
450.55 1505.06 301.04
461.54 1505.06 309.31
472.53 1505.06 317.58
483.52 1505.06 325.85
494,51 1505.06 334.12
505.49 1505.06 342.38
516.48 1505.06 350.65

527.47 1505.06 358.92



Line 4
TWTT (ms) Velocity (m/s) Depth (m)

538.46 1505.06 367.20
549.45 1505.06 375.47
560.44 1505.06 383.74
571.43 1505.06 392.01
582.42 1505.06 400.28
593.41 1505.06 408.55
604.4 1505.06 416.82
615.38 1505.06 425.08
626.37 1505.06 433.35
637.36 1505.06 441.62

648.35 1505.06 449.89



Line 5
TWTT (ms) Velocity (m/s) Depth (m)

0 1063.37 0.00
23.26 1063.37 12.37
34.88 1063.37 18.55
46.51 1063.37 24.73
58.14 1063.37 30.91
69.77 1063.37 37.10
81.4 1069.11 43.31
93.02 1082.44 49.60
104.65 1096.19 55.98
116.28 1110.33 62.43
127.91 1124.8 68.97
139.53 1139.54 75.59
151.16 1154.44 82.31
162.79 1169.44 89.11
174.42 1184.49 96.00
186.05 1199.54 102.97
197.67 1214.55 110.03
209.3 1229.5 117.18
220.93 1244.39 124.41
232.56 1259.21 131.73
244.19 1273.96 139.14
255.81 1288.66 146.63
267.44 1303.32 154.21
279.07 1317.94 161.87
290.7 1332.53 169.62
302.33 1347.1 177.45
313.95 1361.65 185.37
325.58 1376.18 193.37
337.21 1390.7 201.46
348.84 1405.2 209.63
360.47 1419.69 217.88
372.09 1434.17 226.21
383.72 1448.63 234.64
395.35 1463.08 243.15
406.98 1477.53 251.74
418.6 1491.96 260.41
430.23 1506.38 269.17
441.86 1514.52 277.97
453.49 1514.52 286.78
465.12 1514.52 295.59
476.74 1514.52 304.39
488.37 1514.52 313.19
500 1514.52 322.00
511.63 1514.52 330.81
523.26 1514.52 339.61
534.88 1514.52 348.41
546.51 1514.52 357.22
558.14 1514.52 366.03

569.77 1514.52 374.83



Line 5
TWTT (ms) Velocity (m/s) Depth (m)

581.4 1514.52 383.64
593.02 1514.52 392.44
604.65 1514.52 401.25
616.28 1514.52 410.05
627.91 1514.52 418.86
639.53 1514.52 427.66

651.16 1514.52 436.47



Line 6
TWTT (ms) Velocity (m/s) Depth (m)

0 1298.14 0
20.41 1298.14 13.25
40.82 1298.14 26.50
61.22 1298.14 39.74
81.63 1298.14 52.98
102.04 1312.2 66.37
122.45 1326.67 79.91
142.86 1341.05 93.60
163.27 1355.37 107.43
183.67 1369.64 121.40
204.08 1383.89 135.52
224.49 1398.16 149.79
244.9 1412.44 164.21
265.31 1426.7 178.76
285.71 1440.91 193.46
306.12 1455.07 208.31
326.53 1469.2 223.30
346.94 1483.31 238.44
367.35 1497.45 253.72
387.76 1511.61 269.15
408.16 1511.92 284.57
428.57 1511.92 300.00
448.98 1511.92 315.43
469.39 1511.92 330.86
489.8 1511.92 346.29
510.2 1511.92 361.71
530.61 1511.92 377.14
551.02 1511.92 392.57
571.43 1511.92 408.00
591.84 1511.92 423.43
612.24 1511.92 438.85
632.65 1511.92 454.28

653.06 1511.92 469.71



Line 7
TWTT (ms) Velocity (m/s) Depth (m)

0 1417.42 0
15.38 1417.42 10.90
30.77 1417.42 21.81
46.15 1417.42 32.71
61.54 1417.42 43.61
76.92 1417.42 5451
92.31 1421.36 65.45
107.69 1425.6 76.41
123.08 1429.76 87.42
138.46 1434.01 98.44
153.85 1438.46 109.51
169.23 1443.11 120.61
184.62 1447.82 131.75
200 1452.53 142.92
215.38 1457.36 154.13
230.77 1462.42 165.38
246.15 1467.67 176.67
261.54 1473 188.00
276.92 1478.36 199.37
292.31 1483.8 210.79
307.69 1489.37 222.24
323.08 1495.03 233.75
338.46 1500.75 245.29
353.85 1506.49 256.88
369.23 1512.27 268.51
384.62 1518.09 280.19
400 1523.94 291.91
415.38 1529.8 303.67
430.77 1530.01 315.45
446.15 1530.01 327.21
461.54 1530.01 338.99
476.92 1530.01 350.75
492.31 1530.01 362.53
507.69 1530.01 374.29
523.08 1530.01 386.07
538.46 1530.01 397.83
5563.85 1530.01 409.60
569.23 1530.01 421.37
584.62 1530.01 433.14
600 1530.01 44491
615.38 1530.01 456.68
630.77 1530.01 468.45

646.15 1530.01 480.21
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