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The Panamint Valley fault zone (PVFZ) is an active, dextral-oblique normal
fault that partially accommodates dextral shear across the Eastern California Shear
Zone (ECSZ). The fault system has a complex geometry, characterized by a relatively
high-angle dextral oblique normal fault in the south and a low-angle detachment
system that accommodates active slip along the central and northern segments of the
fault system. Previous studies suggest that these different segments have different
degrees of obliquity of the net slip vector, but it is not known whether paleoseismic
ruptures are confined to individual segments or whether they rupture simultaneously.
Previous studies of the paleoseismic history along the southern fault segment revealed
evidence for 3-4 earthquakes during the Late Holocene (< 4 ka); the most recent
earthquake (MRE) occurred ~500 cal yr B.P.
This study seeks to reconstruct the surface rupture of the MRE—its length,
surface displacement, and displacement kinematics—evaluates the event chronology
of previous surface ruptures as preserved in the geomorphic record, and determines
slip rates associated with earthquakes during the Late Holocene (~5 ka). Four distinct
Late Holocene alluvial units are recognized based on post-depositional modification
of original bar-and-swale morphology, the degree of desert pavement and varnish
accumulation, and the relative degree of soil development. A calibrated soil

chronosequence that relates soil development to age of known surfaces is used to
provide chronologic estimates of the timing of alluvial surfaces. These results suggest
that all four of the alluvial fan sequences mapped along the PVFZ were deposited
within the past 4-5 ka.
The kinematics and magnitude of displacement associated with the MRE was
determined by reconstructing displaced geomorphic markers. These analyses utilized
both airborne lidar data collected as part of the NSF Earthscope program as well as
targeted high resolution data sets generated from stereo photogrammetry and drone
surveys. Results suggest that the average vertical displacement associated with the
MRE ranges from 2.5-5 m along a minimum strike length of 45-50 km. Horizontal
displacements associated with this rupture along strike-slip segments, characterized
from offset channel markers, ranges from 2-3 m. Reconstruction of the MRE
displacement vectors suggests 2-3 m of extension along different sections of the
complex fault geometry, indicating that the MRE involved both the normal-slip and
strike-slip motion. Comparison to empirical scaling of past earthquake ruptures
suggest that the MRE was likely at least a moment magnitude 6.9–7.2 event.
Notably, this event appears to have ruptured across the boundary between a highangle fault system in the south and the detachment system in the north.
Reconstruction of cumulative vertical offsets of previous surface ruptures
appear to be ~7-8 m in surfaces ranging in age from 1.5-3 ka surfaces and ~10-14 m
in surfaces of 3-5 ka. These data suggest that the PVFZ experienced Late Holocene
throw rates of 2-5 mm/yr, consistent with longer-term (Late Pleistocene-Holocene)
slip rates of the PVFZ. Collectively, these results provide insight into the mechanics
of fault behavior along geometrically complex fault systems, a re-assessment of the
seismic hazard associated with the Panamint Valley fault zone, and the active
tectonics of the ECSZ.
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1. Introduction
Most estimates of the size of prehistoric earthquakes are derived from scaling
relationships among surface rupture length, displacement, rupture area (e.g., Wells and
Coppersmith, 1994; Stirling et al., 2013), and seismic moment (e.g., Kanamori, 1977).
However, a number of earthquakes reveal geometric complexity in their surface ruptures,
(e.g., Sieh, 1996; Wesnousky, 2006) that may influence magnitude estimates derived
from data on prehistoric earthquakes. One relatively common complexity involves
simultaneous ruptures of multiple fault segments—a geometric definition of segment
which refers to a portion of the fault defined by changes in fault orientation, stepovers, or
separation that influence rupture behavior (McCalpin, 1996). The stepovers of faults in
rupture zones such as in the 1992 Landers Earthquake, California (e.g. Sieh, 1996)
demonstrates a complex failure of a large earthquake that occurred from more than one
fault segment. Fault segmentation and complex patterns of fault geometries thus
influence surface ruptures and earthquake propagation due to structural heterogeneities
(Zhang et al., 1991). Earthquake propagation across geometric barriers is not yet wellunderstood and leads to the challenge of making accurate estimates of earthquake
magnitudes along particular fault zones that involve complicated fault geometries.
Many large continental earthquakes have activated networks of adjacent faults
(e.g., Fialko et al., 2002; Jónsson et al., 2002; Parsons et al., 2008), some of which appear
to have been unfavorably oriented for rupture (e.g., Fletcher et al., 2016). For instance,
the 2010 Mw 7.2 El Mayor-Cucapah (EMC) earthquake in Mexico ruptured across
multiple fault segments of different orientation. The EMC initiated along a 45°-dipping
normal fault but slip propagated through high- and low-angle faults due to the activation
of what has been termed a “keystone” fault (Fletcher et al., 2016). The keystone fault
refers to a fault segment which is not prone to failure in a given regional stress field but
may induce failure along other interacting faults once the failure threshold is exceeded
(Fletcher et al., 2016). Notably, keystone faults have been suggested as one explanation
for infrequent seismogenic slip (e.g., Wernicke, 1995) along low-angle normal faults.
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Historic seismic catalogues show that rupture along low-angle normal faults
(<30°) are uncommon relative to nodal planes at fault dip angles ranging from 30°-60°
(Jackson, 1987; Jackson and White, 1989). However, compilation of geologic,
paleomagnetic, thermochronology, and seismic reflection data provide evidence that lowangle normal faults in the upper continental crust are present in extensional regimes and
may reflect seismogenic slip (e.g., Wernicke, 1995; Collettini, 2011). An example of the
Basin and Range province demonstrates that the low-angle normal faults are recognized
in this region and may accommodate crustal extension at low-angle dips similar to their
present day gently dipping structure (e.g., Collettini and Holdsworth, 2004). An
understanding of sesimogenic slip along low-angle normal faults, and their mechanical
interaction with neighboring fault networks, is hindered by the sparse nature of the
historic record.
This thesis seeks to exploit an exceptionally well-preserved prehistoric rupture
along an active normal fault system in eastern California to investigate whether the most
recent rupture involved slip along different fault geometries and to re-assess the seismic
hazard of the area. The Panamint Valley fault zone is one of the primary active structures
that accommodate ~10-12 mm/yr of dextral shear between the Sierra Nevada and the
southwestern Basin and Range province (Dokka and Travis, 1990b, Bennett et al., 2003).
The fault zone is a dextral-oblique normal fault that is bound at its northern and southern
ends by right-lateral strike-slip faults; as such, the modern Panamint Valley is a “pullapart” basin (Burchfiel and Stewart, 1966) formed during the Plio-Quaternary (Burchfiel
et al., 1987). However, the opening of the northern valley occurred along a low-angle
detachment fault (Burchfiel et al., 1987; MIT and Biehler, 1987). This detachment system
originally formed during Miocene extension (Andrew and Walker, 2009), but appears to
have remained active into Pleistocene time (Kirby and McDonald, 2016). In contrast, the
southern segment of the active fault system appears to involve slip that is partitioned
among high-angle normal faults along the range front and strike-slip faults in the valley
(Smith, 1976; Smith, 1979; Zhang et al., 1990; Hoffman, 2009). The transition between
these two geometrically distinct fault segments occurs near the junction with a
detachment fault that is present in the Slate Range, west of Panamint Valley (Walker et
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al., 2005). A series of 3–4 Late Holocene earthquakes have been identified in a
paleoseismic trench along the strike-slip strand of the southern Panamint Valley fault
(McAuliffe et al., 2013). Although early workers suggested that the most recent of these
events may have been associated with 2-3 meters of dextral slip (Zhang et al., 1990), the
rupture length and amount of displacement in this event is not well-known.
The goal of this study is to characterize the slip magnitude and rupture length of
the most recent earthquake in the Late Holocene, and to test whether or not the most
recent event ruptured simultaneously along a geometrically complex fault pattern. Here, I
investigate the Late Holocene surface ruptures along the normal- and strike-slip fault
segments, utilizing high-resolution imagery from drone survey and lidar dataset in the
field mapping. Observations from this study will allow a refinement of the seismic hazard
in this geometrically complex fault system.
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2. Background
2.1 Tectonics of the Eastern California Shear Zone
Panamint Valley is located in a tectonically active region of the southwestern
Basin and Range Province of North America. Here, dextral shear between the Sierra
Nevada and Basin and Range is accommodated along a distributed network of faults
referred to as the Eastern California Shear Zone (ECSZ) (Dokka and Travis, 1990a,
1990b) (Figure 1). Active shear along the ECSZ transitions northward into the Walker
Lane belt, a region of discontinuous right-lateral strike-slip faults and normal faults that
lies between the Sierra Nevada and the Basin and Range province (Locke et al., 1940;
Carr, 1984; Steward, 1988; Oswald and Wesnousky, 2002; Wesnousky, 2005). Geodetic
measurements of ~10-12 mm/yr over the past several decades reveal that the ECSZ
accommodates ~25% of the relative plate motion between the Pacific and North
American Plates (Dixon et al., 2000; Miller et al., 2001; Bennett et al., 2009; Bohrmann
et al., 2016).
Dextral shear associated with the ECSZ is expressed in different domains that
extend from Baja California to Nevada. In the south of the ECSZ, shear is accommodated
along fault networks in the Mojave Desert which comprises of parallel and discontinuous
strike-slip fault segments (e.g., Schermer et al., 1996; Rockwell et al., 2000; Peltzer et al.,
2001; Dolan et al., 2007; Oskin et al., 2008). The Mojave Desert is bound to the north by
a ~250-km-long left-lateral strike-slip Garlock fault that extends from the San Andreas
fault to the southern end of Death Valley (Figure 1) (Davis and Burchfiel, 1973; McGill
and Sieh, 1991, 1993; Dawson et al., 2003; Rittase et al., 2014). North of Garlock fault,
dextral shear is accommodated in the Death Valley region to the east of the Sierra
Nevada along strike-slip faults and a series of detachments (e.g., Andrew and Walker,
2009; Burchfiel et al., 1987; Frankel et al., 2011; Gourmelen et al., 2011; Hodges et al.,
1989; Kirby et al., 2008; Lee et al., 2009; Oswald and Wesnousky, 2002). The three main
active fault zones in this region include the Owens Valley‒White Mountain fault zone,
the Hunter Mountain‒Panamint Valley fault zone, and the Death Valley‒Furnace Creek‒
Fish Lake Valley fault zone.
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Figure 1 Active faults of the eastern California shear zone (ECSZ). Panamint Valley is
located between Owens Valley and Death Valley, north of Garlock fault (United States
Geological Survey Quaternary faults database). The bold fault line shows the Saline
Valley-Hunter Mountain-Panamint Valley fault system. The red star shows the epicenter
of the July 6, 2019 (03:19 UTC, or July 5th 20:19 locally) Mw 7.1 Ridgecrest earthquake
southwest of Searles Valley (United States Geological Survey). SAF–San Andreas Fault,
GF–Garlock Fault, OVFZ–Owens Valley Fault Zone, HMF–Hunter Mountain Fault,
PVFZ–Panamint Valley Fault Zone, DVFZ–Death Valley Fault Zone.
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The ECSZ has been thought to initiate between ~6 Ma and ~10 Ma (Atwater and
Stock, 1998; Reheis and Sawyer, 1997; Stockli et al., 2003). The Death Valley region of
the ECSZ experienced a westerly extension during ~10-16 Ma along regionally extensive
range-bounding low-angle normal faults (e.g., Hodges et al., 1989; Niemi et al., 2001;
Snow and Wernicke, 2000; Wernicke and Snow, 1998). The motion in this region shifted
to a more N-NW right-lateral shear since ~8 Ma to ~ 10 Ma, reactivating the earlier lowangle structures (Wernicke and Snow, 1998). Field observations suggest that these lowangle detachments remain active and that slip is superposed on these geometrically
complex structures of low-angle normal faults and high-angle strike-slip faults (e.g.,
Burchfield and Stewart, 1966; Hodges et al., 1989; McQuarrie and Wernicke, 2005;
Snow and Wernicke, 2000).

2.2 Miocene-Pliocene Tectonics of the Panamint Valley Fault Zone
Panamint Valley is a pull-apart basin (Burchfiel and Stewart, 1966) located in
eastern California. The basin developed above the west-dipping Panamint Valley fault, a
low-angle normal fault that accommodates dextral-oblique slip (Burchfiel et al., 1987;
MIT and Biehler, 1987). The Panamint Valley fault is kinematically linked to the rightlateral Hunter Mountain fault in the north (Burchfiel et al., 1987), which continues to the
range front fault that bounds the western edge of Saline Valley (Figure 2). Palinspastic
reconstruction of a piercing point across the Hunter Mountain fault suggests that
movement of Panamint Valley is accommodated along a detachment dipping ~0°-15°
(Burchfiel et al., 1987). Magnetic, gravity, and seismic profiles across the valley also
constrain Cenozoic valley fill to less than ~100-200 m (MIT and Biehler, 1987).
Moreover, basalts present on both the hanging wall and footwall blocks are not observed
beneath the valley fill (MIT and Biehler, 1987), implying that they were not simply
down-dropped and buried by younger sediment, but rather were translated westward,
away from the range front.
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Figure 2 Fault geometry of Panamint Valley region and location of this study. The region
comprises of interactions between detachment and strike-slip fault segments. The lowangle oblique-normal Panamint Valley fault is bound by the right-lateral strike-slip
Hunter Mountain fault in the north and the right-lateral strike-slip Panamint Valley fault
in the south. The fault shows a right-stepping pattern along the western range front of
Panamint Range. Along the western range front of the Slate Range, the Searles Valley
detachment transfers slip to the Panamint Valley fault zone and may link to Manly Peak
Canyon where the fault motion changes from strike-slip in the south to a more normalslip north of the canyon (Walker et al., 2005). White boxes show the extent of the study
sites along the right-stepping of the Panamint Valley fault (see Figure 3).
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Deposition of Miocene volcanic sequences in the Panamint and Slate Ranges
suggest that the basin extension initiated during 12-15 Ma (Andrew and Walker, 2009;
Bidgoli et al., 2015). In the central and south, reconstruction of the Miocene volcanic
rocks across the valley indicates that the Argus Range was displaced 17 km towards an
azimuth of 300° and the southern Slate Range was displaced 10.5 km to 325° relative to
the Panamint Range on one master detachment (Slate Range detachment) over the past
~14 Ma (Andrew and Walker, 2009; Walker et al., 2014). In the north, slip is
accommodated along the Emigrant detachment (Figure 2), a west-dipping low-angle
normal fault exposed along the north Panamint Range and located east of the modern
Panamint Valley fault (Hodges et al., 1989). Movement on the Emigrant detachment is
thought to form the Nova Basin during 11.38 to 3.35 Ma in the Late Miocene to Early
Pliocene time (Snyder and Hodges, 2000).
A younger phase of extension occurred during the Pliocene (Burchfiel et al.,
1987; Hodges et al., 1989; Andrew and Walker, 2009). In the north, active slip on the
Emigrant detachment ceased during ~3.35 Ma (Snyder and Hodges, 2000) while the
active depocenter for the Nova Basin moved westward and formed the Panamint Valley
along the low-angle Panamint Valley fault (Burchfiel et al., 1987; MIT and Biehler,
1987). The Panamint Valley transected sediments of the Nova Basin, suggesting an
initiation after 3.6 Ma (Hodges et al., 1989). Extension of the Panamint Valley occurred
concurrently with the initiation of Saline valley, by which these two basins are connected
by the NW-striking right-lateral Hunter Mountain fault oriented towards 305° (Oswald
and Wesnousky, 2002). Restoration of a piercing point of basalt flow overlying Hunter
Mountain batholith on both sides of the fault suggests 9.3 ± 1.4 km of right-lateral slip
with little to no dip-slip movement (Burchfiel et al., 1987). The maximum age of Saline
Valley (2.8 – 3.7 Ma) to the initiation of the Hunter Mountain Fault Zone gives a
minimum average slip rate of ~2-3 mm/yr on this portion of the fault (Burchfiel et al.,
1987), or ~3-4 mm/yr if this initiation of the fault system occurred ~2.8 Ma (Oswald and
Wesnousky, 2002; Lee et al., 2009).
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Along the southern portion of the fault system, recent slip appears to have
segmented the once-continuous detachment surface into an active portion along the
central Panamint Range and a similarly active portion along the western side of the Slate
Range (Walker et al., 2005; Numelin et al., 2007; Andrew and Walker, 2009).
Subsequently, the modern Panamint Valley range front fault changes in character along
strike, with largely right-lateral displacements along a NNW-striking right-lateral strikeslip fault and subsidiary extension in the south, and dextral-oblique slip along the
Panamint detachment in the central and northern parts of the valley (Walker et al., 2005).
Although when the modern fault system was established is not clearly known, rapid
cooling along the Slate Range detachment in the central and southern Slate Range
between 6-3 Ma, age inferred from (U-Th)/He apatite cooling, suggests that the modern
Panamint Valley fault separated the detachments after 3 Ma (Walker et al., 2014), similar
to the initiation of the modern range front fault in the north.

2.3 Quaternary Tectonics of the Panamint Valley Fault Zone
2.3.1 Fault Kinematics and Slip Rates
Offset geomorphic markers along the modern fault system revealed evidence for
the Late Pleistocene to Holocene fault kinematics. Slip rates are also thought to be
relatively higher in the northern part of the PVFZ. Along the Panamint detachment in the
north, an offset channel at Jail Canyon suggests 118 ± 13 m of net slip towards 303 ± 3°
(Choi, 2016). Soil development and diffusivity of the fault scarp at the displaced channel
suggest a surface age between 20-30 ka. Therefore, the minimum lateral slip rate of 4-6
mm/yr along the northern segment of the PVFZ. Along the detachment in the central part
of the valley, offset debris-flow levees at Happy and Pleasant Canyons show purely
normal slip and no lateral component across NE-striking faults (Hoffman, 2009; Kirby
and McDonald, 2016) (Figure 3). Estimates of the surface age from soil chronofunction
ranges from ~16-40 ka which yields a minimum Late Pleistocene extension rate of
2.7±1.5 mm/yr. These extensions along the low-angle structure in the central and north
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are similar and subparallel to the strike of the Hunter Mountain fault since the Miocene
extension.
In the south along the right-lateral strike-slip Panamint Valley fault, fault
kinematics and slip rates are constrained from displaced channel markers at Manly Peak
Canyon and Goler Canyon (e.g., Zhang et al., 1990; Hoffman, 2009). Offset debris flow
levees at Manly Peak Canyon exhibit ~27 m of right-lateral displacement (Hoffman,
2009). Chronologic control of offset surfaces is calculated from developed soil
chronosequence (Kirby and McDonald, 2016), radiocarbon dating of tufa associated with
shorelines, and 10Be cosmogenic nuclide dating of the alluvial surface. The resultant
maximum surface age of 12.5 ± 1.4 ka thus suggests a Late Pleistocene lateral slip rate of
2.1 ± 0.5 mm/yr (Hoffman, 2009), which is consistent with slip rates at Goler Canyon
(Zhang et al., 1990). Displacements along this portion of the fault is oriented toward 325°
(Hoffman, 2009). Notably, the displacement vector in the south along the modern strikeslip fault appears to be consistent with the longer time scale displacement vectors during
the Miocene extension of the Slate Range.
The PVFZ comprises of a complex fault geometry where displacements are
accommodated along a NW-trending strike-slip fault in the south and a NE-trending
Panamint detachment in the central and north. The transition of the fault geometry and
kinematics occur approximately north of Manly Peak Canyon (Figure 3). PleistoceneHolocene displacement vectors from previous studies suggest that the component of
horizontal displacement is toward ~325° (Hoffman, 2009; Zhang et al., 1990) and ~303°
(Choi, 2016) in the southern and northern parts of the PVFZ, respectively. The fault
kinematics appear to be consistent during the Miocene to Early Holocene. However, the
lack of slip rates in the central portion of the PVFZ as well as constraints on the fault
kinematics during the Late Holocene hinders the fully understanding of the earthquake
behavior in this fault zone. Information of fault kinematics along a complex fault system
will allow us to understand whether different fault segments can rupture in a coordinated
matter. The slip rates will yield a better understanding of the recent activity of the fault
which will provide insight to the possible recurrences of the earthquakes.
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2.3.2 Holocene Earthquake History
Direct constraints on the paleoseismic history of the Panamint Valley fault system
are rare. Although lateral displacements along channels in Late Holocene debris-flow
fans were recognized along the southern segment of the fault system by Smith (1976;
1979) and Zhang et al. (1990), the only paleoseismic trench in Panamint Valley is located
along the far the southern segment of the PVFZ (Figure 3). The trench revealed evidence
of at least four surface ruptures during the past ~4 ka (McAuliffe et al., 2013) along the
right-lateral strike-slip segment of the PVFZ. Calibrated radiocarbon dates and field
observations of the degree of soil development in the trench suggest that the most recent
event (MRE) and the penultimate event occurred during 0.33-0.48 ka and 0.91-2.55 ka,
respectively (McAuliffe et al., 2013). The additional two events occurred during 3.3-3.6
ka, and >4.1 ka, respectively.
The age of the MRE is consistent with bounds on the timing of a relatively recent
surface rupture at Happy Canyon, where radiocarbon dates from juniper logs found in a
pre-scarp debris-flow and a second debris flow that post-dates the scarp bound the event
to have occurred between ~0.3-0.6 ka (Kirby and McDonald, 2016). The displaced
margins of the older debris flow suggest a pure normal-slip for this event along faults
striking 050-060° (Kirby and McDonald, 2016). Exposed traces of the Panamint
detachment in the Panamint Range (Figure 3) suggest that the high-angle normal faults
(~60°) in the hanging wall cutting the alluvium may be kinematically linked to the lowangle detachment at the footwall at depth (e.g., Numelin et al., 2007). Thus, the active
scarps observed along alluvial deposits of Happy Canyon suggest that the detachment
remains active. If these surface ruptures correspond to the MRE in the trench along the
strike-slip fault, then Happy Canyon places a minimum bound on the length of the MRE
surface rupture. Nevertheless, it remains an open question of what the extent and size of
surface displacement of this most recent event is. This study provides the first constraints
on the minimum rupture length and amount of slip of the MRE, and investigates
sequences of fault-cutting fans along the complex fault pattern to test whether the MRE
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ruptured across the geometric transition between the high-angle strike-slip fault in the
south and the low-angle detachment in the central and north (Figure 3).
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Figure 3 Active fault map of the
Panamint Valley fault zone
(PVFZ), from Hall Canyon to
Goler Canyon. White boxes
indicate the ten target locations in
this study that exhibit Late
Holocene surface ruptures. The red
line shows the trace of the
Panamint Detachment. The active
PVFZ is characterized by the rightstepping pattern of the fault
segments, which comprises of
NW-trending right-lateral strikeslip fault segments in the south and
NE-trending normal-slip fault
segments in the central and north.
The transition between these two
fault geometries occurs
approximately at Manly Peak
Canyon.
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3. Methodology
To characterize alluvial fan surfaces and fault scarps along the central and
southern Panamint Valley fault zone, I evaluated ten localities where such features are
well-preserved (Figure 3). Target areas include Late Holocene surface ruptures that
display fault scarps or offset channels along the NW-trending strike-slip fault segments
and the NE-trending normal fault segments. High-resolution photogrammetry techniques
coupled to precise surveying of markers allow us to make detailed maps and fine-scale
estimates of (minimum) vertical and horizontal displacements. Additionally, this thesis
exploits a recently developed soil chronofunction (e.g., Kirby and McDonald, 2016),
which is a calibration between the degree of soil development (e.g., Harden, 1982;
Taylor, 1988) and ages inferred from isotopic dating, to provide estimates of the alluvial
surface ages.
Here, I categorize Holocene alluvial units and calculate the displacements of the
surface ruptures. I interpret the earthquake history from field evidence recorded in the
alluvial sequences along eleven study sites and estimate the slip magnitude and rupture
length of the MRE. Then, I analyze resulting displacements to estimate slip rates and
displacement vectors that represent movement of the central and south PVFZ during the
Late Holocene.

3.1 Geomorphic and Active Fault Mapping
I used hill shade maps from digital elevation models generated from existing lidar
data and small Unmanned Aerial System (sUAS) images, respectively as base maps. New
images along fault traces in the central and southern PVFZ are collected using sUAS to
generate high-resolution topographic imagery. The target for this data collection are small
fault scarps (<1-3 m) that displaced young alluvial sediments, especially lateral offsets
that are difficult to recognize from lower-resolution lidar dataset. The flights covered 6
areas including, from north to south, Middle Park Canyon, South Park Canyon, Big Horn
Canyon, Manly Peak Canyon, between Manly Peak and Coyote Canyon, and Goler
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Canyon (Figure 3). The aircraft, DJI Mavic Pro I, captures images with 12 megapixels,
78.8° field of view, and includes a satellite positioning system that receives both signals
from GPS and GLONASS. However, to improve the positioning accuracy, RTK
positioning was used to survey ground control points that were distributed throughout the
flight area. The collected images were aligned in Agisoft Photoscan using Structure from
Motion (SfM) analysis. SfM creates sparse point cloud in three-dimensions by matching
similar contrasts between photos and accounting for the distance between the object and
the camera plane to estimate the depth of the object. Following SfM, other algorithms
such as Multiview-stereo (e.g., Slocum and Parrish, 2017) in Agisoft Photoscan creates
dense point cloud and generates centimeter-resolution digital surface models for all 6
sites.
I utilized the digital elevation model and orthophoto products to map fault-cutting
alluvial surfaces at ten different sites along the PVFZ. The map units represent different
depositional ages of the alluvial fans. They are characterized based on their alluvial
original depositional morphology such as degree of modification of bar-and-swale
morphology, degree of desert pavement, and degree of desert varnish on clasts. Other
mapping criteria also include the inset relationship between adjacent alluvial fans and the
degree of soil development.

3.2 Reconstruction of Surface Displacement
3.2.1 Vertical Displacement
The vertical displacement of a fault scarp is reconstructed by calculating the
vertical separation from the elevation data along the topographic profile of the scarp
(Figure 4). The topographic profiles were located based on field observations, suggesting
locations where the alluvial surfaces are least modified and original depositional surfaces
are preserved on both the hanging wall and footwall blocks. The relief of bar and swale
morphology can cause an overestimation of the displacement; therefore, the topographic
profiles are selected where bar morphology is preserved on both sides of the fault. The
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Figure 4 Reconstruction of displacements from topographic profile. (a) The topographic
profile shows the elevation data in meters along the profile distance. A MATLAB script
performs linear regression to best fit the hanging wall, footwall, and fault plane surfaces
(methods after Thompson et al., 2002). The intercept between the surfaces is used to
calculate the throw, heave, and dip slip of the fault scarp, assuming a fault dipping angle
of 60° ± 10° (2σ). (b) An example of a displacement reconstruction at Middle Park
Canyon (South) shows the probability distribution of the displacement values. The Monte
Carlo simulation performs 10,000 iterations to estimate the displacements considering the
uncertainties from the linear regression of all surfaces and the fault dipping angle.

profiles also exclude erosional surfaces from active channels that may have incised the
hanging wall along the fault line.
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Elevation data along the topographic profile is then used to calculate the vertical
separation of the fault scarp based on methods by Thompson et al. (2002) (Figure 4). I
developed a MATLAB script to calculate displacements from the extracted elevation data
from the profile. The code performs linear regression on the hanging wall and footwall
block, then solves the vertical separation (throw), heave (extension), and dip slip based
on the geometry of the fault scarp, i.e., using the intercept of the displaced surfaces with
the fault surface. Though the PVFZ has an oblique-slip motion, I measure the vertical
component of the fault scarp and assume a fault dipping angle of 60°±10° (2 standard
deviations), the general fault dip for continental normal faults (e.g., Jackson and White,
1989). The code performs a Monte Carlo simulation which is a repeating calculation
using random samples to predict the probability of the outcome (e.g., Thompson et al.,
2002). I calculated 10,000 iterations to account for uncertainties in the linear regression
and fault dipping angle. During each iteration, the variability of the outcome results from:
(1) the slope and (2) the intercept of the linear regression on the hanging wall and
footwall blocks, and (3) the randomly selected fault dip ranging from 50°-70°. The
possible range of displacements are associated with a probability distribution function.
This study reports the mean displacement of the probability distribution function from the
10,000 iterations with 95% confidence (Figure 4a).

3.2.2 Horizontal Displacement
Horizontal displacements along the strike-slip segment of the PVFZ is calculated
using the LaDiCaoz v2.1 algorithm (Zielke et al., 2015; Haddon et al., 2016). This
MATLAB graphical user interface calculates the horizontal (and vertical) displacements
of offset geomorphic markers by matching their topography (Figure 5). The main sources
of uncertainty come from the assumptions of pre-earthquake geomorphology and the
range of plausible offset values, which typically represents 2 standard deviations (Zielke
et al., 2015). To locate offset channel levees, I incorporated (1) field observations, (2)
high resolution orthophoto generated from 3-5 cm/pixel digital surface models from
sUAS images, (3) and topographic position index (TPI) to visualize the roughness of the
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Figure 5 Schematic diagram of reconstructing horizontal displacement using LaDiCaoz
algorithm. The LaDiCaoz MATLAB script developed by Zielke et al. (2013) measures
the horizontal (and vertical) displacement of offset channel markers. The program
restores the topographic profiles of the key and target channels, and reports the horizontal
displacement with plausible offset ranges that is considered to represent 2 standard
deviations.

topography (Jenness, 2006). A TPI at a point of interest is a scale-dependent value that
represents the relative elevation compared to its neighbor. In this study, higher TPIs in
red-shaded colors represent relatively higher elevation with respect to an annulus-shaped
neighbor with an inner and outer radius of 1.5 and 5.0 meters, respectively. Lower TPIs
shown in blue-shaded colors represent relatively lower elevation. The TPI roughness
analysis help highlights channel bottoms which are difficult to recognize in hill shade
analysis or orthophoto imagery.
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4. Geomorphic characterization of Late Pleistocene-Holocene Alluvial Deposits
Late Pleistocene to Holocene alluvial deposits in central and south Panamint
Valley can be classified into five main units: Qf5, Qf4, Qf3, Qf2, and Qf1 (Table 1). Note
that unit Qfg are undifferentiated and show relatively strongest modification of the
original depositional surface among the map units. The alluvial deposits are classified
based on the increasing (1) degree of modification of their depositional morphology, (2)
degree of desert pavement and varnish, and (3) degree of soil development (e.g., Bull,
1991; Helms et al., 2003; McDonald et al., 2003; Rittase et al., 2014). Pronounced barand-swale depositional morphology compared to a stronger degree of modification along
bar edges suggests that the latter is a relatively older depositional surface. Desert
pavement is composed of flat-lying and densely packed sedimentary clasts, embedded in
a silty layer which may exhibit gas vesicles (Quade, 2001). The other characteristic
observed in arid to semiarid deserts is desert varnish, which is a dark coating on exposed
rock surfaces that mainly consists of manganese and iron oxides and clay minerals (Liu,
2003; Liu and Broecker, 2007). The degree of which desert pavement and varnish
develops has been used by geomorphologists as means of determining relative ages of the
alluvial surface. Field-described soil morphology can be converted into a numerical data
to allow a quantitative comparison of the degree of soil development, which can be used
as a tool to estimate relative ages of undated surfaces (Rittase et al., 2014; Kirby and
McDonald, 2016).
The two youngest units, Qf5 and Qf4, inset against all other alluvial deposits or
covered other deposits, indicating that these two units are the relatively youngest
deposits. The most recent unit, Qf5, are confined to modern channels and recently active
alluvial deposits. The next youngest deposit, unit Qf4, shows the least degree of
modification of surface morphology (Table 1). The surface preserves bar and swale
morphology and exhibits slight degradation of bar edges. Desert pavement on Qf4 is
present in a few places and develops mostly in swales. Varnish on clasts is incipient,
showing very light brown color on the upper surfaces. Soil of unit Qf4 is characterized by
none to thin (~0.5 cm) light tan Av horizon. Note that Av horizon in this study is referred
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Table 1 Map Units for Holocene Alluvial Fan Deposits in Central and Southern Panamint Valley
Unit Name

Depositional Morphology

Pavement Development

Soil Development

Qf5

Modern alluvium, confined to active and
recently active channels

None

None

Qf4

Well-preserved bar and swale but slightly
to moderately modified, some to sparse
open framework and imbricated clasts

Very light to medium brown varnish on mafic clasts,
light to medium yellowish orange rubification, very
incipient pavement, few shattered clasts

None to thin Av horizon, less than 0.5
cm thick, light tan color, PDI range
from 0.5 to 2.0

Qf3

Moderately to very moderately modified
bar and swale

Medium brown varnish on mafic clasts and few
felsic clasts, reddish orange rubification, incipient
pavement, clasts start to interlock in swale and
embed in matrix, some shattered clasts

Weak soil development, Av horizon up
to 1 cm, light tan color, PDI range from
2.0 to 3.0

Qf2

Moderately to very moderately modified
bar and swale but can still see groups of
bars

Medium brown to dark brown varnish on mafic
clasts and some bluish brown varnish in vesicles,
orange to reddish brown rubification, moderately
developing pavement, light brown weathered color
on felsic clasts, clasts start to interlock both in bar
and swale, some granite clasts start to disaggregate

Weak to moderate soil development, Av
horizon of at least 0.5-1.0 cm, light tan
color

Qf1

Strongly modified bar and swale

Dark brown to black varnish on mafic clasts and
some bluish brown varnish in vesicles, brown
varnish on felsic clasts, reddish orange rubification,
developing pavement and interlocking clasts both in
bar and swale, some boulders show disaggregation

Moderate to strong soil development,
Av horizon of 1-5 cm thick, light tan
color, PDI of >5.0

Qfg

Undifferentiated unit composed of mainly
Strongly developed pavement and dark varnish
Strong soil development, light to
relatively old fan gravels, strongly
medium tan color
modified bar and swale, some locations
show evidence of high-elevation shorelinecut features
Note: Qf5*—flash flood on July 24, 1876 at Surprise Canyon that covered the fault trace; a, b, and c—subdivision units at designated locations where inset
relationship and alluvial surface morphology distinguish the alluvial fans and “a” represents the relatively younger unit
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to a vesicular horizon underlying desert pavement (McFadden et al., 1986; Anderson et
al., 2002). The vesicular horizon is altered from fine-textured particles accumulated
below the surface clasts. The continuation of development of the Av horizon through
time by eolian accumulation and pedogenesis processes allow me to use the thickness of
this horizon as a primary guide to distinguish the alluvial surfaces in the field.
At some sites, Qf4 exhibit inset relationship against another Qf4 deposit,
suggesting that these two adjacent Qf4 alluvium have slightly different depositional ages.
Observations of higher degree of pavement and varnish on the higher (relatively older)
Qf4 surface also support this idea. Therefore, I use “a”, “b”, and “c” at designated
locations to classify alluvial fans that are of slightly different depositional age within the
main map units; evidence from the inset relationship and higher degree of surface
development (Table 1). The letter “a” represents the relatively younger unit and older
towards “c”. In addition, Happy Canyon in central Panamint Valley exhibits alluvial fans
that correlate to Qf4 in this study. Radiocarbon dating of woody debris from juniper logs
embedded within the Qf4 deposits suggests that Qf4 at this location is younger than
~600-700 cal yr BP (Hoffman, 2009).
Alluvium of unit Qf3 shows stronger degree of surface development with respect
to unit Qf4 (Table 1). Surface morphology of Qf3 are moderately modified, though still
preserve some bar and swale morphology. Surface clasts show stronger varnish color of
mostly medium brown. The incipient pavement of Qf3 is similar to Qf4, however, clasts
in the swale start to interlock and embed in the fine-grained matrix. Inset relationship of
Qf4 against Qf3 also suggests that Qf3 is a relatively older deposit. Soil at Qf3 weakly
develops and shows up to ~1 cm of Av horizon.
For unit Qf2, none of the different study sites display inset relationships of Qf2
with adjacent units. However, its relatively stronger degree of surface modification
suggests that Qf2 is relatively older than Qf3. The bars and swales on the alluvial
deposits are moderately to very moderately degraded, leaving only remnants of groups of
bars. Desert varnish on Qf2 clasts have medium to dark brown color with bluish brown
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varnish in vesicles. These features are all absent or rarely found in Qf3. Rubification on
the bottom of clasts show orange to reddish brown color—stronger color intensities than
Qf3. Shattered clasts start to interlock both in bar and swale. At some sites where granite
is dominant, the granite clasts show disaggregation. Unit Qf2 has weak to moderate soil
development and at least 0.5-1.0 cm of light tan Av horizon. Amongst the study sites,
unit Qf2 is present at South Park, Big Horn, and Goler Canyons. At South Park Canyon,
the Qf2 deposits incised Qfg that exhibits shorelines at ~320-350 m elevation (Hoffman,
2009). The shorelines imply a presence of a relatively recent lake in Panamint Valley and
show succession features of wave-cut benches and beach ridges. The highest elevation
shoreline at ~350 m is not present across Qfg to Qf2 at the same elevation, suggesting
that unit Qf2 postdates the timing of the formation of the shoreline (e.g., Smith, 1976;
Zhang et al., 1990).
The oldest unit, Qf1, shows the strongest modification of the original depositional
morphology. The alluvial surfaces are smoothened and weakly preserve bar and swale
morphology. Desert varnish on surface clasts is generally dark brown to black and
contains many bluish brown to black varnish in the vesicles of the clasts. Unit Qf1 has
moderately developing pavement where clasts start to interlock both in bar and swale and
boulders show disaggregation. The surface develops moderate to strong soil compared to
the younger units, having ~1-5 cm of light tan Av horizon (Table 1). The surface is inset
by other younger alluvial deposits, suggesting that Qf1 is the oldest alluvial deposit
among the classified surfaces in this study. At Manly Peak Canyon, the highest elevation
shoreline (~350 m) on unit Qfg does not extend across other alluvial deposits including
Qf1. The lack of the shoreline development on Qf1 at the same elevation suggests that the
surface is younger than the shoreline, similarly to the case at South Park Canyon.
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5. Soil Characterization and Age Estimation
This study utilizes a soil chronofunction developed by Kirby and McDonald
(2016) to help estimate the ages of the surface deposits (Figure 6). The soil
chronofunction is a relationship between the degree of soil development, reported as
profile development index (PDI), and inferred ages from isotopic dating at locations
where dateable materials are available. The PDI value is a conversion from detailed
descriptions of soil properties along the profile to numerical data. The ten soil properties
for PDI estimation used in this study include rubification, color paling, melanization,
color lightening, total texture, dry consistence, moist consistence, cutans, structure, and
carbonate morphology (e.g., Harden, 1982; Taylor; 1988).
The soil chronofunction consists of a regional data set of soil development
through time that includes soil pits from Panamint Valley and nearby locations in the
Mojave Desert (Table 2). These sites comprise of PDIs calibrated to independent
chronologic constraints (Figure 6). For instance, radiocarbon dating on the juniper log at
Happy Canyon (~0.6 ka) is calibrated with the PDI value (PDI = 0.5) on the surface that
the log was embedded (Hoffman, 2009). Tufa mounds on abrasional platforms along the
shorelines at Happy Canyon and Manly Peak Canyon suggest a radiocarbon age of ~13.4
ka (Hoffman, 2009; Kirby and McDonald, 2016). The inferred ages from the tufas are
calibrated with soil development (PDI = ~7 to 10) on the surface where the shorelines
were formed (Hoffman, 2009; Kirby and McDonald, 2016). These calibrations between
soil development and inferred ages from isotopic dating provide an empirical relation that
can be applied to other soils in the region. I am able to estimate abandonment ages of the
alluvial surfaces for soil pits that lack dateable materials by comparing their PDIs with
the soil chronofunction (e.g., McDonald et al., 2003).
Previous workers have excavated and described a number of soil pits on the Qf4,
Qf3, Qf2, and Qf1 surfaces (Hoffman, 2009; Kirby and McDonald, 2016). For instance,
soil pits PAN-5, PAN-11, and PAN-12 are excavated on unit Qf4 at Middle Park Canyon
(Figure 7). The degree of soil development at these profiles suggests PDI values ranging
from 0.5 to 2.0. By using the soil chronofunction, the PDIs calibrate to an abandonment
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Table 2 Soil Chronofunction for Alluvial Fan Deposits in the Panamint Valley and Mojave Desert
Soil Profile

Latitude

Longitude

PDI*

Best Age (ka)

Age Uncertainty (ka)

Dating Method

Age Reference

Late Pleistocene Shorelines, Panamint Valley
PAN-21 (Manly Peak Canyon)

35.9104004

-117.2201386

9.8

13.4

±0.6

Radiocarbon

Hoffman (2009)

PAN-22 (South Park Canyon)

35.9926854

-117.2071536

7.3

13.4

±0.6

Radiocarbon

Hoffman (2009)

PAN-23 (South Park Canyon)

35.9929660

-117.2167843

8.0

13.4

±0.6

Radiocarbon

Hoffman (2009)

Happy Canyon, Panamint Valley
PAN-6

36.0705780

-1172022840

0.5

<0.596

±0.07

Radiocarbon

Hoffman (2009)

PAN-17

36.0640750

-117.2234540

8.2

13.4

±0.6

Radiocarbon

Hoffman (2009)

-117.1992701

25.0

78.5

+23/-15

Manly Peak Canyon, Panamint Valley
PAN-3

35.9017543

10

Be Depth Profile

Hoffman (2009)^

Pilot Knob Valley, central Garlock Fault
CLK-1

35.5600927

-117.2027794

3.5

4.07

±0.37

OSL

CLK-2

35.5613006

-117.2029701

2.3

4.07

±0.38

OSL

CLK-3

35.5594168

-117.2025239

17.6

35.8

+7.7/-5.9

10

Be Depth Profile

Ritasse et al. (2014)
Ritasse et al. (2014)
Ritasse et al. (2014)^

Clark Wash, western Garlock Fault
CWG-1**

35.2054330

-118.0870300

6.8

~8.1

Nd

Radiocarbon

McGill et al. (2009)

CWG-2**

35.2054330

-118.0870300

2.6

2.525

±0.185

Radiocarbon

McGill et al. (2009)

35.5019130

-116.1169350

1.9

2.9

±0.5

OSL

Mahan et al. (2007)

35.3869600

-116.1436810

6.0

8.1

±0.2

Radiocarbon

McFadden et al. (1992)

Valjean Valley, north of Baker
SIL-1
Silver Lake, north of Baker
SL-4

Note: Coordinates are in decimal degrees, with WGS84 as datum.
* Ten soil properties were used for the PDI: rubification, color paling, melanization, color lightening, total texture, dry consistence, moist consistence, cutans, structure, and carbonate
** Soil description is independent from the study referenced for radiometric age.
^ Age was recalculated in 2016.
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Figure 6 Soil chronofunction generated using regional data set of soil development from
Panamint Valley and Mojave Desert (see Table 2). The profile development index (PDI)
represents the degree of soil development. The PDI is calibrated with independent
chronology constraints from 14C, Optically Stimulated Luminescence (OSL), and 10Be
depth profile dating methods.

age of ~0.6-1.8 ka for Qf4 alluvial deposits (Kirby and McDonald, 2016). Therefore, Qf4
represents the youngest unit in the Late Holocene this study.
Soil pits PAN-8 at Pleasant Canyon, and PAN-13 and PAN-14 at Middle Park
Canyon are located on unit Qf3 (Table 3). The PDI values range from 2.0 to 3.0 and
suggest an abandonment age of ~2.0-4.0 ka (Kirby and McDonald, 2016). Unit Qf3 is
thus the next youngest unit in the late Holocene time. For unit Qf2, excavated soil pits on
this surface include PAN-32 and PAN-33 at South Park Canyon, and PAN-34 and PAN35 at Big Horn Canyon. Note that the PDI results from soil pits at these locations are in
progress. Inferred ages from the PDI values at Qf2 will help us better understand the
timing of previous earthquake events during the Late to Middle Holocene.
Lastly, soil pits on Qf1 alluvial deposits include PAN-9 at Pleasant Canyon and
PAN-20 at Manly Peak Canyon (Hoffman, 2009; Kirby and McDonald, 2016). The PDI
values are at least 5.0 which the soil chronofunction suggests an abandonment age of at
least ~8 ka (Table 3). In addition to soil development, inferred ages from radiocarbon
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Figure 7 Soil profile and surface development of three generations of fault-cutting
alluvial surfaces (Qf4a, Qf4b, and Qf4c). The soil profile shows developing soil horizons
of (a) PAN-11, (b) PAN-12, and (c) PAN-14 on the Qf4a, Qf4b, and Qf4c surfaces,
respectively. The depth of the Av horizon increases toward the relatively older surface.
Bottom images demonstrate the incipient to weakly surface development on the three
surfaces; slightly increasing degree of desert pavement and varnish, and relatively more
surface morphology modification towards alluvium of unit Qf4c. The calibrated soil
chronofunction help estimates abandonment ages for soil profiles that lack dateable
materials. For instance, PAN-11, PAN-12, and PAN-14 have PDIs of ~0.6, ~1.5, and
~2.2 which correlate to ~0.6 ka, ~1.8 ka, and ~2.9 ka, respectively.
dating at the highest elevation shorelines on Qfg (13.4 ± 0.6 ka) constrain the maximum
depositional age for Qf1. This is due to the lack of shorelines on Qf1 at equal elevation to
the shorelines on unit Qfg. Therefore, the best age estimate for unit Qf1 is between ~8
and ~13 ka in the Late Pleistocene-Early Holocene time. The correlation between the
map units and soil chronofunction suggests that there are at least two generations of
alluvial deposits in the Late Holocene (Qf4 and Qf3), one unit in the Late to Middle
Holocene (Qf2), and one unit in the Late Pleistocene to Early Holocene. The youngest
deposit, Qf4, potentially accommodates the MRE which is the interest of this study.
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Table 3 Summary of Soil Morphology developed on Alluvial Fan Deposits in the Central to Southern Panamint Valley
Soil Profile
(Geographic position,
Elevation)

Horizona

Depth
(cm)

Munsell
Color Dry
Matrix

Texturea

Structurea

Consistencya
Dry Matrix

Wt. %
Wt. % Particle
Age
Particle
Inferred
Size
Uncertainty
Sizeb
PDI
Age
Distributionc
within 25%
(>2
(ka)
(<2 mm)
(ka)
mm)

Reference

Sand Silt Clay
Happy Canyon
PAN-15
Lat: 36° 4' 12.76" N
Long: 117° 12' 13.61" W
El: 400 m

Av

0-3

10YR 6/4

l

1mpr/sbk:1-2fpl

sh

61

49

41

10

Bwky

3-13

10YR 5/4

l

sg+1fsbk

lo-so

84

50

42

8

Bky

13-28

2.5Y 5/3

sl

sg

lo

76

68

28

5

CBky

28-46

2.5Y 6/3

sl

sg

lo

80

58

36

6

Cky1

46-71

2.5Y 6/3

sl

sg

lo

70

57

38

6

Cky2

71-91

2.5Y 5/3

sl

sg

lo-soo

64

57

38

5

C

91-121

2.5Y 5/3

sl

sg

lo

73

66

30

4

Av

0-3

10YR 5.5/4

l

1-2m-cpr:1cpl

so-sh

50

52

41

7

BAv

3-11

10YR 5.5/4

sl

1msbk

sh

55

55

38

7

Bwk

11-27

10YR 6/4

l

1msbk

sh-so

50

51

42

7

BCky

27-47

10YR 5/4

sl

1msbk -m

sh-so

55

59

34

6

Ck

47-79

10YR 6/4

sl

m

sh-so

44

54

39

7

Cy1

79-111
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6. Results: Fault Displacement Recorded in Holocene Alluvium
The geometry of the PVFZ is characterized by a right-stepping pattern in the
central part of the valley. Along the central part, the fault segments alternate between a
high-angle NW-trending right-lateral strike-slip fault and a low-angle NE-trending
normal fault. This right-stepping pattern connects to a major high-angle NW-trending
right-lateral strike-slip fault in the south. The faults, both the right-stepping and the
strike-slip fault in the south, are thought to rupture Late Pleistocene to Holocene alluvial
deposits, recording the chronology of relatively recent earthquake events. Therefore, I
characterize the vertical component and horizontal displacements where possible along
these relatively young offset surfaces. The displacements along different fault
orientations and fan units will provide more understanding of whether or not the
earthquake events, particularly the MRE, occurred simultaneously involving both the
low-angle normal fault and the high-angle strike-slip fault.

6.1 Hall Canyon
Hall Canyon marks the northernmost extent of the study area (Figure 8). The Ntrending fault offset Late Holocene alluvial deposits, suggesting that the activity of the
fault is relatively recent. I reconstruct the vertical displacement at this site to quantify the
(vertical) slip magnitude of the Late Holocene rupture at the northernmost location along
the PVFZ.
The Panamint Valley fault trends north and has a main normal-slip motion. The
Late Holocene alluvial unit (Qf4) north of the canyon mouth is displaced by the fault
(Figure 8b) and active wash of unit Qf5 covers the fault trace at the northern and southern
extent of the Qf4 deposit (Figure 8c). Alluvium of Qf4 at this site consists of mainly fresh
granite clasts and boulders, and exhibits very incipient pavement with frequent open
frameworks. I reconstruct the vertical displacement from transect HALL_t01 which uses
the original depositional surface of both the hanging wall and footwall block (Figure 8c).

31

Figure 8 Hall Canyon alluvial surface
maps. (a) The alluvial deposit is mainly
composed of fresh color granite clasts and
boulders, also observable from the aerial
image. (b) The hill shade map shows the
fault scarp and the north-trending
Panamint Valley fault which has a
dominant normal-slip component. (c)
Mapping results show that Qf4 is offset by
the fault and is covered by unit Qf5. The
offset at HALL_t01 suggests 1.0 ± 0.2 m
of vertical displacement.
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As a result, the calculation yields 1.0 ± 0.2 m of vertical displacement on unit Qf4 rupture
(Table A1).

6.2 Surprise Canyon
The Panamint Valley fault at Surprise Canyon trends NNW and has a mainly
normal-slip motion (Figure 9). As the fault crosses the active wash to the north of the
canyon mouth, the fault splays into three segments which displace Late Holocene alluvial
deposits (Figure 9c). The Late Holocene units at this location include Qf5, Qf5*, Qf4a,
and Qf4b. The units interfinger with each other: unit Qf4a insets against unit Qf4b
(Figure 9b) and alluvium of Qf5 incises Qf4a (Figure 9a). Unit Qf4a and Qf4b are
matrix-rich and their depositional morphology display weakly development of desert
pavement and varnish. Unit Qf4b, the dark reddish-brown deposit (Figure 9a) has a
slightly stronger development of pavement with respect to unit Qf4a. The light tan color
alluvial deposit, Qf5*, is a historic flash flood that occurred on July 24, 1876 (Figure 9a).
The debris-flow wiped out Panamint City, a town founded in 1873 in the Panamint
Range. This flash flood covers the fault trace north of the canyon mouth and the timing of
this event places an upper bound of the activity of the fault. I excavated two new soil pits,
PAN-37 and PAN-38, on Qf4a and Qf4b surfaces, respectively. The PDI results from
these soil profiles are in progress. The soil development at this site is crucial to
understand the timing of the surface ruptures since the fault scarp yields a relatively large
displacement (>5 m) within unit Qf4.
The magnitude of slip at Qf4a is calculated by summing the throw (SC_t01,
SC_t02, SC_t03) from the three splayed fault segments that ruptured this surface (Figure
9c). All three topographic profiles include original surfaces of Qf4a both at the hanging
wall and footwall surfaces. As a result, the total vertical displacement on unit Qf4a is 5.3
± 0.2 m (Table A1). For Qf4b, the vertical displacement is measured on the single fault
strand, north of the site, which yields a greater slip than the total Qf4b slip at the fault
splay. The topographic profile for reconstructing vertical displacement at Qf4b also

33

Figure 9 Surprise Canyon alluvial surface maps. The main NW-trending fault displaces
unit Qf4a and Qf4b, and splays into three fault segments at the north of the canyon
mouth. The fault segments have a dominant normal-slip component. (a) The aerial image
shows the different alluvial deposits. Notably, the light tan alluvium (Qf5*) is the flash
flood that occurred on July 24, 1876 and covered the fault trace. (b) The hill shade map
shows the fault scarps north and south of the canyon mouth, and the inset of Qf4a against
Qf4b. (c) The alluvial surface map illustrates the displaced Qf4a and Qf4b by the same
fault segments, suggesting that the fault is active in the Late Holocene. The total vertical
displacement is calculated by summing the throw values from the topographic profiles
across all three fault segments.

includes original depositional surfaces of Qf4b on both sides of the fault scarp (SC_t04,
Figure 9c). Therefore, the cumulative vertical displacement on Qf4b is 6.4 ± 0.5 m (Table
A1). The cumulative throw at Qf4b is ~1 m greater than the surface rupture recorded at
Qf4a. The inset of Qf4a against Qf4b suggests that the earthquake event that ruptured
Qf4b might be prior to the event that ruptured Qf4a, though how many earthquake events
unit Qf4a records is unknown.

6.3 Happy Canyon
The surface ruptures at Happy Canyon occurred along the NE-striking normal
fault segments and the NW-striking right-lateral strike-slip fault that forms a sidewall at
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the range front (Figure 10). The offset alluvial units with radiocarbon samples reveal
evidence for the timing of the Late Holocene rupture. Field observations of offset debrisflow and measurements of the fault plane provide constraints of the displacement
kinematics of the Late Holocene fans.
The displaced Late Holocene alluvial units comprise of unit Qf4a, Qf4b, and Qf1.
The youngest alluvial surface, Qf4a, is displaced by the normal fault segment at the NE
portion of the fault (Figure 10c); however, the alluvial deposit covers the fault trace at the
SW tip of the fault. Samples of juniper logs embedded in Qf4a surface are collected by
Hoffman (2009) from two main locations where the fault does and does not offset the fan
(PV-C01 and PV-C02, Figure 10c). Age inferred from the radiocarbon dating suggests
that the youngest or minimum age of the detrital wood samples from the displaced and
non-displaced fan is 600 ± 70 cal yr B.P. and 350 ± 30 cal yr B.P., respectively (Table
A3). In addition, the independent radiocarbon date of PV-C01 allows a calibration with
the soil development of PAN-6 (PDI = 0.6, Table 2) because both data are located within
the same alluvial surface. The calibration helps improve the soil chronofunction
especially towards the younger end (Late Holocene) of the chronofunction (Figure 6).
Another soil profile, PAN-15, located on the displaced Qf4b surface yields a PDI of 1.7
which corresponds to an abandonment age of 2.1 +0.6/-0.5 ka (Table 3).
These alluvial fans along the NE-trending normal fault segment, at least Qf4a and
Qf4b surfaces, are displaced with a pure normal sense with no lateral component of slip.
Evidence of the displacement kinematics are from the down-drop debris flow edge at the
Qf4b and Qf4a unit boundary (Figure 10c). Groups of bar clasts at the debris-flow edge
shows a displacement with a pure normal-slip sense of motion (Figure 10d). This
observation suggests that the earthquake events which ruptured both the Qf4b and Qf4a
surfaces involved only normal-slip motion. The throw values of the scarps thus reflect the
total vertical displacement at this site. Additionally, the strike of the fault indicates that
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Figure 10 Map results and fault kinematics of Happy Canyon. (a) Aerial image and (b)
hill shade map show NE-striking normal fault scarps and a NW-striking right-lateral
strike-slip fault on the east of the area. (c) The mapped alluvial boundaries show
locations of the soil profiles, radiocarbon samples, and (d) pure normal slip illustrated by
the offset Qf4b and Qf4a unit boundary. (e) The NW-striking sidewall fault scarp show
evidence of striations where measurements of the fault strike and slickenlines are shown
in (f) the stereonet plot which yields a mean slip vector oriented towards 310°.
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the extension direction of the displacement is oriented towards 312°. I reconstructed the
vertical displacements along these two alluvial surfaces from topographic profiles,
HAP_t01 and HAP_t02, that is drawn across the same alluvial surface on the hanging
wall and footwall blocks. Results show that Qf4a and Qf4b surface ruptures have total
vertical displacements of 2.8 ± 0.1 m and 7.9 ± 0.2 m, respectively. For unit Qf1, transect
HAP_t03 yields a minimum vertical displacement of 9.6 ± 0.5 m due to the different
alluvial unit between the hanging wall and footwall blocks.
To the east of the study area, the NW-trending steep sidewall fault exhibits a fault
plane scarp with slickenlines (Figure 10e), suggesting a strike-slip movement. However,
no horizontal offset markers are observable at this site. Twenty measurements of the
strike and slickenline values of the fault plane yield a slip vector oriented towards 310°
and dipping 10° to the NW (Figure 10f). If the horizontal displacement along this fault is
the main slip component, then the geometry of the fault segments at Happy Canyon (i.e.,
the NE-striking normal fault segments and the NW-striking sidewall fault) suggests
extension kinematics toward ~310° which is compatible with each other.

6.4 Pleasant Canyon
The surface ruptures at Pleasant Canyon are characterized by multiple fault
segments cutting the Holocene alluvial deposits (Figure 11). The NE-trending normal
faults at this location are a part of the major right-stepping pattern of the fault system
(Figure 3). The faults ruptured generations of Late Holocene fans which will help us
understand the earthquake history and magnitude of slip at this part of the PVFZ.
The alluvial surfaces that are cut by the fault at Pleasant Canyon comprise of unit
Qf4, Qf3, and Qf1. The grayish-brown Qf4 alluvium is the relatively youngest unit at this
site and very weakly develops desert pavement and varnish compared to the alluvial
deposits (Figure 11a). The faults rupture unit Qf4, however, some fault segments truncate
at Qf3 and do not cross-cut Qf4 surface (Figure 11c). Active channels of unit Qf5 incise
Qf4, Qf3, and Qf1, and cover the traces of the fault segments (Figure 11c). At the south
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Figure 11 Pleasant Canyon
alluvial surfaces map. The
Panamint Valley fault at
Pleasant Canyon exhibits a
NE-trending normal-slip
motion. (a) The aerial image
illustrates the different alluvial
deposits and lineaments from
the surface ruptures. (b) In the
hill shade map, relatively older
alluvial deposits show
smoother surfaces due to
higher degree of modification
of the surface morphology. (c)
Alluvial surface map of
Pleasant Canyon demonstrates
multiple parallel to sub-parallel
surface ruptures that displace
unit Qf3 and Qf4. The total
vertical displacements of Qf4
and Qf3 are 4.2 ± 0.1 m and
8.8 ± 0.4 m, respectively. Two
soil pits at this location, PAN-8
(PDI = 2.8) and PAN-9 (PDI =
5.1), suggest abandonment
ages of ~4 ka for Qf3 and ~8
ka for Qf1.
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of the study site, surface rupture at Qf1 shows a fault line scarp where the originally
displaced surface (Qf1) is eroded to the southeast away from the fault line (Figure 11b).
Following surface ruptures occurred at the same fault line and displaced unit Qf3 (Figure
11c).
The abandonment ages of the fans at Pleasant Canyon are estimated from two
existing soil pits, PAN-8 and PAN-9 (Kirby and McDonald, 2016). The soil pits are
located on Qf3 and Qf1 surfaces, respectively (Figure 11c). The PDI of 2.8 at PAN-8
suggests an abandonment age of 3.9 ka +0.9/-1.0 ka according to the soil chronofunction.
The Qf1 surface shows a relatively stronger developed soil with a PDI of 5.1. The PDI
infers an abandonment age of 8.2 ka +2.0/-2.1 ka (Table 3).
To quantify the slip magnitude, I sum the vertical displacement at each fault
segment that ruptured similar alluvial unit. The fault scarps at this location displace
similar alluvial deposits and preserve the original depositional surface on both the
hanging wall and footwall blocks. Transects PC_t01-03 are used to reconstruct the
vertical displacement on unit Qf4 (Figure 11c). The independent offset measurements
range from 0.3-2.1 m (Table A1). The total vertical displacement on Qf4 from the three
topographic profiles is 4.2 ± 0.1 m. For unit Qf3, the displacements are calculated from
transects PC_t04-10 (Figure 11c). The independent throw values range from 0.6-2.3 m,
and results in a total vertical offset of 8.8 ± 0.4 m. The fault scarp at Qf1 yields the
largest offset of 19.9 ± 0.6 m (Table A1) reconstructed from PC_t11 (Figure 11c). Note
that the vertical displacement at Qf1 is a minimum value due to the deposition of Qf3
along the footwall block.

6.5 Middle Park Canyon (North)
Middle Park Canyon is the next location to the south of Pleasant Canyon where
the fault changes its orientation from NE-trending to NNW-trending (Figure 3). The site
locality is divided into two sub-locations, one closer to the canyon referred to as Middle
Park Canyon (North), and one further to the south referred to as Middle Park Canyon
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(South). The NE-trending normal fault at this location displaces Late Holocene alluvial
fans (Figure 12). In addition to the main fault, multiple fault segments rupture the frontal
lobe of the fan near the road (Figure 12a, 12b).
The alluvial deposits at this location comprises of three main fault-cutting units:
Qf4b, Qf3a, and Qf3b. The fault segments at the frontal part of the fans are covered by
unit Qf4a (Figure 12c). The footwall block of the main fault scarp is also partially
covered by Qf5 deposits (Figure 12c). Therefore, reconstructed vertical displacements are
minimum values. Unit Qf4b inset against Qf3b on the fan edge at the south of this site
(Figure 12c). Unit Qf3a shows an inset relationship against Qf3b. However, no inset
patterns between these two units are continuously present at the frontal part of the fan
along the footwall block of the main fault scarp (Figure 12b). I hypothesize that Qf3a was
once a part of Qf3b surface, but erosion and weathering processes from active channels
have modified the center of the Qf3b alluvium, resulting in a lowered surface.
Accordingly, the vertical displacement along the main fault scarp is reconstructed from
transect MPN_t02 which is a profile along the Qf3b surface (Figure 12c).
To quantify the slip of Qf3b surface ruptures, I sum the vertical displacements
from all fault segments that ruptured this unit. The surface ruptures in the frontal part of
the fan have both SE- and NW-facing scarps, and have vertical displacements that range
from ~0.1-2.0 m. I use vertical displacements from these fault segments that are at least
~0.5 m, resolvable from the 0.5 m lidar resolution. The throw values are reconstructed
from topographic profiles MPN_t03-07 (Table A1, Figure 12c). As a result, the total
cumulative vertical displacement at Qf3b is 13.7 ± 0.3 m. For unit Qf4b, the topographic
profile, MPN_t01, only includes the original depositional surface at the hanging wall
block (Figure 12c). Therefore, the minimum vertical displacement for this surface rupture
is 6.8 ± 0.3 m (Table A1).
The abandonment ages of the surfaces are inferred from soil development from
previous excavated soil pits PAN-5 and PAN-13 (Kirby and McDonald, 2016) on Qf4b
and Qf3a surfaces, respectively (Figure 12c, Table 3). Soil at PAN-5 suggests a PDI of
1.8 and an inferred abandonment age of 2.3 ± 0.6 ka. The age suggests that the surface
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Figure 12 Middle Park Canyon
(North) alluvial surfaces map. The
alluvial fans are cut by NE-trending
normal fault segments and
relatively small fault segments are
distributed in the frontal part of the
fan. (a) The aerial image and (b)
the hill shade map show the
alluvial deposits and the inset of
Qf4b against Qf3b. (c) The
mapped units show the deposition
of Qf5 that covered the hanging
wall of the fault scarp. Therefore,
the vertical displacements are
minimum values at this location.
Soil development at Qf4b (PAN-5,
PDI = 1.8) and at Qf3a (PAN-13,
PDI = 2.6) suggest abandonment
ages of ~2.3 ka and ~3.6 ka,
respectively.
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rupture on Qf4b might have occurred during ~2 ka. The vertical displacement on this
surface (~7 m) might be a cumulative offset and record more than a single earthquake
event. For PAN-36 on Qf3a, estimates from the soil chronofunction suggests an
abandonment age of 3.6 ± 0.9 ka. I use the same age from PAN-36 to infer abandonment
ages for unit Qf3b since both Qf3a and Qf3b surfaces might be close in age as discussed
earlier. Therefore, the ~14 m-fault scarp at Qf3b likely represents a cumulative offset of
more than one earthquake event since ~4 ka.

6.6 Middle Park Canyon (South)
The Panamint Valley fault at Middle Park Canyon (South) trends NNE and has a
main normal-slip motion (Figure 13). The fault cuts the Late Holocene alluvial surfaces
at the frontal part of the range front (Figure 13a). These alluvial units include Qf4a, Qf4b,
Qf4c, Qf3a, and Qf3b (Figure 13c). Unit Qf5 of the active wash covers the fault traces
and the footwall block of the fault scarps. Weathering and erosion may have created
fault-line scarps where the scarps are eroded eastwardly towards the hanging wall, such
as unit Qf4c in the center of the study site (Figure 13c).
I generated a hill shade map from a 4 cm/pixel digital surface model which allows
observation of the details of the alluvial fans and fault scarps with high vertical
resolution. As a result, I observed inset relationships between the Late Holocene fans,
creating up to five terrace-like features. Note that the units Qf4a, Qf4b, Qf4c, and Qf3b
extend to the fault and are truncated by the fault (Figure 13c). This suggests that the inset
morphology is likely due to fault activity, though channel incision processes causing the
terrace-like landforms are possible. North of the study site, the youngest alluvial unit
Qf4a shows an inset relationship against Qf4b surface (Figure 13d, 13e). Reconstruction
of the displacement on the Qf4a scarp is measured from transect MPS_t01, which yields
a total vertical displacement of 2.46 ± 0.05 m (Figure 14). Qf4a surface develops very
weak soil and a very thin (2 cm) Av horizon (Figure 7a). The soil development on Qf4a
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Figure 13 Middle Park Canyon (South) alluvial surfaces map. The alluvium deposits are displaced by NNE-trending Panamint
Valley fault that is dominant by normal-slip component. (a) The aerial image and (b) hill shade map illustrate the fault scarps and
the inset relationship of the relatively younger surfaces against the older surfaces. (c) Detailed mapping suggests five different Late
Holocene alluvial units. Soil development at Qf4a (PAN-11, PDI = 0.6), Qf4b (PAN-12, PDI = 1.8), and Qf3b (PAN-14, PDI =
2.2) suggest that there are at least 3 surface ruptures within ~4 ka. (d-e) The beveled fault scarp at Qf4b reflects a 2-event fault
scarp which suggests the penultimate earthquake. (d-f) The inset morphology of Qf4c and Qf3a suggest that there may be
additional 2 events during ~2-4 ka. The total vertical displacement at this site is also minimum due to different alluvial units
between the hanging wall and footwall block. Black arrows in (a) show the view directions of (d-f).
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Figure 14 Vertical displacement reconstructions at Middle Park Canyon (South).
Elevation data is plotted with distance along the topographic profile in meters. Transects
MPS_t01, t02, t03, t05 are topographic profiles across fault scarps at alluvial unit Qf4a,
Qf4b, Qf4c, and Qf3b, respectively. Arrows show vertical separation of the surface
rupture located at the mid-point of the fault scarp.

at PAN-11 suggest a PDI of 0.6 (Figure 13c), corresponding to an abandonment age of
0.6 ka +0.2/-0.1 ka (Figure 6, Table 3).
The ~2-m fault scarp at Qf4a insets against the elevated Qf4b surface which
exhibits a minimum cumulative vertical displacement of 4.25 ± 0.07 m (MPS_t02, Figure
14). This vertical offset is approximately twice the size of the smallest scarp at Qf4a fan
(Figure 13e). Unit Qf4b develops soil (Figure 7b) that yields a PDI of 1.5 (PAN-12,
Table 3) and an abandonment age of 1.8 ka +0.4/-0.5 ka (Figure 6). Notably, the fault
scarp shows a clearly beveled step between the Qf4a and Qf4b surfaces (Figure 13a, 13b,
13d, 13e).
At the southernmost part of the study site, the relatively oldest fault-cutting
surface, Qf3b, yields a minimum cumulative vertical displacement of 10.26 ± 0.21 m
(MAN_t05, Figure 14). The surface has a weakly soil development but PDIs on this
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surface is relatively higher than Qf4a and Qf4b surfaces. The soil profile PAN-14 on
Qf3b (Figure 7c) suggest a PDI of 2.2 (Table 3) and the soil chronofunction yields an
estimate of 2.9 ka +0.7/-0.8 ka. The total vertical displacement of ~10 m that occurred
within 3 ka is consistent with ~4-5 ruptures of the heights observed in the most recent 2
events (~2 m).
At this location, alluvial deposits show insets of Qf4a, Qf4b, Qf4c, Qf3a, and
Qf3b, where the relatively younger unit insets against the older (Figure 13c, 13f). I
measure the minimum cumulative throw of Qf4c scarp at the center of the study site
because the alluvial deposits extended to the fault. Reconstruction of the topographic
profiles suggests 5.92 ± 0.13 m of minimum vertical separation on the Qf4c surface
rupture (MAN_t03, Figure 14). Note that a new soil pit on Qf4c surface has been
excavated (PAN-36) in January 2019 and the PDI results are in progress. The amount of
slip on Qf4c is ~2 m greater than slip on Qf4b surface (~4 m), which similar patterns of
~2-m slip events are seen at ruptures on Qf4a and Qf4b. See section 9 for discussion of
the event chronology at this site.

6.7 South Park Canyon
South Park Canyon is characterized by multiple NW- and N-trending normal fault
segments that rupture through the alluvial deposits (Figure 15); similar characteristics are
present at Pleasant Canyon. The faults cut the Holocene alluvial deposits in between the
relatively older fans (Qfg) to the north of the canyon mouth and alluvial surfaces that are
incised by the active wash to the south of the canyon mouth (Figure 15a). Along the
surface ruptures, the faults have a main normal-slip component and the scarps face both
east and west creating a graben-like structure (Figure 15b). Reconstructing the
displacements along the multiple fault scarps at South Park Canyon will allow an
estimate of a relatively longer-time scale slip budget of the earthquake during the timing
of the surface rupture on the alluvial fan.
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Figure 15 South Park Canyon
alluvial surfaces map. The main
features at South Park Canyon
are the Holocene alluvial
deposits that are cut by multiple
N-trending fault segments with
dominantly normal-slip
components. (a) The aerial
image shows the deposition of
the alluvial surfaces and the
relatively older Qfg that
exhibits shorelines. The
deposits south of the canyon
mouth is highly eroded and
modified due to incised active
wash. (b) The hill shade map
shows multiple fault scarps and
also exhibits the shorelines. The
inset morphology of Qf2a
against Qf2b is also observable
from the map. (c) The mapped
units show that fault segments
ruptured both Qf2a and Qf2b.
The highest elevation shoreline
(~350 m), highlighted by the
blue line, is not present across
the same elevation on either
Qf2a or Qf2b, suggesting that
these two units deposited after
the timing of the shoreline.
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The displaced alluvial fans of our interest are unit Qf2a and Qf2b (Figure 15c).
Unit Qf2a shows a lesser degree of pavement and varnish, and lesser modification of the
original depositional surface. This surface insets against Qf2b surface, suggesting that
Qf2a is relatively younger than unit Qf2b (Figure 15b). The frontal part of Qf2a fan lobe,
north of the canyon mouth, shows a depositional surface and distribution of alluvial
channels that distinguishes itself from the Qf2b surface (Figure 15c). Previous studies
have excavated two soil pits: PAN-32 on Qf2a and PAN-33 on Qf2b (Kirby and
McDonald, 2016), and the PDI results from these two soil pits are in progress. The degree
of soil development will provide important information on the abandonment ages of the
fans and the earthquake history during the time of Qf2 deposition.
However, another described soil pit, PAN-23, is located at the highest shoreline
(~350 m) on unit Qfg (Table 2) (Hoffman, 2009). The degree of soil development
suggests a PDI of 8.0 (Table 2) which correlates to an abandonment age of 13.4 ± 0.6 ka
according to the soil chronofunction (Kirby and McDonald, 2016). The highest shoreline
is not present on either Qf2a or Qf2b surfaces at similar elevations. This implies that both
alluvial units are at least younger than the abandonment age of the shoreline, i.e., unit
Qf2a and Qf2b are younger than ~13 ka. This age bounds the maximum depositional age
of alluvial fans that lack the shorelines at similar elevations.
The alluvial fans at South Park Canyon do not exhibit geomorphic markers that
record horizontal displacements. Therefore, I measure and sum the normal-slip
component of each fault segment to calculate the slip (throw) magnitude of Qf2a and
Qf2b (Table A1). Note that a few fault segments with relatively small surface rupture
(<0.15 m) are not included in the calculation because their throw values are relatively
small and fall within the uncertainty of the total offset. I collected sUAS dataset at this
location which the flight area covers the multiple fault segments that ruptured Qf2a and
Qf2b north of the canyon (Figure 15b). The resultant digital surface model has a
resolution of 4 cm/pixel which can resolve fault scarps that is not observable from lidarderived digital elevation models (0.5 m/pixel resolution). Independent measurements of
the vertical displacement of the fault scarps range from ~0.3-4 m for unit Qf2a and ~0.2-4
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m for unit Qf2b (Table A2). The sum of 12 different topographic profiles on Qf2a surface
suggest a total vertical displacement of 14.8 ± 0.20 m. For unit Qf2b, the sum of 11
topographic profiles suggest a total vertical displacement of 12.9 ± 0.24 m. The larger
total offset at Qf2a might be due to more active faults and surface ruptures within unit
Qf2a than Qf2b, or deposition of Qf2a might cover evidence of Qf2b surface ruptures
(Figure 15c). Additionally, more surface ruptures are present at the south of the canyon
on the Qf2a(?) surface (Figure 15c). This alluvial deposit may be slightly younger than
Qf2a due to its inset relationship. No lateral offset markers are present; however, the
maximum vertical displacement along this fault segment is ~0.5 m.

6.8 Big Horn Canyon
Two main faults combine at this location, the NW-trending right-lateral strike-slip
fault and the NE-trending normal fault (Figure 16). The footwall block of the normal
fault scarp is down-dropped and also right-laterally displaced. Both fault segments
displaced the same alluvial unit of Qf2 and the normal fault displaced unit Qf5 (Figure
16c). Previous studies have excavated two soil pits, PAN-34 and PAN-35 (Figure 16c),
on Qf2 surface (Kirby and McDonald, 2016), which the PDI results are in progress.
These two soil profiles will help understand their soil development and provide
implications about the timing of the surface rupture.
I collected sUAS dataset at Big Horn Canyon along the strike-slip fault segment.
Parts of the collected data did not cover a large area around the center part of the strikeslip fault segment due to some technical problems (Figure 16b). However, I am able to
use the sUAS-generated digital surface model (5 cm/pixel) and existing lidar-generated
digital elevation model (0.5 m/pixel) to reconstruct horizontal displacements using
LaDiCaoz algorithm, as well as generate a TPI map to visualize the offset channel
markers (Figure 17).
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Figure 16 Big Horn
Canyon alluvial surfaces
map. (a) The aerial image
and (b) the hill shade map
show that the NE-trending
normal-slip and the NWtrending strike-slip fault
segments merge at Big
Horn Canyon. (c) The
main alluvial unit at this
location is Qf2, which is
cut by both fault segments.
The black rectangle marks
the boundary for
reconstructing the
horizontal displacement.
See Figure 17 for the inset
image.
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Figure 17 Big Horn Canyon horizontal displacement restoration. (a) The high-resolution
hill shade relief map shows the extent of the study area for restoring the lateral offset. (b)
The topographic position index (TPI) map of Big Horn Canyon before restoration
illustrates three channels that are used for horizontal displacement calculations. Black
lines highlight the edges of the target channels for back-slipping. The two channels in the
north are not used in the calculation but have a potential of being the same channel after
restoration. Note that in the TPI maps, each point of interest with relatively lower
elevation with respect to its neighbor is displayed in blue (may correspond to channel
bottoms), and relatively higher elevation is shown in red (may correspond to channel
levees). (c) The TPI map after back-slipping shows an average horizontal displacement
from the three channels of 29 m +4.1/-3.2 m.

Three offset channel markers, BH_c01-03, are used to measure the horizontal
displacements (Figure 17a). The channel topography on both sides of the fault, the
channel width, the distance between each key channel, and the curvature of the channels
suggest that these three channels connect before the surface rupture (Figure 17a). Another
constraint from field observations is that the distance between the Qf2-Qfg contact at the
hanging wall (the southernmost part of the fan) and the Qf5-Qf2 contact at the footwall is
the maximum possible horizontal displacement, and the restoration should fall within this
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condition (Figure 17c). Accordingly, the distance between the two contacts are ~36 m.
Channels BH_c01-03 have independent horizontal measurements from LaDiCaoz
calculation of ~29-30 m (Table A2, Figure 18a). As a result, the average right-lateral
offset from the three key markers is 29.6 m +4.1/-3.2 m (Figure 17b). I back-slip the east
block of the strike-slip fault to show a 29.6 m offset reconstruction (Figure 17b). The
blue-shaded colors, representing relatively lower elevation in the TPI map, of the three
key channels show a continuous trace and consistent channel spacings both west and east
of the fault (Figure 17b).
For the normal slip component at this site, I sum the throw values from transects
BH_t01 and BH_t02 (Table A1). Both fault scarps rupture similar alluvial surfaces on the
hanging wall and footwall blocks (Figure 16c). Therefore, the total vertical displacement
on Qf2 surface is 8.47 ± 0.23 m. Big Horn Canyon is another example where slip is
partitioned between the strike-slip and normal-slip fault segments. Nevertheless, how
long since the alluvial deposits have recorded the earthquake events is unknown.

6.9 Manly Peak Canyon
Alluvial deposits at Manly Peak Canyon are displaced by 2 main faults: the
NNW-trending fault at the range front and the NW-trending fault at the alluvial fans
(Figure 19). These two faults are dominant by normal-slip and strike-slip motions,
respectively. Both fault segments offset the Holocene alluvial deposits, especially the
relatively youngest alluvial unit (Qf4a) near the main active channel. This implies that the
activity of both faults is relatively recent and that slip is partitioned between the two
segments. Similar patterns of slip being distributed along a nearly normal-slip range front
fault and a nearly pure strike-slip fault that cuts alluvial deposits are present throughout
the PVFZ.
The strike-slip fault continues to the south and offset Late Pleistocene-Early
Holocene alluvial fans at the west of the range front. Previous displacement
measurements are done on these alluvial surfaces along the strike-slip fault (e.g. Zhang et
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Figure 18 Horizontal
displacement calculation
results using LaDiCaoz
algorithm (Zielke et al.,
2013). The graphs show
reconstruction of the channel
profiles and the calculated
misfit of the horizontal and
vertical displacements.
Examples of the displacement
results include (a) channel
BH_c03 from Big Horn
Canyon, (b) channel
MAN_c02 from Manly Peak
Canyon, and (c) channel
GOL_c02 from Goler Canyon
(See Table A2 for horizontal
displacement results).
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Figure 19 Manly Peak Canyon alluvial
surfaces map. The relatively young
alluvial deposits at Manly Peak Canyon,
for instance, the light tan color surface
shown in (a) the aerial image are cut by
both the NW-trending right-lateral strikeslip fault segment and the NNW-trending
normal-slip fault segment. (b) The hill
shade map illustrates the fault scarp
occurred from both fault segments and
inset relationship of the alluvial surfaces.
(c) The mapped units show that the Late
Holocene surfaces are offset by faults of
diverse motions. The black rectangle
shows the boundary for reconstructing
horizontal displacement along unit Qf4b.
See Figure 20 for the inset image.
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al., 1990; Hoffman, 2009). At the south of the canyon mouth, the fault offsets the alluvial
surface ~27 m right-laterally, reconstructed from offset debris-flow levees (Hoffman,
2009). Soil development (PAN-20) on this surface suggests a PDI of 5.9 and an
abandonment age of ~7-12 ka according to the soil chronofunction (Hoffman, 2009;
Kirby and McDonald, 2016). The offset yields a horizontal slip component in the
direction toward 325°. Known displacements along the strike-slip fault segment on Late
Pleistocene-Early Holocene surfaces imply the activity of the PVFZ in a relatively longer
time-scale. However, the magnitude of slip along the Late Holocene alluvial deposits is
unknown.
I focus on the Late Holocene surface ruptures near the canyon mouth (Figure
19a). The youngest unit Qf4a has light tan color and is deposited along the edges of the
main active channel (Figure 19a). Unit Qf4a insets against Qf4b (Figure 19b), suggesting
that Qf4a is younger than Qf4b. Both surfaces are slightly modified and have very
incipient desert pavement. Both units, Qf4a and Qf4b, are offset by the NW-trending
strike-slip and NNW-trending normal-slip fault segments (Figure 19c). The normal fault
to the north of the canyon mouth also splays into two fault segments where the relatively
shorter fault segment is confined within unit Qf4a and truncated by unit Qf4b and Qf5
(Figure 19c). To the south of the canyon mouth, unit Qf4a insets against Qf1 near the
range front (Figure 19b, 19c). Unit Qf1 corresponds to the alluvial surface that exhibits a
PDI of 5.9 (PAN-20) in the study by Hoffman (2009). Similar to Qf4 surfaces, Qf1 is
displaced by both fault segments. Observations of both faults that cut relatively young
surfaces illustrates that the earthquake activity involved diverse fault motions in the Late
Holocene.
To quantify the slip magnitude on the Late Holocene units along the two fault
segments, I reconstructed vertical displacements from topographic profiles and horizontal
displacements by measuring offset values from offset channel markers. The hanging wall
and footwall surfaces along the normal fault scarps are preserved (Figure 19c). Therefore,
the vertical displacement at Qf4a (MAN_t01) and Qf4b (MAN_t02) are 1.4 ± 0.1 m and
1.7 ± 0.2 m, respectively (Table A1). The heave from these two transects are 0.8 ± 0.4 m
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and 1.0 ± 0.4 m, respectively (Table A1). Transect MAN_t03 reconstructs the vertical
displacement on unit Qf1 (Figure 19c) which the original surfaces at the hanging wall and
footwall blocks are preserved. This surface is vertically displaced by 8.0 ± 0.4 m along
the normal fault segment and has a heave of 4.7 ± 2.1 m (Table A1).
For the horizontal displacements, I flew a drone along the strike-slip fault
segment to generate high resolution digital surface model (5 cm/pixel) to better
characterize small lateral offsets (<3 m). Unit Qf4a does not exhibit channel markers that
preserve the lateral offsets; however, the surface shows evidence of fault scarps at both
fault segments. Therefore, to quantify the most recent slip, I reconstruct horizontal
displacements from offset channel markers observable in unit Qf4b. Measurements of
offset channel levees in the field range from ~1.1 to 2.0 m. Field observations are
consistent with calculations using LaDiCaoz which four different offset channels (i.e.,
MAN_c01-c04) were used (Figure 20a). All four channels are oriented perpendicular to
the fault, which is a preferred characteristic for measuring horizontal displacements from
channel markers. The TPI map highlights the bottom of the channels in blue-shaded
colors whereas the channel levees are in red shades (Figure 20a). The map helps visualize
some channels that were difficult to take measurements in the field such as channel
MAN_c02 (Figure 18b) that curves near the fault (Figure 20). From the LaDiCaoz
calculation, this channel is offset by 1.9 m +0.8/-1.6 m right-laterally (Table A2).
Channels MAN_c01 (Figure 21a, 21b) and MAN_c04 (Figure 21c, 21d) preserve sharp
edges of the levees and yield independent horizontal displacements of 1.9 m +0.1/-1.6 m
and 1.3 m +4.0/-0.8 m, respectively (Table A2). I back slip the east side of the strike-slip
fault to demonstrate the original surface of the channels before the surface rupture
occurred. Results show the alignment of all four channels after restoration (Figure 20b).
The average horizontal displacement with propagation of the 2σ uncertainties from four
independent channels suggest that the Qf4b surface is offset by 1.7 m +1.1/-0.7 m along
the right-lateral strike-slip fault (Figure 20b). As a result, slip on Qf4b surface is
partitioned ~1.7 m along the normal fault and ~1.7 m along the strike-slip fault.
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Figure 20 Hill shade and TPI map of Manly Peak Canyon horizontal displacement
restoration on Qf4b surface. (a) The high-resolution hill shade map shows the extent of
area for restoring the lateral offset. The TPI maps show the results of (b) before and (c)
after back-slipping. Four channels are used for calculating the horizontal displacement.
The black lines highlight the edges of the target channels. As a result, the average
horizontal displacement from the four channels is 1.7 m +1.1 m/-0.7 m.

6.10 Coyote Canyon
The Panamint Valley fault changes from a NW-trending strike-slip fault to a NEtrending normal fault at Coyote Canyon, depicting the right-stepping characteristic of the
PVFZ (Figure 3). The fault ruptures the Late Holocene alluvial at the range front (Figure
22a), creating a near-vertical fault scarp (Figure 22b). The less modification of the nearvertical fault scarp suggests that the surface rupture is relatively recent (Late Holocene)
which is of our interest in this study.
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Figure 21 Field photos of Qf4b surface at Manly Peak Canyon showing horizontal
displacements. (a) The orthophoto generated from sUAS data set and (b) the field photo
show the offset of channel MAN_c01 (see location in Figure 19). The black arrow in the
orthophoto points the direction of view in the field photo. Offset of channel MAN_c04
are shown in (c) and (d).

Preserved boulders on the fault scarp and the depositional morphology of the
displaced Qf4 surfaces are less modified (Figure 22a). They show very incipient
development of desert varnish and pavement. Active wash of Qf5 incises the Qf4 alluvial
deposits (Figure 22c) and the alluvial fan along the fault line. However, I exclude the
eroded topography from the active channel and reconstruct the vertical displacement
from offset original depositional surfaces, both the hanging wall and footwall blocks. I
measure the vertical displacement from transect CY_t01 (Figure 22c) which suggests 5.4
± 0.2 m of throw (Table A1). The extension direction perpendicular to the strike of the
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Figure 22 Coyote Canyon alluvial
surfaces map. (a) The aerial image and (b)
hill shade map demonstrate a vertical to
sub-vertical fault scarp, suggesting less
modification of the scarp and that the
surface rupture is relatively recent.
Panamint Valley fault at this location
trends NNE and NE, and are part of the
right step of the fault system. (c) The
alluvial deposit map shows the surface
rupture along unit Qf4.
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fault is oriented to the NW, suggesting that the calculated vertical displacement might
reflect the majority of the offset along this surface rupture.

6.11 Goler Canyon
Goler Canyon is the southernmost study site along the PVFZ (Figure 3). The fault
trends NW and has a right-lateral strike-slip motion. This strike-slip fault is part of the
right-stepping pattern, by which the fault changes its orientation to trend NE at Coyote
Canyon, north of Goler Canyon (Figure 3). At this location, the fault splays into another
normal fault segment to the east of the strike-slip segment (Figure 23c). Both faults
ruptured Holocene alluvial deposits which include unit Qf2, Qf4, and active channels that
incise unit Qf4 (Figure 23c). Unit Qf2 is distributed over a large area at the canyon mouth
(Figure 23a). The surface accommodates active channels that preserve lateral offsets from
the surface ruptures. I collected sUAS data along the strike-slip fault segment to generate
high-resolution digital surface model (4 cm/pixel) in order to reconstruct horizontal
displacements from offset channel markers.
The TPI map generated from the sUAS dataset shows low elevation topography
that implies channel bottoms (blue-shaded colors, Figure 24a). I use eight channel
markers (GOL_c01-08) on Qf2 surface to reconstruct the horizontal displacements. These
offset channels are perpendicular to the fault and preserve reconstructable channel levees
on both sides of the fault, evidence from field observations (Figure 24). Independent
measurements of GOL_c01-05 using LaDiCaoz ranges between ~2-3 m of pure rightlateral slip (Table A2, Figure 18c). For instance, the independent measurement of
GOL_c01 reveals a lateral offset of 2.5 m +2.2 m/-1.7 m, reconstructed from the left edge
of the channel (Figure 25c, 25d). Apart from the five offset markers, other channels from
field observation also suggest similar horizontal displacements with calculated values
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Figure 23 Goler Canyon alluvial surfaces map. (a) The aerial image shows the alluvial
deposits at this location, where the bottom of the image is the relatively youngest unit and
is modified by active channels. (b) The hill shade map illustrates the fault scarps. Alluvial
surfaces at Goler Canyon are offset by NW-trending fault segments that are dominant by
right-lateral strike-slip and normal-slip motions. (c) The mapped units show that both
faults cut the youngest alluvial surface, Qf4, implying that the faults are active in the Late
Holocene. However, reconstructable channel markers are present in unit Qf2. The black
rectangle marks the boundary for reconstructing the horizontal displacements. See Figure
24 for the inset image.

from LaDiCaoz. The average horizontal displacement from the five key channels
suggests a right-lateral slip of 2.5 m +0.7/-0.6 m on unit Qf2. I back-slip the east block of
the strike-slip fault to restore ~2.5 m of surface rupture (Figure 24b). The five channels
align and show connecting channels across the fault.
The other three channels, GOL_c06-08 (Figure 24a), on unit Qf2 are not
completely restored. Their independent measurements suggest horizontal displacements
that range from ~6-8 m (Table A2). Horizontal displacement at GOL_c06 is measured
across the three fault splays, south of the road (Figure 24a), where one offset at the
westernmost splay of the fault yields a right lateral slip of 1.5 m ± 0.2 m (Figure 25a,
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Figure 24 Hill shade and TPI map of Goler Canyon horizontal displacement restoration
on Qf2 surface. (a) The high-resolution hill shade map south of the road shows the extent
of area for restoring the lateral offset. The TPI maps show the resultant (b) before and (c)
after back-slipping. Black lines highlight the edges of the channel markers and dashed
black lines are marked where the edges are uncertain in the TPI map. The average
horizontal displacement from 5 different channel markers (GOL_c01-05) suggests 2.5 m
+0.7/-0.6 m of right-lateral offset. Three other channel markers (GOL_c06-08) recorded
6.8 m ± 2.3 m of right-lateral offset and may represent cumulative displacements.

25b). I average the horizontal displacements of the three key channels which result in 6.8
m ± 2.3 m of right-lateral slip.
To the east of the strike-slip fault strand, the normal fault segment ruptured Qf4
and Qf2 surfaces (Figure 23c). The fault scarp displaces the surface of the same unit. I
reconstruct the vertical displacements from transects GOL_t01 (unit Qf4) and GOL_t02
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Figure 25 Goler Canyon field photos showing horizontal displacements on the Qf2
surface. (a) The orthophoto generated from sUAS data set and (b) the field photo show
the offset at the western most fault splay at channel GOL_c07 (see location in Figure 24).
The black arrow in the orthophoto points the direction of view in the field photo. Offset
of channel GOL_c01 are shown in (c) and (d).

(unit Qf2) which yields a vertical separation of 0.5 ± 0.1 m and 1.0 ± 0.1 m, respectively
(Table A1). Notably, majority of the slip at Goler Canyon is accommodated along the
strike-slip segment of the fault than the normal-slip.
Though horizontal displacements are measured from Qf2 surface, field
observations suggest that both the strike-slip and normal-slip fault segments ruptured unit
Qf4 (Figure 23c), reflecting a slip event during the Late Holocene. The Qf2 fan exhibits
lateral offsets of ~2-3 m and larger offsets of ~6-8 m. These results suggest that the
alluvial deposit might have remained active and the channels have preserved sequences
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of earthquake ruptures. Likewise, the normal fault segment might rupture unit Qf2 and
Qf4 simultaneously during the Late Holocene event and GOL_t01 yields a relatively
smaller throw because it is located closer to the tip of the normal fault segment.
To summarize this section, I calculated the vertical and horizontal displacements
along eleven study sites in order to characterize the slip magnitude of the Late Holocene
ruptures. Among the sites, nine localities exhibit Qf4 alluvial deposits that were cut by
the normal-slip and strike-slip fault segments. The two other sites (i.e., South Park
Canyon and Big Horn Canyon) are comprised of Qf2 surfaces, which I did not find
evidence of a single rupture recorded in these fans. Inset relationships of the alluvial fans
and generations of offset channels suggest that the Qf4 surface at certain sites might
record the MRE, which will be discussed in the following sections. The magnitude of slip
ranges widely from ~1-5 m along the normal fault segment and ~1.5-3 m along the strikeslip fault segment.
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7. Kinematics of the Holocene Displacements
The kinematics of the Holocene displacements vary between the north and south
of the PVFZ where the transition occurs between Big Horn Canyon and Manly Peak
Canyon (Figure 3). In the south at Manly Peak and Goler Canyons, the PVFZ consists of
two distinct faults: a right-lateral strike-slip fault and a normal fault splay near the range
front (Figure 26). Both faults offset the same alluvial unit. The incipient desert pavement
and varnish, and well-preserved original depositional morphology of the alluvial unit
suggest that the surface is Late Holocene.
I vector-sum the horizontal components of the displacements along both fault
segments to estimate the slip vector for the surface ruptures that displaced this alluvial
surface. Displacements at Manly Peak Canyon reveal 1.7 m of lateral offset along the
strike-slip fault toward 335° and 1.0 m of extension (heave) along the normal fault
segment toward 264°. These results suggest a horizontal displacement vector of 2.2 m
oriented toward 310° (Figure 26b). At Goler Canyon, the fault scarps show 2.5 m of
right-lateral offset along the strike-slip fault toward 348° and 0.6 m of heave along the
normal fault segment toward 253°, suggesting a 2.5 m of slip oriented toward 334°
(Figure 26b). Displacement at Coyote Canyon, on the other hand, is accommodated along
a normal fault segment. The fault ruptured a Late Holocene alluvial surface which
preserved a sub-vertical fault scarp. The 30°-striking normal fault is almost perpendicular
to the extension vectors along the strike-slip fault segments, suggesting that normal slip is
the main slip component at this site. Although no offset geomorphic markers with lateral
offsets are observable at this location, I estimated the extension vector from the heave
value of the subvertical fault scarp. Results show that the displacement vector at Coyote
Canyon is 3.2 m oriented toward 300° (Figure 26b). Note that the lack of observable
lateral component indicates that this slip vector does not capture the total amount of slip
of this Late Holocene surface rupture and that the slip vector might be oriented more
northerly, oblique to the strike of the normal fault segment.
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Figure 26 Schematic diagram of the Holocene displacement kinematics north and south
of the PVFZ geometric transition. (a) North of the fault transition zone, offset debris-flow
edges at Happy Canyon and Pleasant Canyon reveal pure normal-slip kinematics with
extension vectors consistent with the sidewall strike-slip fault. (b) South of the fault
transition zone, offset channel markers and vertical displacements at the normal fault
segments at Manly Peak Canyon and Goler Canyon suggest predominating right-lateral
strike-slip kinematics. Displacement vectors along the PVFZ indicates ~2-3 m of
extension both north and south of the geometric fault junction.
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These observations illustrate that the Late Holocene surface ruptures in the south
PVFZ involved slip along both the strike-slip and normal-slip fault segments. The
geometry and kinematics of the Late Holocene displacements at Manly Peak, Coyote, and
Goler Canyons reveal consistent results of 2-3 m of slip in the direction oblique to the
strike of the fault segments. Kinematics of these relatively young ruptures are also
consistent with the longer-term kinematics at Manly Peak Canyon (26.5 m toward 325°;
Hoffman, 2009) where the slip direction is oblique to the trend of the fault.
In the transition zone between the high-angle strike-slip fault in the south and the
low-angle normal fault in the central and north, kinematics of the displacements is shown
at Big Horn Canyon (Figure 16). Though the age of the surface rupture is unknown,
modification of the displaced surface (e.g., moderately modified bar-and-swale
morphology, medium to dark brown varnish, and moderately developing pavement)
suggests that the surface age is Late Pleistocene-Early Holocene time. Big Horn Canyon
consists of a NW-trending strike-slip fault that merges with a NNE-trending normal fault.
The lateral offset on the strike-slip fault of 29.6 m toward 329° and the heave value on
the normal fault segment of ~5 m toward 280° results in a relatively longer-term
extension vector of 33 m oriented toward 322°.
To the north of the transition zone, Happy Canyon and Pleasant Canyon show
surface ruptures that displaced Late Holocene alluvial units, evidence from the weak
modification of the original depositional surface and inferred ages from radiocarbon
dating of juniper logs embedded in the offset debris flow. Field observation shows
evidences of the displacement kinematics which include: (1) striations on the side wall of
the strike-slip fault, and (2) offset debris-flow that was displaced in a pure normal-slip
sense along the normal fault segment. At Happy Canyon, 20 measurements of the fault
plane along the side wall of the NW-trending right-lateral strike-slip fault suggest that the
extension is oriented toward 310° and has a plunge of 10° according to the striations on
the fault plane (Figure 10). To the south of the side wall strike-slip fault, the normal fault
segments ruptured two alluvial units which soil chronofunction suggests a surface age of
~2 ka on the relatively older fan and radiocarbon dating suggests a surface age of <0.6 ka
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on the younger fan. The fault strikes 42° which is almost orthogonal to the extension
vector of the strike-slip fault and displaces debris-flow edges with a pure normal-slip
motion with no lateral component. Therefore, the heave values from the fault scarps of
the two alluvial unit, i.e., 4.6 m and 1.6 m, respectively reflect the total extension toward
312° during the Late Holocene ruptures (Figure 26a).
The offset debris-flow at Pleasant Canyon show similar pattern of a pure normalslip displacement (Figure 11). The 48°-striking normal fault segments at Pleasant Canyon
offset two Late Holocene alluvial surfaces which soil chronofunction suggests that the
relatively older fan is ~4 ka. Debris-flow markers in this unit show a pure normal-slip
which indicates that the younger fan is also displaced with a pure normal-slip during the
more recent rupture. The strike of the fault being orthogonal to the local extension
direction indicates that the heave value of 5.1 m on the relatively older scarp and 2.4 m
on the younger scarp reflects the total extension toward 318° at this site (Figure 26a).
Observations of the fault kinematics from the Late Holocene displacements along
the PVFZ suggest that firstly, the fault segments in the south PVFZ show variations of
the slip vectors, however, the geometry and kinematics of the displacements allow 2-3 m
of extension in the direction oblique to the fault strike. This oblique slip during the Late
Holocene earthquakes is consistent with longer-term slip vectors in the south and at the
transition zone at Big Horn Canyon. Secondly, Late Holocene extension vectors trend
more westerly north of the fault junction (i.e., between Big Horn and Manly Peak
Canyons, Figure 3). Offset debris-flow edges along multiple Late Holocene alluvial
surfaces suggest pure normal-slip where the extension vector orthogonal to the fault
strike reflects the total horizontal slip. The slip vectors also appear to be similar to the
strike of the Hunter Mountain fault (Oswald and Wesnousky, 2002) suggesting a
consistent fault kinematic along the central PVFZ both in a longer- and shorter-time
scale.
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8. Constraints of the Most Recent Event Displacements and Rupture Length
In order to constrain the displacements of most recent event (MRE), I used several
assumptions to determine the surface ruptures caused by the MRE. I infer that the
smallest observable offsets are generated by the MRE (e.g., Sieh 1978; Zielke et al.,
2010; Klinger et al., 2011). The smallest offsets at locations where the Holocene
displacement kinematics are well-known as discussed in the previous section are the
offsets that best represent the MRE displacements (Figure 27). Additionally, displaced
surfaces with known surface ages inferred from radiocarbon dating and soil
chronofunction reveal evidence for offsets caused by the MRE. Subvertical fault scarps
and field observations of preserved original depositional morphology of the fans also
suggest that the displacements may correspond to the most recent slip event.
In the south, almost all three sites (i.e., Manly Peak Canyon, Coyote Canyon, and
Goler Canyon) consist of known Holocene displacement kinematics. There are no ages
from radiocarbon dating or soil data along the displaced Holocene surfaces. However, I
used field observations and inference of the smallest observable offsets to constrain the
MRE displacements along this portion of the PVFZ. At Manly Peak Canyon, faults at this
site comprise of both strike-slip and normal-slip fault segments (Figure 19). The faults
ruptured two Late Holocene fans that show inset relationship against each other (Qf4a
and Qf4b, Figure 19c). The fault scarps along the normal fault segment at these two fans
revealed throw values of 1.7 ± 0.2 m at the relatively older fan and 1.4 ± 0.1 m at the
relatively younger fan. The maximum vertical displacement of the latter overlaps with the
minimum throw of the older fan. It is possible that the earthquake ruptured both alluvial
units simultaneously, but the younger fan exhibits a smaller displacement because of the
lesser amount of alluvium to record the rupture. Therefore, the ~1.7 m scarp reflects the
smallest vertical offset along the normal fault strand. Along the strike-slip fault segment,
the relatively younger alluvial unit (Qf4a) juxtaposes the relatively older unit (Qf4b). The
fault ruptured both fans, however, offset channel markers are only observable in the older
fan. The younger fan might have not developed pronounced channels by the time of the
rupture. Thus, I interpret that both alluvial units ruptured concurrently. Reconstruction of
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the offset channel markers along the strike-slip fault strand suggests that the smallest
observable offset is 1.7 m +1.1 m/-0.7 m. These smallest offsets along the normal-slip
and strike-slip fault segments suggest that the MRE involved ~2 m of both horizontal and
vertical displacements. The vector sum of the displacements suggests an extension of 2.2
m towards 310° at this site. Field observations indicate that both fault segments rupture
the youngest map unit which the original depositional morphology of the displaced
surface is well-preserved (Figure 19a), suggesting that the displacements likely
correspond to the MRE.
At Goler Canyon, the geometry of the fault segments is similar to Manly Peak
Canyon, comprising of both the strike-slip and normal-slip fault segments (Figure 23).
The smallest offset along the strike-slip fault segment is 2.5 m +0.7/-0.6 m. The offset is
reconstructed from a relatively old alluvial unit (Qf2) and larger amounts of lateral
offsets (~6-8 m) are observable from channel markers along the fault. I interpret that
channels in this alluvial fan remain active and continue recording multiple surface
ruptures, resulting in larger offsets that reflect cumulative displacements. I infer that the
MRE generated the smallest observable offset (~2-3 m) along the strike-slip fault strand
(Figure 27). Within the same alluvial surface, I also infer the smallest throw value along
the normal fault segment to reflect the vertical slip magnitude of the MRE.
Reconstruction of the fault scarp reveals 1.0 ± 0.1 m of throw or 0.6 ± 0.3 m of extension.
The horizontal and vertical displacements from both fault segments result in an extension
vector of 2.5 m oriented towards 334°.
At Coyote Canyon, the steep free face fault scarp along the NE-striking normal
fault segment (Figure 22) suggests that the surface rupture may have been generated from
the MRE. The vertical displacement of 5.4 ± 0.2 m or extension of 3.2 ± 1.3 m is
consistent with the 2-3 m of extension at study sites in the south where the MRE
displacement kinematics are well-constrained. However, the ~3 m extension at Coyote
Canyon reflect the minimum constrain on the MRE displacement at this portion of the
PVFZ due to the missing lateral offset component.
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North of the fault transition of the PVFZ, displacements at Happy Canyon and
Pleasant Canyon are fully captured from the throw values due to the pure normal-slip
sense of motion. At Happy Canyon, the displaced surfaces with the smallest observable
offset consist of ages inferred from radiocarbon dating (Figure 10). Samples of juniper
logs embedded in the alluvial surfaces that were displaced by the fault and covered the
fault trace suggest ages that bound the timing of the earthquake event, i.e., between ~350600 cal yr B.P. The age corresponds to the most recent event recorded in the paleoseismic
trench in the south (McAuliffe et al., 2013), suggesting that the smallest offset at Happy
Canyon is generated from the MRE. The vertical displacement of 2.8 ± 0.1 m or
extension of 1.6 ± 0.7 m thus constrains the total displacement magnitude of the MRE
along the NE-striking normal fault segment at this portion of the PVFZ. At Pleasant
Canyon, offset-debris flow showing pure normal-slip revealed a cumulative vertical
displacement of 8.8 ± 0.4 m, implying that the smallest vertical displacement of 4.2 ± 0.1
m recorded in the youngest map unit also involved a pure normal-slip (Figure 11).
Therefore, I infer that the 4.2 ± 0.1 total vertical offset or 2.4 ± 0.7 m of extension at
Pleasant Canyon reflect the total displacement of the MRE at this segment of the PVFZ.
Additionally, the surface rupture of the smallest offset occurred along the youngest map
unit where the original depositional morphology of the alluvial surface is well-preserved.
Other sites where Late Holocene displacement kinematics are not known, provide
the minimum constrain on the displacement magnitude of the MRE. Sites where Late
Holocene alluvial deposits record surface ruptures include Hall Canyon, Surprise
Canyon, and Middle Park Canyon (South). These locations consist of displaced alluvial
fans that preserved their original depositional morphology and soil profiles that suggest a
Late Holocene surface age.
At Hall Canyon, the Late Holocene alluvial surface is displaced along the Nstriking fault (Figure 8). I infer that the smallest offset at the Late Holocene fan is
generated from the MRE. Reconstruction of the fault scarp suggests a throw value of 1.0
± 0.2 m. However, the kinematics of this displacement is not known and no offset
markers are observable at this site. The displacement reconstruction may have excluded
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the lateral offset component along this surface rupture since the regional kinematics of
the Panamint Valley fault is a dextral oblique-slip motion. Therefore, the ~1.0 m vertical
displacement or ~0.6 m extension reflects the minimum constrain of the MRE
displacement.
Surprise Canyon, located to the south of Hall Canyon, consists of surface ruptures
along the NNW-trending fault segments that splayed into three segments north of the
active wash (Figure 9). The smallest vertical displacement at this site is 5.3 ± 0.2 m,
resulted from summing the throw values of the splayed fault segments. Additionally, the
less modification of the original depositional morphology of the displaced fan suggests
that the deposit is Late Holocene. The 1876 flash flood that covered the fault trace also
places a minimum age of the surface rupture. These observations suggest that the smallest
vertical offset of ~5 m is generated by the MRE. The throw value is equivalent to 3.1 ±
0.9 m of extension, which this amount of offset is consistent with the extension
magnitude at locations where the displacement kinematics are well-constrained.
However, note that the reconstructed displacements at this site reflect the minimum value
of offset due to the missing lateral slip component.
At Middle Park Canyon (South), the alluvial fans are displaced along the NNEtrending fault (Figure 13). Several evidences suggest that the smallest observable offset at
this location reflect a single earthquake event that corresponds to the MRE. The smallest
vertical offset of 2.5 ± 0.1 m or extension of 1.4 ± 0.6 m occurred along the youngest
alluvial unit at this site. The soil profile on this surface indicates a PDI that correlates to
an abandonment age of ~0.6 ka according to the soil chronofunction. This soil age
corresponds to the MRE in the trench in the south PVFZ. Additionally, the surface
rupture formed a beveled fault scarp where the youngest fan unit insets against the
relatively older fan and illustrates a distinct ~2 m offset at the scarp. The geomorphology
implies that the fan recorded two earthquake events of ~2 m slip. I infer from the field
observations and soil data that the single-event rupture that generated the smallest offset
corresponds to the MRE. However, the ~1-2 m of extension at this location provides the
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minimum value of the MRE displacement due to the unknown displacement kinematics
and missing horizontal displacement.
The displacement magnitude of the MRE are best-constrained at sites where the
displacement kinematics are reconstructed. The MRE involves ~2-3 m of extension both
along the strike-slip fault in the south and the oblique-normal fault in the central part of
the PVFZ. This suggests that the MRE involved different fault kinematics during the
rupture. Locations where the kinematics are not constrained provide minimum extension
of the MRE ranging between ~1-3 m of slip. These observations show consistent
magnitude of extension across the geometric transition of the PVFZ.
I interpret that the surface ruptures generated by the most recent slip event along
different fault segments as discussed above ruptured simultaneously. This is due to the
correspondence of the MRE in the trench with the radiocarbon data at Happy Canyon,
soil data at Middle Park Canyon, and inference of the smallest offsets along the fault.
However, it is possible that the most recent event at different fault segments occurred at a
different time that is difficult to resolve from dating techniques. Nevertheless, if the fault
segments along the PVFZ ruptured together during the MRE, the minimum rupture
length of the MRE will range between ~45-50 km. The rupture length extends from the
paleoseismic trench in the south to Hall Canyon at the northern extent of the study area.
Note that the MRE could extend further north and that the estimated rupture length here
is minimum.
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Figure 27 Slip distribution along the Panamint Valley fault. The distribution of the
vertical and horizontal displacements from eleven study sites along the PVFZ is outlined
in circles and triangles, respectively. Error bars show 2 standard deviations of the
calculated displacements. The colors represent the alluvial units Qf4, Qf3, Qf2, and Qf1
which display surface ruptures along the fault. The abandonment ages are shown where
soil development dataset is present on the alluvial fan. Bold numbers indicate inferred
ages from radiocarbon dating of juniper logs embedded in the alluvial surface at Happy
Canyon. The red solid line connects the slip magnitude of the MRE along the fault. The
MRE has a minimum rupture length of at least 35 km (and ~45-50 km from the north to
the trench site). Shaded areas highlight the cumulative displacement data for slip rates
calculation.
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9. Holocene Slip Rates
Apart from the MRE, alluvial fan sequences at several sites along the PVFZ
provide information of previous earthquake events and their cumulative slip during the
Holocene. Here, I discuss the event chronology observed at Middle Park Canyon (South)
and the slip budget along other localities. Incorporation of different age estimates of the
alluvial surface (e.g., soil development and radiocarbon dating) allows estimates of the
Late Holocene (~1.5-5 ka) and longer-term (~6-10 ka) slip rates.

9.1 Event Chronology at Middle Park Canyon (South)
Alluvial deposits at Middle Park Canyon (South) provide the most detailed record
of Late Holocene surface ruptures in the study area. There are three primary alluvial
surfaces with soil age estimates, all of which fall into the Qf4 and Qf3 map units. In the
north of the area, the inset relations of the two youngest surfaces (i.e., Qf4a and Qf4b)
exhibit a beveled surface at the fault scarp (Figure 13e). The youngest fan forms a fault
scarp at the fault trace whereas the other alluvial surface exhibits a fault line scarp. The
youngest surface yields ~2.5 m of minimum vertical displacement and the next youngest
surface exhibits ~4 m of minimum cumulative slip.
Soil development on these two surfaces (PAN-11 and PAN-12) suggests PDI
values of ~0.6 and ~1.5 which calibrates to abandonment ages of 0.5-0.8 ka and 1.3-2.2
ka, respectively. These soil ages correspond to the first two youngest events recorded in
the paleoseismic trench (McAuliffe et al., 2013) in south Panamint Valley along the
strike-slip fault segment. The minimum soil age of PAN-11 is comparable with the
maximum age (~0.5 ka) of the MRE at the trench. Additionally, the soil age from PAN12 is consistent with the penultimate event (~0.9-2.5 ka) recorded at the trench. I interpret
from the correspondence of the soil ages with events in the trench and the geomorphic
expression of the beveled fault scarp that the scarp reflects a two-event rupture,
corresponding to the MRE and the penultimate event. These observations suggest that the
MRE and the penultimate event at Middle Park Canyon along the normal fault segment
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ruptured during ~0.5-0.8 ka and ~1.3-2.2 ka, respectively, and these two events at least
had a minimum rupture length from the trench to this section of the PVFZ. The MRE
involves 2.5 m of minimum throw and the penultimate event involves ~4 m of minimum
throw, approximately twice the size of the MRE. This suggests that the MRE and the
penultimate event may exhibit similar slip magnitudes of at least ~2 m during each event.
In the south of Middle Park Canyon (South) site, the relatively oldest displaced
surface exhibits a minimum cumulative throw of ~10.3 m (Figure 13). Soil development
on this surface suggests an abandonment age of 2.1-3.6 ka. Adjacent to this relatively
oldest surface are four younger alluvial deposits that display inset relationships against
the older surface, resulting in a terrace-like morphology (Figure 13f). The third youngest
surface, which extended to the fault, revealed ~6 m of cumulative vertical displacement.
There is a possibility that the terrace-like morphology is non-tectonic driven and changes
in sediment flux can cause these landforms. However, if the soil age of the oldest surface
(2.1-3.6 ka) corresponds to the timing of an earthquake, the magnitude of slip on this
surface rupture would yield slip rates that would be consistent with ~4-5 earthquake
events of size similar to the MRE (~2 m) and consistent with the 4 inset fans preserved at
this site. The number of events observed at this site is also comparable to the
paleoseismic trench in the south.
In summary, the inset relationship between the alluvial surfaces and their soil
development suggest that there are ~4-5 earthquake events within ~4 ka at the central
section of the PVFZ; the MRE occurred during 0.5.0.8 ka and the penultimate event
occurred during 1.3-2.2 ka. The MRE yields a minimum vertical displacement of ~2 m
and previous ruptures may have offset similar amount of slip (~2 m) during each event.
Correspondence of the soil ages to the timing of the ruptures from the trench site suggests
that at least the two youngest events extended from the trench to at least this section of
the normal fault segment at Middle Park Canyon.
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9.2 Slip Budget and Slip Rates
I binned the slip data by the alluvial units to observe the cumulative displacement
within a time range (Figure 27). The slip rates are estimated using the bracketed time
range from the map units, i.e., ~1.5-3.0 ka, ~3.0-5.0 ka, and ~6.0-10.0 ka. These ages are
based on inferred ages from radiocarbon dating and soil development on Qf4, Qf3, and
Qf1 surfaces, respectively. Within each time range, I use the maximum cumulative
displacements to estimate the slip rate of the fault.
Surface ruptures that occurred during ~1.5-3.0 ka are recorded both along the
normal-slip and strike-slip fault segments in the central and south of the valley,
respectively (Figure 27). Along the normal fault segment, cumulative vertical
displacements are recorded in the following displaced surfaces: Qf4c at Middle Park
Canyon (South) (5.9 ± 0.1 m), Qf4b at Middle Park Canyon (North) (6.8 ± 0.3 m), Qf4b
at Surprise Canyon (6.4 ± 0.5 m), and Qf4 at Coyote Canyon (5.4 ± 0.2 m). Middle Park
Canyon (North) exhibits the maximum slip and the soil age on the displaced surface (1.72.9 ka, PAN-5) provides the maximum age among other surfaces of unit Qf4. The range
of cumulative slip of ~6-7 m within ~1.5-3.0 ka suggests a Late Holocene throw rate of
~2-5 mm/yr.
Within this time range (~1.5-3.0 ka), lateral offsets are preserved at Manly Peak
and Goler Canyons. The horizontal displacements at both sites are 1.7 +1.1/-0.7 m and
2.5 +0.7/-0.6 m, respectively. However, three offset channel markers at Goler Canyon
recorded a cumulative displacement of 6.8 ± 2.3 m. According to observations at Middle
Park Canyon where the two youngest earthquakes display ~2-3 m during each event, I
interpret that the 7-m lateral offset at this site might be due to 2-3 earthquake events
which fall into the ~1.5-3.0 ka time range. Therefore, cumulative horizontal displacement
of ~7 m along the strike-slip segment of the PVFZ result in a horizontal slip rate of ~2-5
mm/yr, and up to ~6 mm/yr if the lateral offset is ~9 m. Notably, the horizontal slip rates
along the strike-slip fault segments in the south are consistent with the throw rates along
the normal fault segments in central Panamint Valley.
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Surface ruptures of relatively older alluvial fans of unit Qf3 are shown at Pleasant
Canyon and Middle Park Canyon along the normal fault segment of the PVFZ (Figure
27). Timing of the surface ruptures is constrained by the soil development (i.e., PAN-8,
PAN-13, and PAN-14) which suggests abandonment ages ranging from ~3.0-5.0 ka
(Table 3). At Middle Park Canyon (South), the displaced Qf3b surface (2.1-3.6 ka; PAN14) recorded five distinct earthquakes. As a result, the cumulative minimum throw
calculated from the fault scarp at unit Qf3b is 10.3 ± 0.2 m. At Middle Park Canyon
(North), the minimum cumulative throw is 13.7 ± 0.3 m, measured from the displaced
Qf3b surface (2.7-4.5 ka; PAN-13). Note that at this location, multiple relatively small
fault segments cut the Qf3b surface at the frontal part of the fan, which is deposited on
top of the playa (Figure 12). These surface ruptures show lateral spread characteristics
where alluvial fans are disrupted and faulted due to non-coseismic causes such as
landslides (e.g., Bull, 1964; Denny, 1965). If the faults on the frontal lobe are not
earthquake-driven, then the total vertical offset at Middle Park Canyon (North) decreases
to 8.6 ± 0.2 m (Table A1). At Pleasant Canyon, summation of throw values from the
different normal fault segments that cut the Qf3 surface suggests 8.8 ± 0.4 m of slip. Soil
pit on this surface, PAN-8, constrains the maximum soil age (2.9-4.8 ka) among the Qf3
surfaces. Therefore, the overall cumulative throw during ~3.0-5.0 ka is ~9-14 m which
suggests a throw rate of 2-5 mm/yr. This rate is also comparable to the shorter-term (1.53.0 ka) slip rates calculated above. Note that no lateral offsets within ~3.0-5.0 ka are
preserved along our study sites.
The relatively older time range, ~6.0-10.0 ka, is inferred from soil development
on Qf1 surface at Pleasant Canyon (Figure 27). Surface displacement of Qf1 is located
along a fault line scarp where the actual fault trace cuts unit Qf3 that deposited around
Qf1 fan (Figure 11c). Therefore, due to the Qf3 deposits on the hanging wall, the Qf1
scarp yields a minimum cumulative vertical displacement of ~19-21 m. The total offset
during ~6.0-10.0 ka indicates a throw rate of ~2-3 mm/yr.
Our observations suggest that the throw rates along the normal fault segment
ranges from ~2-5 mm/yr. There is no evidence of temporal variations of the rates in the
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Holocene time. However, the longer term throw rates during Early Holocene (~2-3
mm/yr) range closer to the minimum rates during the Late Holocene. In addition,
radiocarbon dating at a displaced alluvial surface at Happy Canyon yields a depositional
age of 1.6-2.7 ka and a cumulative vertical displacement of 7.9 ± 0.1 m. These
measurements result in a throw rate of ~3-5 mm/yr, consistent with the Late Holocene
throw rates in this study.
Slip rates of vertical and horizontal displacements are similar across the fault
system, as shown from the Late Holocene slip rates during ~1.5-3.0 ka, i.e., ~2-5 mm/yr
both along the low-angle normal fault segment and the high-angle strike-slip fault
segment. As for the longer time scale (~6.0-10 ka), the throw rate from Pleasant Canyon
is comparable to long-term slip rates calculated at Manly Peak Canyon (Hoffman, 2009).
Previous studies at Manly Peak Canyon revealed evidence of offset debris flow (26.5 ±
3.8 m) on a 12.5 ± 1.4 ka surface (Late Pleistocene-Early Holocene). The horizontal
displacement results in a lateral slip rate of ~2-3 mm/yr, which is similar to the throw rate
during Early Holocene (~2-3 mm/yr) in this study. These observations suggest that there
are no temporal and spatial variations of throw and lateral slip rates along the PVFZ
during the Late Pleistocene to Holocene time.
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10. Tectonic Implications
Displacement analyses from this study provide a better understanding of the
Holocene fault kinematics and slip rates of the PVFZ. Slip along the PVFZ, north of the
fault geometry transition zone, is thought to have a regional maximum extension towards
310° (Walker et al., 2005). However, strain appears to be partitioned into different
directions along the PVFZ. In the north, oblique-normal displacement is oriented toward
300°, parallel to the Hunter Mountain fault (Andrew and Walker, 2009). Along the strikeslip fault in the south, Late Pleistocene-Holocene offset debris-flow channels at Manly
Peak Canyon suggest a horizontal slip vector of ~325° (Zhang et al., 1990; Hoffman,
2009), or more westerly towards ~320° if considering the extension component of the
normal fault segment that splayed near the main strike-slip fault (Walker et al., 2005).
Displacement reconstruction of the MRE at Manly Peak Canyon suggests a total
extension vector of 2.2 m towards ~310°. The MRE displacements at Goler Canyon
suggests a more northerly extension vector of ~2.5 m towards ~334° (Figure 28) which is
almost parallel to the strike of the fault, indicating dominant dextral slip along this
portion of the PVFZ in the Late Holocene. Though the extension vector in the Late
Holocene varies from the longer-term (Pleistocene-Holocene) slip vector, the
displacement analyses at both sites reveal consistent slip magnitude of 2-3 m that is
oriented oblique to the fault strike.
At the fault junction zone, Big Horn Canyon reveal long-term displacement
kinematics of 33 m towards ~322° (Figure 28), consistent with Late PleistoceneHolocene slip vectors. This suggest no temporal variation of the fault kinematics in this
portion of the fault system. The fault geometry at Big Horn Canyon comprising of both
normal and strike-slip fault segments suggests that this site may have captured the total
long-term slip of the central PVFZ.
North of the fault junction along the normal fault segments, the extension vectors
reconstructed at Happy Canyon and Pleasant Canyon are oriented towards ~310° (Figure
28). Similar kinematics are observed in the northern part of Panamint Valley at Jail
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Canyon (Choi, 2016). Though the orientation of the displacement kinematics is more
westerly compared to the south, the Late Holocene extension magnitude of 2-3 m is
comparable along the PVFZ. The new Late Holocene slip vectors along the PVFZ
suggest that the MRE involved movements from faults of different kinematics. This
correspondence suggests that during the last earthquake, there is a possibility that both
the normal-slip and strike-slip fault segments interacted and ruptured simultaneously.
New slip rates during the Late Holocene also appears to have been consistent
across the geometric boundary of the strike-slip and normal-slip fault segments. Both
horizontal and throw rates along the fault yield comparable rates of 2-5 mm/yr during the
Late Holocene. These observations indicate no slip gradient along the central and south
of the PVFZ. Additionally, this suggests that similar magnitude of cumulative slip is
distributed along the faults and that they were active during the last ~5 ka. According to
empirical scaling of past earthquakes using fault length (e.g., Brune, 1968; Hanks and
Kanamori, 1979; Wesnousky et al., 2008; Stirling et al., 2008, 2013), the minimum
rupture length of ~45-50 km of the MRE from Hall Canyon to the paleoseismic trench in
the south indicates an earthquake size with a moment magnitude of 6.9-7.2. However, it
is important to note that if the MRE extended further north of Hall Canyon and activated
the detachment in the north, resulting in a relatively larger slip area, then the earthquake
magnitude from this scaling might be underestimated.
This study provides an example of a single rupture that involved slip along a lowangle detachment and a high-angle strike-slip fault and that both structures remain active
in the Late Holocene. The activation of fault segments that exhibit different kinematics is
crucial for seismic hazard assessment. Recently, the M7.1 Ridgecrest earthquake on July
6th, 2019 (UTC) located to west of Searles Valley raises a possibility that this earthquake
may cause changes in stress conditions on structures in Panamint Valley. If both the lowangle and strike-slip fault along the PVFZ are activated, the earthquake can yield a larger
magnitude than expected due to interaction and triggering between the different fault
segments.
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Figure 28 Slip distribution and displacement vectors along the PVFZ. The slip
magnitude of the MRE is shown in the red box, by which solid outlines represent vertical
displacements and dash outlines represent horizontal displacements. Evidence of the
MRE along the different fault segments suggests that the rupture crossed the geometric
boundary of the high-angle strike-slip fault and the detachment. Alluvial fan sequence
and soil age at Middle Park Canyon (South) provide evidence of the penultimate
earthquake. Happy Canyon, Manly Peak Canyon, and Goler Canyon allow estimates of
displacement vectors from the MRE, whereas the displacement vector at Big Horn
Canyon reflects a relatively longer time scale slip (Late Pleistocene-Holocene).
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11. Conclusions
Utilizing high-resolution elevation model from drone survey and lidar dataset to
map surface ruptures along the PVFZ, results suggest that the most recent earthquake in
the Late Holocene ruptured across a geometrically complex fault system, consisting of
the low-angle detachment in the central and north and the high-angle strike-slip fault in
the south. Geomorphological observations of alluvial sequences with age constraints
from radiocarbon dating and soil chronosequence suggest 4-5 earthquake events within
~3-5 ka.; the MRE and the penultimate event correspond to the two youngest records in
the paleoseismic trench in the south (McAuliffe et al., 2013). Late Holocene
displacement kinematics along the strike-slip and normal-slip fault segments suggest
consistent 2-3 m of extension, by which the southern portion of the PVFZ reveal a more
northerly-oriented slip vector. Reconstruction of the extension vectors along different
portion of the PVFZ indicates that the MRE involved different fault kinematics, both the
normal- and strike-slip motion. Correlation of the MRE ruptures along the PVFZ suggest
a minimum rupture length of 45-50 km. The slip magnitude and minimum surface rupture
length suggest at least a moment magnitude 6.9 earthquake. Additionally, cumulative
displacements during the Late Holocene (<5 ka) yield consistent slip rates of 2-5 mm/yr
along both fault segments, and comparable with longer-term slip rates (Late PleistoceneHolocene) of the PVFZ. Evidence of the MRE in this study that ruptured across a
geometric boundary and its magnitude of slip demonstrate the importance of
characterizing surface ruptures along complex fault networks. The results provide an
important implication towards seismic hazard assessment due to the possibility of large
earthquakes occurring from fault systems that comprises of complex fault geometry.
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Table A1 Summary of Vertical Displacements along the Normal-slip Segment of the Fault
Transect

Throw (m)

Heave (m)

Dip Slip (m)
Mean
2σ

Mean

2σ

Mean

2σ

Hall Canyon
HALL_t01

1.0

0.2

0.6

0.3

1.2

0.3

Surprise Canyon
SC_t01
SC_t02
SC_t03
SC_t04

0.6
3.6
1.1
6.4

0.0
0.1
0.2
0.5

0.4
2.1
0.6
3.7

0.2
0.9
0.3
1.6

0.7
4.1
1.2
7.5

0.1
0.5
0.3
1.0

Happy Canyon
HAP_t01
HAP_t02
HAP_t03

2.8
7.9
9.6

0.1
0.2
0.5

1.6
4.6
5.6

0.7
2.0
2.5

3.2
9.2
11.1

0.4
1.1
1.6

Pleasant Canyon
PC_t01
PC_t02
PC_t03
PC_t04
PC_t05
PC_t06
PC_t07
PC_t08
PC_t09
PC_t10
PC_t11

1.7
2.1
0.3
1.2
0.6
0.8
2.3
2.0
1.0
0.8
19.9

0.1
0.1
0.1
0.2
0.2
0.1
0.1
0.2
0.2
0.1
0.6

1.0
1.2
0.2
0.7
0.4
0.5
1.4
1.2
0.6
0.5
11.6

0.4
0.5
0.1
0.3
0.2
0.2
0.6
0.5
0.3
0.2
4.8

2.0
2.4
0.4
1.4
0.7
0.9
2.7
2.3
1.2
1.0
23.2

0.3
0.3
0.1
0.3
0.2
0.2
0.4
0.3
0.3
0.2
2.6
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Middle Park Canyon (North)
MPN_t01
MPN_t02
MPN_t03
MPN_t04
MPN_t05
MPN_t06
MPN_t07

6.8
8.6
0.4
1.8
0.4
1.8
0.8

0.3
0.2
0.1
0.2
0.1
0.1
0.1

4.0
5.0
0.2
1.0
0.2
1.0
0.5

1.7
2.2
0.1
0.5
0.1
0.4
0.2

8.0
10.0
0.5
2.0
0.4
2.0
0.9

1.7
2.2
0.1
0.5
0.1
0.4
0.2

Middle Park Canyon (South)
MPS_t01
MPS_t02
MPS_t03
MPS_t05

2.46
4.25
5.92
10.26

0.05
0.07
0.13
0.21

1.44
2.49
3.45
6.01

0.61
1.04
1.47
2.56

2.86
4.94
6.87
11.93

0.35
0.56
0.85
1.49

South Park Canyon
SP_t1_01
SP_t1_02
SP_t1_03
SP_t1_04
SP_t1_05
SP_t1_06
SP_t1_07
SP_t1_08
SP_t1_09
SP_t1_10
SP_t1_11
SP_t1_12
SP_t2_01
SP_t2_02

3.95
0.51
0.55
0.26
0.82
0.46
0.28
1.62
0.58
1.00
1.40
3.36
4.11
0.90

0.11
0.07
0.04
0.02
0.03
0.02
0.03
0.06
0.04
0.04
0.05
0.10
0.12
0.04

2.29
0.30
0.32
0.15
0.48
0.27
0.16
0.95
0.34
0.59
0.81
1.97
2.40
0.52

0.58
0.13
0.14
0.07
0.20
0.11
0.07
0.40
0.15
0.25
0.35
0.85
1.04
0.22

4.57
0.60
0.64
0.31
0.95
0.53
0.33
1.89
0.67
1.17
1.62
3.91
4.78
1.04

0.36
0.11
0.09
0.04
0.12
0.06
0.05
0.24
0.11
0.15
0.22
0.52
0.64
0.14

93

SP_t2_03
SP_t2_04
SP_t2_05
SP_t2_06
SP_t2_07
SP_t2_08
SP_t2_09
SP_t2_10
SP_t2_11

0.63
0.30
0.16
0.95
0.98
1.50
2.13
0.85
0.41

0.02
0.01
0.02
0.06
0.15
0.06
0.08
0.04
0.02

0.37
0.18
0.09
0.56
0.57
0.88
1.25
0.50
0.24

0.16
0.08
0.04
0.25
0.26
0.38
0.55
0.22
0.11

0.73
0.35
0.18
1.11
1.13
1.74
2.48
0.99
0.48

0.09
0.04
0.04
0.17
0.23
0.24
0.34
0.14
0.07

Big Horn Canyon
BH_t01
BH_t02

6.25
2.22

0.20
0.11

3.67
1.30

1.60
0.59

7.28
2.58

1.00
0.39

Manly Peak Canyon
MAN_t01
MAN_t02
MAN_t03

1.4
1.7
8.0

0.1
0.2
0.4

0.8
1.0
4.7

0.4
0.4
2.1

1.6
1.9
9.3

0.2
0.4
1.3

Coyote Canyon
CY_t01

5.4

0.2

3.2

1.3

6.3

0.7

Goler Canyon
GOL_t01
GOL_t02

0.5
1.0

0.1
0.1

0.3
0.6

0.1
0.3

0.6
1.2

0.1
0.2

94

Table A2 Summary of Horizontal Displacements along the Strike-slip Segment of the Fault
Offset Marker

Horizontal Displacement (m)
Mean

Plus 2σ

Minus 2σ

Big Horn Canyon
BH_c01
BH_c02
BH_c03

30.2
28.9
29.6

0.6
6.8
10.4

7.8
3.4
4.6

Manly Peak Canyon
MAN_c01
MAN_c02
MAN_c03
MAN_c04

1.9
1.9
1.6
1.3

0.1
0.8
1.0
4.0

1.6
1.6
1.2
0.8

Goler Canyon
GOL_c01
GOL_c02
GOL_c03
GOL_c04
GOL_c05
GOL_c06
GOL_c07
GOL_c08

2.5
2.5
2.5
1.7
3.4
7.0
5.8
7.6

2.2
0.9
1.4
1.7
1.4
3.5
1.4
5.6

1.7
1.2
1.4
0.6
1.4
3.6
1.4
5.6
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Table A3 Radiocarbon Analyses of Detrital Wood at Happy Canyon

Sample number

Lab ID

Easting

Northing

δ13C

14C age
(yr B.P. ± 1 σ)

Calibrated
age (yr B.P. ±
2σ)

Sample material

481759

3991704

-19.7

600 ± 60

600 ± 70

juniper log, outer ring material

481759

3991704

-19.7

837 ± 44

740 ± 60

juniper log, inner ring material

481759

3991704

-21.0

1100 ± 60

1050 ± 125

wood flake

481540

3991635

-18.9

390 ± 30

470 ± 20

juniper log, outer ring material

Qf4a fan cut by fault scarp
EKPV02-5a
(PV-C01)
EKPV02-5_2009

GX-30162

EKPV02-5b

GX-30163

Qf4a fan overlapping fault
EKPV2016-log
(PV-C02)

Beta-442425

350 ± 30

Note: Coordinates are UTM Zone 11N. Citation for calibration - Cite as: Stuiver, M., Reimer, P.J., and Reimer, R.W., 2019, CALIB 7.1 [WWW
program] at http://calib.org, accessed 2019-9-1

