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ABSTRACT

The Walker Lane is a region of diverse tectonic activity situated along the Pacific-
North American plate boundary. Unmapped and under characterized faults within the
northern Walker Lane are associated with large uncertainties in the location and
frequency of potential earthquakes in the greater Reno, Nevada metropolitan area.
Mapping of primary and secondary earthquake features in post-event studies help
understand the location of faulting and amount of damage associated with earthquakes in
the central Walker Lane.

Two fault systems in the northern Walker Lane are the Petersen Mountain fault
located in the North Valleys region of Reno, and the Bonham Ranch fault in the Smoke
Creek Desert of Pleistocene Lake Lahontan in the northern Walker Lane. A paleoseismic
trench was excavated across the Petersen Mountain fault to document evidence for
faulting and determine the timing of earthquake events. Optically stimulated
luminescence dating methods were applied to faulted alluvial fan deposits exposed in the
trench. For the Bonham Ranch fault, Uncrewed Aerial Vehicle (UAV) flight surveys
were conducted in three locations to investigate differences between topographic scarps
formed by tectonic displacement and shoreline processes. Cross cutting relations
between the different scarp types combined with stratigraphic observations from outcrops
were used to assess the timing of tectonic displacement across the fault.

Additionally, UAV surveys were conducted during post-earthquake rapid
response reconnaissance in the central Walker Lane immediately following the 15 May
2020 M6.4 Monte Cristo, Nevada and 8 July 2021 M6.0 Antelope Valley, California

earthquakes. The drone flights assisted ground crews in determining where to look for



surface rupture, earthquake secondary effects, and associated damage. These data
provided insight into the amount and style of surface deformation immediately following
the earthquake events, and the locations of faulting in the central Walker Lane.

These studies help answer questions pertaining to the locations and effects of
earthquakes in these regions. By incorporating UAV technology into tectonic studies, hi-
res aerial images for mapping and Structure From Motion models can be created, and
result in a permanent archive of post-earthquake surface damage as well as provide
means to measure paleo and modern surface rupture offsets applicable to seismic hazard

characterization.
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INTRODUCTION

In the Walker Lane, approximately 15-25% of the Pacific-North American plate
boundary strain is accommodated east of the Sierra Nevada through a combination of
normal oblique slip on the Sierra Nevada frontal fault system, dextral slip along
northwest trending faults in the northern Walker Lane, and oblique normal slip on north
trending faults along the western margin of the Basin and Range province (Faulds et al.,
2005, Wesnousky, 2005; Hammond et al., 2011). However, timing and recurrence of
past earthquakes along many faults the region is uncertain, contributing to uncertainties
in seismic hazard models and assessment of seismic risk to regional communities.

North of Reno, Nevada dextral shear is transferred from the Sierra Nevada
rangefront across a right step (through a region known as the North Valleys) to the
Walker Lane defined by the left-stepping Pyramid, Warm Springs Valley, and Honey
Lake faults. The North Valleys consist of a series of north-striking east dipping faults
including the Last Chance, Petersen Mountain, Fred’s Mountain, and Spanish Springs
Valley faults. Geodetic studies indicate that up to 7 mm/yr of dextral shear is distributed
across the northern Walker Lane (Hammond et al., 2011) in the vicinity of Reno
decreasing to about 4-5 mm/yr near Honey Lake Valley (Bormann, 2013). Geodetic
studies of the North Valleys estimate that north striking faults collectively accommodate
0.9-1.2 mm/yr of extension and <0.3 mm/yr of dextral slip (Bormann, 2013). Right
oblique displacement has been documented along north-trending normal faults within the
North Valleys, as well as along faults northeast of the Walker Lane including the Dry
Valley-Smoke Creek, and Bonham Ranch fault zones (Weick, 1990; Bell and Ramelli,

2009; De Masi et al., 2021).



Studies along these faults of Pleistocene age help to provide constraints on the
number, timing, and recurrence of late Pleistocene earthquakes. For the Pyramid Lake
fault, Briggs et al. (2004) determined that at least four earthquakes have occurred since
the desiccation of Lake Lahontan (~15 ka) using elevations of high stand shorelines, and
recent trenching along the Warm Springs Valley fault, indicate the occurrence of three to
four late Pleistocene earthquakes with an inferred recurrence of 2,500-3,000 yrs (Chupik
etal., 2021). A study by Adams et al. (2008) compared spatial-temporal relationships
between shoreline elevation records in the Lahontan basin to consider if lake-level
fluctuations across the Pleistocene-Holocene controlled the distribution of archaeological
sites, as fluctuating shorelines indicate a change in either climate or changes in rate of
tectonics. While this body of research does not look at changes of shoreline elevations
directly, a part of this research is to distinguish fault scarps from shorelines and to use
known shoreline elevation highstands as age control for the timing of fault scarp
formation.

The central Walker Lane, another region with frequent earthquakes in this study,
is located south of Reno, NV and accommodates dextral shear between the eastern Sierra
Nevada and westernmost Basin and Range provinces (Bennett et al., 1999). Geodetic
measurements record ~7-8 mm/yr of northwest directed dextral shear (Hammond &
Thatcher, 2007; Hammond et al., 2011). The central Walker Lane contains the Mina
Deflection, an area of diffuse seismicity with earthquakes commonly occurring on left-
lateral faults (Ryall and Priestly, 1975). The Mina Deflection is the location for the
epicenter of the Monte Cristo Range earthquake, one of two earthquakes documented in

this study. The Monte Cristo Range earthquake occurred within a spatial gap between



major historical surface rupturing earthquakes to the northeast and south (Beanland and
Clark, 1994; Bell et al., 1999). North of the Mina Deflection, near Topaz Lake, is the
location for the Antelope Valley earthquake. The epicenter was located in a southwestern
sub-basin of Antelope Valley, CA along the south end of Slinkard Valley fault, an east-
dipping normal fault with a slip rate of ~.5 mm/yr (Pierce, 2019). The success of
previous studies in obtaining slip rate and earthquake recurrence intervals has been
motivation for the fault studies in this dissertation. Several other faults are within the 30
km-80 km seismic hazard zone within the Reno-Sparks metropolitan area (Andersen et
al., 2018). Targeted faults addressed in this dissertation are the Petersen Mountain fault
and Bonham Ranch fault. The Petersen Mountain and Bonham Ranch faults are located
in fault zones that seem to exhibit both normal and transform motion, thus increasing our
knowledge on where and when earthquakes occur and their role in the tectonic
development of faulting in the northern Walker Lane region of the Pacific-North
American Plate boundary.

Multiple methods were used to gather information for determining the earthquake
history along the faults in this research. Field mapping, trenching methods, use of UAS,
and OSL dating and relative dating methods were applied to the three projects that make
up this body of work. The data acquired for this dissertation answers questions related to
where and when earthquakes occur, the topographic and morphological differences
between shorelines and fault scarps, and how this research can reduce the risk and toll of

geohazards.



Chapter 1 Summary

Chapter 1 titled, “Early development of strike-slip faulting: Paleoseismic study
along the Petersen Mountain fault, northern Walker Lane, Nevada”, is a paleoseismic
study that takes place in the northern Walker Lane. The Petersen Mountain fault is in the
North Valleys region north of Reno, Nevada. It was previously mapped as a normal fault.
Results from this study based on trenching indicate that alluvial fan and boulder deposits
have been juxtaposed laterally along the fault. OSL dates indicate a difference in age for
units on either side of the fault and place at least one earthquake as having occurred in the
late Pleistocene. Work from this chapter was published and presented:

1. 2021: De Masi, C., Koheler., R., Dee., S., and Keen-Zebert, A., 2021, Early
development of strike-slip faulting: Paleoseismic study along the Petersen
Mountain fault, northern Walker Lane, Nevada, Journal of Quaternary Science. p
1-12.

2. 2019: Koehler, R.D., Deg, S., and De Masi, C., 2019, New Lidar Mapping and
Paleoseismic Characterization of the Petersen Mountain Fault Zone, North of
Reno, NV, Final Technical Report, U.S. Geological Survey National Earthquake
Hazards Reduction Program (Award # G18AP00007).

3. 2019: De Masi, C., Koehler, R.D., Deeg, S., Chupik, C., Castillo, C., Kleber, E.,
and Keen-Zebert, A., 2019, New observations on the paleoseismic history and
sense of slip along the Petersen Mountain fault, north western Nevada. Presented
at the Cordilleran section meeting of the Geological Society of America, Portland,

OR, May 16, 2019.



4. 2019: De Masi, C., Koehler, R.D., Deg, S., Chupik, C., Castillo, C., and Kleber,

E., 2019, Paleoseismic trench investigation of the Petersen Mountain fault, North

Valleys-Reno, Nevada. Presented at the annual meeting of the Seismological

Society of America, Seattle, WA, April 23-26, 2019.
Chapter 2 Summary

Chapter 2 is titled, “Deciphering shorelines from scarps: Drone modeling and
paleoseismic investigation of the Bonham Ranch Fault Zone, North of Reno, Nevada”.
For this study, the types of landforms distributed along the Bonham Ranch fault were
assessed to evaluate the timing of earthquakes, important for better understanding the
faults earthquake potential. The Bonham Ranch fault is in the Smoke Creek Desert of
Pleistocene Lake Lahontan in the northern Walker Lane, an area of active normal
faulting. Several drone surveys were conducted along the fault to model and assess the
origin of topographic scarps. Stratigraphic analysis with comparison studies were
conducted to determine the differences between fault scarps and shoreline features such
as wave-cut terraces. Previously reported ages associated with highstand levels of the
paleoshorelines, cross cutting relations with faults, and tephra deposits were used to
evaluate the timing of earthquakes. Based on these comparisons, there has been at least
one earthquake along the Bonham Ranch fault that post-dates the Younger Dryas
shoreline (~12 ka) and likely post-dates the Neopluvial period shorelines of mid-
Holocene age. Work from this project was presented:

1. 2021: De Masi, C., and Koehler, R.D., 2021, Deciphering shorelines from scarps:

Fault trace mapping and paleoseismic investigation of the Bonham Ranch Fault



Zone, North of Reno, Nevada. Presented at the Cordilleran Online section
meeting of the Geological Society of America, Reno, NV, May 121-14" 2021,
2. 2021: De Masi, C., 2021, Unmanned Aerial Vehicle mapping and paleoseismic
investigation of the Bonham Ranch Fault Zone, North of Reno, Nevada. Presented
at the Association of Environmental and Engineering Geologists Great Basin
Chapter Student Night Reno, NV, 8 April 2021.
Chapter 3 Summary
Chapter 3 is titled, “The application of Uncrewed Aerial Systems (UAS) in post-
earthquake ground deformation surveys: Examples from the M6.4 Monte Cristo, Nevada
and M6.0 Antelope Valley, California earthquakes”. This chapter describes details on the
use and application of UAS and UAVs in post-earthquake disaster rapid response
surveying including drone flight mission specifications and model processing methods.
Results from this chapter provide information on the amount and style of surface
deformation with the use of UAV imagery and DTM models for the Monte Cristo Range
earthquake, as well as the distribution of secondary effects found within a landslide from
the Antelope Valley earthquake. Work from this project was incorporated into a regional
rupture map compilation and published and presented:
1. 2021: In review, dePolo, C., and De Masi, C., Editor for volume Koehler, R.D.,
Photo-Documentation of the Damage and Effects Caused by the May 15, 2020
Monte Cristo Range, Nevada Earthquake, Nevada Bureau of Mines and Geology
Special Publication.
2. 2021: In progress for publication, De Masi, C., and Koehler, R.D., The

application of Unmanned Aerial Systems in post-earthquake ground deformation



surveys: Use of UAS for the M6.4 Monte Cristo, Nevada and M6.0 Antelope
Valley, California earthquakes..Considering submission to online journal
Frontiers of Remote Sensing.

3. 2021: Dee, S., Koehler, R.D., Elliott, A.J., Hatem, A.E., Pickering, A.J., Pierce, 1.,
Seitz, G.G., Collett, C.M., Dawson, T.E., De Masi, C., dePolo, C.M., Hartshorn,
E.J., Madugo, C.M., Trexler, C.C., Verdugo, D.M., Wesnousky, S.G., and
Zachariasen, J., Surface Rupture Map of the 2020 M6.5 Monte Cristo Range
earthquake, Esmeralda and Mineral counties, Nevada. Nevada Bureau of Mines
and Geology Map 190, 2 sheets, scale 1:14,000, 26 p.

4. 2021: Motamed, R., Ryan, M., Lambeth, G., Toth, J., Parks, M., Garcia, F.,
Bassal, P.C., Pease, J., and Koehler, R.D., and De Masi, C., as contributor, 2021,
Preliminary report on geotechnical aspects of the May 15th 2020 magnitude 6.5
Monte Cristo Range Earthquake in Nevada, Geotechnical Extreme Events
Reconnaissance, Report GEER-71.
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Chapter 1

Early development of strike-slip faulting:
Paleoseismic study along the Petersen Mountain fault, northern Walker Lane, Nevada

Conni De Masi?, Rich Koehler!, Seth Dee!, and Amanda Keen-Zebert?
tUniversity of Nevada Reno, Nevada Bureau of Mines and Geology, and ?Desert

Research Institute
Abstract

Characterizing youthful strike-slip fault systems within transtensional regimes is
often complicated by the presence of tectonic geomorphic features produced by normal
faulting associated with oblique extension. The Petersen Mountain fault in the northern
Walker Lane tectonic province exhibits evidence of both normal and strike slip faulting.
We present results of geologic and geomorphic mapping, and paleoseismic trenching that
characterize the fault’s style and sense of deformation. The fault consists of two major
traces. The western trace displaces colluvial, landslide, and middle to late Pleistocene
alluvial fans and is associated with aligned range front saddles, linear drainages, and
oversteepened range front slopes. The eastern trace is associated with a low linear
bedrock ridge, a narrow graben, right deflected stream channels, and scarps in late
Pleistocene alluvial fan deposits. A trench on the eastern trace of the fault exposed a
clear juxtaposition of disintegrated granodiorite bedrock against sand and boulder alluvial
fan deposits across a steeply east dipping fault. The stratigraphic evidence supports the
occurrence of at least one late Pleistocene earthquake with a component of lateral
displacement. As such, the Petersen Mountain fault accommodates part of the ~7mm/yr

of dextral shear distributed across the northern Walker Lane.
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1. Introduction

The evolution of continental transform systems is complex due in part to inherited
pre-existing structures and the partitioning of deformation on faults with various
orientations and sense of motion (e.g. Peltzer and Tapponier, 1988; Wilcox et al., 1973).
In California and western Nevada, both dip-slip and lateral motion is accommodated on
faults within the San Andreas fault system (Castillo and Ellsworth, 1993; Kelsey and
Carver, 1988; Hornafius et al., 1986), as well as the Walker Lane and Eastern California
Shear Zone (Sturmer and Faulds, 2018; Dixon and Xie, 2018; Trexler, 2000; Faulds and
Henry, 2008; Wesnousky, 2005a; 2005b; Schermer et al., 1996; Richard 1993). These
studies highlight activity on variably oriented faults within regions of right-lateral shear.
Wesnousky (2005b) attributed the relatively more complex, discontinuous and broader
system of faults composing the Walker Lane to lower cumulative slip, as compared to the
San Andreas fault, and a component of extensional motion. In a study of the 2013 M7.7
Balochistan, Pakistan earthquake, Barnhart et al. (2015) noted that slip was purely strike-
slip along a dipping fault associated with tectonic geomorphic evidence of long-term
reverse faulting. Based on these observations, Barnhart et al. (2015) proposed a bimodal
slip model in which individual earthquakes may alternate between dip-slip and strike-slip
kinematics. A fundamental question is whether strike-slip faulting can occur along
dipping faults in transtentional environments (i.e. Walker Lane) and how this faulting
contributes toward the kinematic evolution of youthful or incipient strike-slip fault
systems. Do previously existing normal faults provide a pathway for lateral deformation?

The Petersen Mountain fault in the northern Walker Lane is ideally located to examine
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these ideas given its location within a zone of many variably oriented faults within a
region of right lateral shear.

The 25-km-long Petersen Mountain fault system bounds the eastern side of
Petersen Mountain north of Reno, NV within the northern Walker Lane and extends from
Cold Springs Valley in the south to Red Rock Valley in the north (Figures 1 and 2). The
system consists of two subparallel traces (herein referred to as the Western and Eastern
Petersen Mountain faults) which are part of a series of east dipping, north-striking faults
that bound basins known as the North Valleys. At the latitude of the North Valleys,
approximately 15-25% of the Pacific-North American plate boundary strain is
accommodated east of the Sierra Nevada through a combination of normal oblique
(dextral) slip on the Sierra Nevada frontal fault system and dextral slip along faults in the
northern Walker Lane (Hammond et al., 2011; Wesnousky, 2005; Faulds et al., 2005;

Ramelli et al., 2005).

Faults in the North Valleys, including the Spanish Springs Valley, Lemon Valley,
Granite Hills, Fred’s Mountain, Petersen Mountain, and Last Chance faults represent a
distributed system of faults that accommodate oblique extension and vertical thinning and
have been interpreted as a trailing imbricate fan system (Faulds et al., 2005). The North
Valleys are bound on the north by the northwest-trending dextral Honey Lake and Warm
Springs Valley faults and on the south by the Peavine Peak fault, a northwest-trending
normal oblique (dextral) slip range front fault that represents the northern continuation of

the Carson Range/Mount Rose fault system. Based on these geometric relations, Koehler
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(2019) inferred that the North Valleys faults may play a role in transferring oblique slip

from the Sierra Nevada range front to strike-slip faults of the northeastern Walker Lane.

Geodetic studies indicate that up to 7 mm/yr of dextral shear is distributed across
the northern Walker Lane and primarily accommodated along the left-stepping Pyramid
Lake, Honey Lake, and Warm Springs Valley faults (Hammond et al., 2011). Geodetic
studies of the North Valleys estimate that north-striking faults collectively accommodate
0.9-1.2 mm/yr of extension and <0.3 mm/yr of dextral slip, with the Petersen Mountain
fault accommodating ~0.4 mm/yr of extension and 0.1 mm/yr of dextral slip (Bormann,
2013). Geologic and paleoseismic studies indicate that faults within the North Valleys all
exhibit evidence of Quaternary deformation and are characterized by low slip rates and
distributed deformation (Koehler, 2019; Dee et al., 2018; Cordy 1987; Nitchman, 1991;
Soeller and Nielson, 1980; Bell, 1984). The Petersen Mountain fault is associated with
over 500 m of vertical relief along the eastern side of Petersen Mountain (a west tilted fault
block), scarps that cut late Pleistocene alluvial surfaces, triangular facets, and aligned
springs. Both traces of the Petersen Mountain fault are recognized as active faults in the
U.S. Geological Survey Quaternary fault and fold database and are included as sources in
the 2014 update of the National Seismic Hazards Model (Petersen et al., 2014). Within the
North Valleys as a whole, geologic information on the timing of earthquakes, recurrence,

and slip rates are sparse and the style and distribution of strain is not yet fully resolved.

The purpose of this study is to assess the style of faulting and paleoseismic history
of the Petersen Mountain fault. To this end, we conducted geologic, geomorphic, and

fault trace mapping, paleoseismic trenching, and geochronologic studies along the
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Eastern Petersen Mountain fault. The results are discussed in the context of the fault’s
role in the kinematic evolution and strain partitioning within the Walker Lane and
suggest that the fault has accommodated both normal and lateral displacement in the late

Pleistocene.

1.1. Previous studies along the Petersen Mountain fault

The Petersen Mountain fault has been previously mapped by Dohrenwend et al.
(1996), Nitchman (1991), Soeller and Nielsen (1980), Bell (1984), and Bonham (1969).
These maps were primarily reconnaissance fault trace mapping at small scales and were
compiled for the USGS Quaternary Fault and Fold Database (USGS, 2006). In general,
these maps all describe the Petersen Mountain fault as two primary east dipping normal
faults including a western trace that bounds the eastern side of Petersen Mountain and an
eastern trace that extends along the eastern side of an unnamed north-trending bedrock
block (herein referred to as Porcupine Ridge). The relative age of Quaternary deposits
was only coarsely divided on these maps and only limited information on the age of

deformation along the fault was described.

A reconnaissance study of active deformation along the Petersen Mountain fault
was conducted by the Nevada Bureau of Mines and Geology in the early 1990’s
(Nitchman, 1991). That study identified a 2.8-m-high scarp in late Pleistocene lacustrine
deposits along the southern part of the fault in Cold Springs Valley. A small hand dug
trench excavated across this scarp identified two steeply east dipping fault planes and a
juxtaposition of sand against warped lacustrine deltaic strata. Although the Nichman

(1991) study suggests the occurrence of at least one late Pleistocene earthquake, absolute
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ages of the faulted deposits were not determined and comprehensive mapping of active
fault traces along the length of the fault were not conducted. Nitchman (1991) also
identified a ~3-m-high scarp along the central part of the fault zone but did not study it in
detail. Koehler (2019) revisited this scarp and estimated a reconnaissance vertical slip
rate of 0.01-0.06 mm/yr assuming normal fault displacement and a broad age range for

the displaced surface of 50-175 ka.

2. Methods

Fault traces, Quaternary deposits, and tectonic geomorphic features along the
Petersen Mountain fault were mapped in the field aided by lidar data and satellite
imagery. The USGS STATEMAP program supported 1:24,000 scale geologic mapping
of the Granite Peak 7.5’ quadrangle which covers most of the Petersen Mountain fault
trace (Dee, 2019). Lidar data utilized for this project are part of a 2018 dataset acquired
for the Reno Carson City Urban area, partially funded by the USGS 3DEP program
(Digital Aerial Solutions, 2018). Within the Petersen Mountain fault study area these
data have an Aggregate Nominal Pulse (ANPS) spacing of 0.7 m (QL2) and were used to
produce a 1m DEM and derivative bare-earth hillshade basemaps for field mapping. The
lidar data can be viewed online

http://nbmg.maps.arcgis.com/apps/webappviewer/index.html?id=2eb0b527ab8h47c8ble

09323aff14a04.

The trench was excavated, cleaned, and mapped using standard methods. A
reference string grid was installed using a Spectra Precision LL300N auto level. Photos

of the trench walls were used to develop trench photomosaics using methods modified


http://nbmg.maps.arcgis.com/apps/webappviewer/index.html?id=2eb0b527ab8b47c8b1e09323aff14a04
http://nbmg.maps.arcgis.com/apps/webappviewer/index.html?id=2eb0b527ab8b47c8b1e09323aff14a04
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from Reitman et al. (2015). The photomosaics were printed with a 1-meter grid for field
logging. A fault scarp profile was extracted from the lidar DEM’s at the trench site using
ArcMap. Soils developed into both the hanging wall and foot wall were described based
on methods and terminology outlined in Birkeland (1999). Samples of soil horizons were
analyzed for particle size distribution at the Desert Research Institute. A DJI Mavic Pro

drone survey was conducted at the trench site to generate low altitude images of the site.

Sediment ages were determined through analyses of six Optically Stimulated
Luminescence (OSL) samples collected from the trench wall. Stratigraphic units sampled
include Units 1, 2, 3, 4, and 8. We targeted quartz sand distributed throughout the trench
and on both sides of the fault zone. Samples were collected by tube and block sampling
procedures in areas void of bioturbation to the best extent possible following Gray et al.
(2015). Lab preparation and data analyses were completed at the Desert Research
Institute Luminescence Laboratory (DRILL). Samples were treated to isolate 180-250
um quartz and then treated with hydrofluoric acid to remove the outer a-irradiated rim of
the grains. Samples were measured using a modified single-aliquot regenerative-dose
(SAR) protocol with an IR check (Murray and Wintle, 2000). We then used the central

age model (CAM) and minimum age model (MAM) to estimate the age of the deposits.

3. Results
3.1. Mapping observations, geometry and kinematics of faults

The Western Petersen Mountain fault (WPMF) strikes generally north-south
along the eastern range front of Petersen Mountain, dips to the east (>70°, locally

vertical), and is associated with several shorter bedrock splays and basin bounding step-
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overs ranging in strike from N45E to N20W (Figures 2 and 3). The southern part of the
WPMF in Cold Springs Valley consists of a singular trace along the base of an over
steepened range-front escarpment and juxtaposes bedrock against latest Pleistocene-
Holocene alluvial fan deposits and basal colluvium. North of Cold Springs Valley, the
WPMF continues along the range front and makes a 1.4 km right step to the western edge
of a broad intermountain catchment (Dee, 2019) (Figure 4). In this area, the fault is
characterized by aligned springs, triangular facets, and scarps that displace Quaternary
alluvial fan surfaces, landslide deposits, and basal colluvial slopes (Figures 3 and 4).
North of the catchment, the WPMF passes through a low bedrock pass and extends along
a 500 m high faceted range front with local antithetic strands to Red Rock Valley. There
the WPMF is characterized by aligned springs and scarps across middle Pleistocene
alluvial fans and landslide deposits (Figures 3 and 4).

The Eastern Petersen Mountain fault (EPMF) extends from several kilometers
south of and along the eastern side of Porcupine Ridge to Lee’s Flat (Figure 3) and
consists of several strands distributed across a >1-km-wide zone. Individual strands of
the EPMF range in strike from N10E to N35W, with dips on east and north east dipping
strands ranging from 54° to 87°. Along the southern part of the EPMF, several of the
fault strands are characterized by aligned springs and scarps in late-Pleistocene alluvial
fan and landslide deposits. A seasonal stream channel in this area has an apparent right
deflection (Figure 5). Along the eastern side of Porcupine Ridge, strands of the fault
form a 0.5 km wide graben associated with a 110-m-deep linear valley and displace

middle Pleistocene alluvial fans (Dee, 2019). Slickenlines documented on bedrock fault
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planes along the EPMF plunge 9° to 19° southeast consistent with down-to-the-east

dextral oblique fault motion (Figure 4B).

The geologic map relations provide constraints on the sense of displacement
along the two fault strands. Long term late-Cenozoic normal displacement across the
WPMF is demonstrated by the high relief of Petersen Mountain range front (>500 m) as
well as the accumulation of Miocene sediments to the east that were likely deposited into
a basin controlled by early displacement along the fault (Dee, 2019) (Figure 2). Thisis in
contrast to the EPMF which only bounds a small basin along a short length adjacent to
Lee’s Flat (Figure 3). South of Lee’s Flat the EPMF is flanked on both sides by an
elevated bedrock erosion surface that does not have a consistent sense of displacement

across the fault, and commonly the elevation of the surface is equivalent on both sides.

3.2. Petersen Mountain trench site

Based on our lidar evaluation and field mapping, we confirmed the presence of a
~3-m-high fault scarp along a strand of the EPMF (Figures 4, 5, and 6A). We excavated
a trench (39.7828°N, 119.9411°W) across the scarp immediately south of a dirt road,
approximately 3.5 km south of Red Rock road on BLM land.

The scarp has a general north-south trend and cuts a late Pleistocene alluvial fan
deposit (Figures 4, 6B, and 6D). Koehler (2019) previously characterized the surface cut
by the scarp as a Quaternary/Tertiary pediment surface incised by active alluvial fans
based on the presence of isolated low bedrock outcrops distributed across the surface
west of the scarp. Subsequent more detailed mapping (Dee, 2019) indicates that the

surface is better characterized as a late Pleistocene alluvial fan based on its flat interfluve
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morphology and relative degree of incision (~10 m along the main active wash). The

surface contains boulders of granodiorite (Kgdp) up to 1 meter in diameter.

The scarp at the trench site has been isolated from deposition since incision by
east draining stream channels and Holocene alluvial fans. Apparent right-deflection of a
channel is evident south of the trench in the lidar hillshade (Figures 5 and 6C). South of
this apparent stream deflection the fault projects through a linear valley and across a low
saddle. In the vicinity of the trench site, the EPMF consists of at least three strands
(Figure 4). North of the trench the strand we trenched splits into two splays, one that
projects into Porcupine Ridge as a bedrock fault and linear trough (Figure 6B), and
another that extends along the eastern side of Porcupine ridge as a graben in a linear
valley with down-dropped middle Pleistocene fans (Figures 3 and 4). The WPMF is
approximately 0.75 km west of the trench where it is associated with prominent linear

scarps in fan and colluvial deposits, aligned springs, and benches.

3.3. Trenching observations and stratigraphic framework

A log of the trench exposure as well as un-interpreted and interpreted
photomosaics of the Petersen Mountain fault trench are shown in Figure 7 and Appendix
B. Ten stratigraphic units were identified within the trench. Both the north and south
walls of the trench exposed the same units laterally and vertically in the footwall and
hanging wall (Appendix B Table 1). Two distinct soil profiles are evident in the
exposure with the footwall soil being more developed than the soil developed into the

hanging wall (Figure 8 and Appendix B Table 2).
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The basal unit exposed in the footwall (Unit 6) consists of massive medium to
coarse-grained sand, interpreted as completely disintegrated (grussified) bedrock which
has discontinuous oxidation stringers. Microscopic analysis of hand samples of Unit 6
indicate that grains are largely angular quartz, plagioclase, orthoclase, biotite and
hornblende minerals with a compositional distribution consistent with the local diorite
bedrock that outcrops directly southwest of the trench. Unit 6 is unconformably overlain
by Unit 7, a thin medium to coarse grained sand with imbricated cobbles of granitic and
volcanic composition up to 20 cm in diameter. A fining upward sequence of sand with
trace pebbles and cobbles (Unit 8) overlies Unit 7. A well-developed soil (Units 9 and
10) is developed >80 cm into Unit 8 and includes a prominent 23 cm thick reddish-brown
sandy clay argillic horizon with high clay percent and coarse angular blocky structure
(Figure 8). The reddening color of the footwall soil is attributed to iron minerals
inherited from the underlying granodioritic bedrock that oxidize under the influence of

groundwater.

The basal deposit in the hanging wall (Unit 1) is a poorly sorted fine to coarse-
grained loamy sand with gravel and sub-rounded pebbles and cobbles. Unit 2 overlies
Unit 1 and consists of medium- to coarse-grained sand with imbricated sub-rounded to
rounded boulders that is 1.5 to 2 m thick and weakly bedded. The cobbles and boulders
in Units 1 and 2 are disintegrated and have a quartz diorite composition and do not
correlate with units exposed in the footwall. Unit 2 is buried by silty sand with trace
cobbles (Unit 3). A weakly developed soil (Units 4 and 5) has developed into the

hanging wall deposits and consists of loamy sand with a gray 20-cm-thick cambic B
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horizon with low clay percent and medium subangular blocky structure (Figure 8).
Buried soils and colluvial wedges were not observed in the hanging wall deposits. The
relatively uniform thickness and bedded nature of the deposits is consistent with alluvial

deposition.

We interpret the footwall package as a bedrock strath or pediment surface
overlain by sandy alluvial fan deposits. The high clay percent, red color of the argillic
horizon, and depth of the soil developed in the footwall suggests a late Pleistocene age
for the surface. This age is consistent with Dee (2019) who inferred a late Pleistocene
age for intermediate aged (Qfi) alluvial fans distributed across the trench site. The
hanging wall package is interpreted as sand and boulder alluvial fan deposits. The low
clay percent and gray color of the cambic B horizon, as well as the relatively shallow
depth of development of the hanging wall soil suggests a latest Pleistocene-Holocene age

for the surface.

Disintegrated bedrock Unit 6 in the footwall is juxtaposed across a steeply east-
dipping well-defined fault against boulder alluvium (Unit 2) of the hanging wall (Figures
7, 8D, and 8E). The relation between Unit 8/9 (footwall) and Unit 3/4 (hanging wall)
across the fault is ambiguous, however the different texture (sandy clay and loamy sand,
respectively) and degree of soil development in these deposits, as well as subtle shears
suggest that they may also be juxtaposed across the fault. Alternatively, these deposits
could represent a continuous deposit across the scarp. The fault has an orientation of

335°/55°NE. A wide shear zone extends 10 m west from the main fault with faults and
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fractures that strike roughly north-south, dip eastward between 52° and 80°, and

propagate through the disintegrated bedrock (Appendix B).

3.4. Age of sediments

The OSL age results are shown in Table 1. Graphs of CAM age as a function of
water content, and the weighted histogram and kernel density estimate plots produced by
R-Luminescence package for each PMF sample are provided in Appendix A
Supplementary Data. MAM was applied to sample PMF001 based on a high
overdispersion initially run with the central age model. All other samples passed the less
than 25% overdispersion criteria using CAM. The OSL age in Table 1 and radial plot for
PMF001 are from the minimum age model. Laboratory analyses showed that all samples
were near or at the luminescence saturation limit. Locations of samples are shown with
OSL ages on the fault trench log in Figure 7.

The temporal accuracy of ages determined by OSL analysis is limited by the
effects of saturation, partial bleaching, and bioturbation/mixing among other factors
(Batemen et al., 2007). The results from the OSL age models for samples PMF002 (28
ka), PMF004 (32 ka), PMFO005 (28 ka), and PMFO006 (20 ka) were expected and suggest
that grain transportation was in a fluvial environment allowing for the grains to be
relatively well sorted and fully bleached. This is reflected in the narrow distribution of
grain luminescence in the radial plots found in Appendix A. The radial plots for samples
PMF001 and PMF003 displayed a greater distribution in grain luminescence, as well as
grain luminescence populations seen in the histograms in Appendix A, indicating partial

bleaching and mixing with modern soil. Sample PMF001 was collected in fine sand



23

(Unit 8) suggesting a sheet wash- alluvial fan environment which is consistent with field
observations. Sample PMF003 had the most grain luminescence populations and largest
distribution of luminescence typical with partially bleached grains. PMF003 was
collected at the base of Unit 4, a sandy soil, within proximity to the surface allowing for
bioturbation. The extremely young age for sample PMF003 (~3 ka) likely reflects partial

bleaching related to mixing in the pedoturbation zone (Figure 8a and 8b).

The ~10-20 ka age determined for the sandy alluvial deposits near the surface (but
beneath the pedoturbation zone) in both the footwall and hanging wall suggests a late
Pleistocene age for the surfaces. This age is consistent with ages determined elsewhere

for intermediate Qfi alluvial fan deposits in the region (Dee et. al., 2018).

4. Discussion

4.1. Characteristics and timing of faulting

Stratigraphic and structural relations exposed in the trench show juxtaposition of
sand and boulder alluvial fan deposits (Units 1, 2, and 3) against disintegrated bedrock
and alluvial fan deposits (Units 6, 7, and 9). Soils with different pedogenic properties are
also juxtaposed across the fault, however, clear fault planes have been obscured by soil
processes (Figures 7 and 8). The boulder alluvium (Unit 2) is identical to sediments
exposed in the channel north of the trench suggesting that this deposit was brought to its
current position through right-lateral faulting. The relations considered with the
existence of an east-facing scarp suggest the occurrence of at least one earthquake
characterized by oblique lateral displacement. We propose two alternative possibilities

for the age of faulting. First (Scenario 1), that faulting postdates the age of the soil
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developed in the footwall evidenced by the juxtaposition of soils across the fault. A
second possibility, (Scenario 2), based on similar compositional characteristics of sandy
alluvial fan deposits (Unit 8/9 on the footwall and Unit 3/4 on the hanging wall) is that
these units bury the fault indicating that faulting occurred prior to their deposition but
after the deposition of the boulder alluvial fan deposit (Unit 2). If true, this would
suggest that the differences in soil development and deposit texture across the scarp may
be more a reflection of parent materials and less of an indication of relative age (i.e. the
red soil on the footwall reflects the influence of the iron rich granodioritic material below
the B horizon). Furthermore, this suggests alluvial fan sheet deposition across an existing
gentle fault scarp. A schematic diagram showing these alternatives is shown in Figure
9A. In either case, faulting occurred in the late Pleistocene.

Multiple constraints on the age of faulting can be inferred from the geochronology
and stratigraphic relations. Based on the subtle tectonic geomorphology documented in
our mapping, we infer that scenario 1 is unlikely, but could indicate that faulting
postdates 10-20 ka. Our preferred interpretation (Scenario 2) is that faulting occurred
prior to ~10-20 ka and after the deposition of the boulder alluvial fan (Unit 2), which has
a minimum age of ~32 ka. However, we acknowledge that the laterally displaced

deposits may be older than the OSL analyses suggest.

Although the two scenarios described above are consistent with the exposed
stratigraphy, there remains a mismatch between the height of the scarp and the vertical
separation of the stratigraphy that is difficult to reconcile. An estimate of the amount of

displacement that postdates the ~32 ka age constraint for the timing of faulting can be
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calculated based on the available geodetic and geologic slip rate estimates for the
Petersen Mountain fault. Using vertical slip rate estimates of 0.4 mm/yr (geodetic;
Bormann, 2013) and 0.01-0.06 mm/yr (geologic; Koehler, 2019) implies vertical
separations of 12 m and 0.3-1.8 m, respectively. The vertical displacement estimated
from the geodetic slip rate is clearly an overestimate based on the surface scarp height.
The upper bound of the vertical displacement estimated from the geologic slip rate (1.8
m) is similar to the ~ 2 m of separation of the bedrock pediment surface assuming the
surface is buried by Units 1/2 in the hanging wall and occurs close to the floor of the
trench consistent with a component of normal separation in the most recent earthquake.
We acknowledge that the total height of the scarp may be a reflection of additional
paleoevents but that the amount of separation is reasonable to have occurred in one event.
A right-lateral slip rate of 0.1 mm/yr estimated geodetically (Bormann, 2013) allows the
possibility of up to 3 m of lateral slip in the last ~30 ka. We do not have constraints on
the extent of the boulder alluvial deposit east of the scarp that was sourced from a
channel 100 m north of the trench, however the fan could have extended an unknown
amount north and south of the mouth of the channel as is observed along many range
front scarps in western Nevada. Although we cannot estimate a lower bound on the
amount of lateral slip in the most recent earthquake, the geodetic constraints and the
trench relations are consistent with a component of lateral slip. We surmise that the most
recent earthquake did not produce a steep free face scarp, but instead was associated with
a broad escarpment related to the juxtaposition of units. This would be consistent with

the lack of colluvial wedge deposits in the hanging wall stratigraphic package. We
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conclude that the most recent earthquake was associated with components of both normal

and lateral deformation (oblique slip).

4.2. Displacement across the Petersen Mountain Fault Zone and its role in the evolution
of the northern Walker Lane

The WPMF fault has a long history of normal displacement based on the steep
relief (>500 m) along its range front and accumulation of Miocene basin sediments east
of the fault. However, several wind gaps and other topographic highs occur along the
fault, and it is not associated with a deep Quaternary basin. The EPMF extends across an
elevated bedrock erosion surface that has similar elevation on both sides of the fault and
is only associated with a small basin along a short reach of the fault at its northern end.
The lack of Miocene sediments on either side of Porcupine Ridge suggest that it has been
exhumed during the Quaternary. These observations in conjunction with the dip of the
fault, dextral oblique kinematic data from fault surfaces and tectonic geomorphic
features, trenching observations indicative of lateral motion, and absence of a deep
continuous pre-Quaternary basin suggest that the EPMF may have developed in the early
Pleistocene in response to Walker lane shear, as opposed to longer-lived Basin and Range

style normal faulting.

In the northern Walker Lane, strain accumulation measured geodetically and
strain release documented in geologic studies have clearly shown that dextral slip is the
primary mode of deformation (Faulds et al., 2005; Bormann, 2013; Hammond et al.,
2011; Ramelli et al., 2003; 2005; Turner et al., 2008; Gold et al., 2013). The North

Valleys sit north of the dextral oblique Peavine Peak fault, southwest of the dextral
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Honey Lake and Warm Springs Valley faults, and within a major right step in the dextral
fault system. Geologic studies indicate a Holocene slip rate of 1.4-1.9 mm/yr for the
Honey Lake fault (Gold et al., 2017). Ramelli et al. (2003; 2005) estimated a slip rate of
~1 mm/yr for the Peavine Peak fault and suggested equal components of normal and
right-lateral slip. These studies suggest that dextral shear projects through the North
Valleys, consistent with our observations of dextral deformation and a component of
shear measured geodetically.

Analyses of strain rate data across the northern Walker Lane at the latitude of this
study indicate that the shear direction in the modern strain field is oriented N38° + 3°W,
approximately parallel to both the average strike of the Walker Lane fault system and
motion of the Sierra Nevada-Great Valley (SNGV) microplate to the central Basin and
Range (Hammond and Thatcher, 2007). A more regional geodetic analysis of the
contemporary strain rate field by Bennett et al. (2003) determined that the SNGV
microplate translates N47°W relative to North America, an orientation similar to the
strike of the Honey Lake fault. In Figure 9B, we compare the orientation of the Petersen
Mountain fault to two synthetic simple shear models (Sylvester, 1988) oriented N35°W
and N47°W to capture the range in contemporary northwest shear orientations. This
comparison shows that, depending on the orientation of the strain field, the N-S to
N15°W orientation of the Petersen Mountain fault traces fall within the predicted
orientation of normal displacement or slip along R shears. Thus, in the modern strain
field, the Petersen Mountain fault is favorably oriented to accommodate components of
both normal and lateral slip in an incipient strike-slip system and may kinematically act

to transfer slip from the Peavine Peak fault to the Honey Lake fault (Figure 9B).
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The observations of normal faulting and a component of lateral deformation along
the Petersen Mountain fault indicate that tectonic strain is being accommodated by shear
overprinting a previously existing normal fault. This process may be analogous to
overprinting tectonic styles documented in the central and southern Walker Lane.

Studies along the White Mountain fault indicate a long history of normal faulting with a
transition to lateral motion within the last ~750 ka (Kirby et al., 2006; Stockli et al.,
2003). Similarly, studies along the Wassuk Range fault zone indicate slip partitioning
between rangefront normal faults and strike-slip faults that extend obliquely across the
northern end of the fault (Bormann et al., 2012; Dong et al., 2014). The discontinuous
nature of tectonic geomorphic features and fault traces may indicate the development of a
youthful dextral fault system, possibly a Riedel shear structure, within the North Valleys
along the transition between the Basin and Range and Walker Lane. In this sense, the
Petersen Mountain fault may be developing a bypass across the right step between the
Sierra Nevada frontal fault system and faults in the northeastern Walker Lane and may

eventually integrate the Peavine Peak and Honey Lake faults (Figure 9B).

5. Conclusions

The Petersen Mountain fault within the North Valleys area of the northern Walker
Lane has previously been characterized as a range front normal fault (USGS, 2006). We
conducted geologic and geomorphic mapping along the 25-km-long length of the fault
and excavated a trench to examine the fault’s style of deformation. The results indicate
that the fault is expressed as two main traces (WPMF and EPMF) each composed of a

complex network of short stepping strands. Fault striations measured on calcified fault
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planes indicate down-to-the-east dextral oblique slip along the fault. Additionally,
tectonic geomorphic features along the fault including triangular facets, linear valleys,
aligned saddles, notches, springs, and scarps are consistent with components of both
normal and lateral deformation. The lack of a continuous basin along the length of the
EPMF provides evidence that the fault is not a classic Basin and Range style normal
fault. Observations from the trench exposure including the juxtaposition of stratigraphic
units across the fault, the relative degree of soil development in the faulted surface, and
ages of faulted deposits estimated from OSL analyses indicate the occurrence of at least
one earthquake in the late Pleistocene that was associated with lateral displacement on a

dipping fault.

The combined observations indicate that the Petersen Mountain fault
accommodates components of both normal and dextral deformation (oblique slip),
possibly along a pre-existing normal fault system. The Quaternary deformation may be
related to the development of Riedel shearing that is responding to regional northwest
directed shear. This suggests that active deformation along Riedel shears is an important
component in the development of youthful or incipient strike-slip fault systems. Thus, the
Petersen Mountain fault may ultimately provide an important kinematic link between the
Sierra Nevada Frontal Fault system and faults of the northern Walker Lane.
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Figure 1. Regional hillshade map of the northern Walker Lane in the vicinity of Reno,
NV showing major Quaternary faults (U.S. Geological Survey, 2006) and location of
the North Valleys. Inset map shows the location of the study area with respect to the
northern Walker Lane and the western Basin and Range Province. Geodetically
determined rates of strain accumulation are shown in white boxes (Bormann, 2013)
and represent cumulative rates across the zones indicated. Large black arrows indicate
the direction of shear and extension. HLF, Honey Lake fault; WSVF, Warm Springs
Valley fault; PLF, Pyramid Lake fault; OF, Olinghouse fault; SSVF, Spanish Springs
Valley fault; FMF, Fred’s Mountain fault; PMF, Petersen Mountain fault; GVFS,
Grizzly Valley Faulty System; MVFZ, Mohawk Valley Fault Zone; PF, Polaris fault;
DVF, Dog Valley fault; MRFZ, Mount Rose Fault Zone; GF, Genoa fault.



Figure 2. Hillshade map of the North Valleys including the Petersen Mountain fault.
Black rectangle shows location of Figure 3. Quaternary faults (US Geological
Survey, 2006). LCF, Last Chance fault; WPMF Western Petersen Mountain fault;
EPMF, Eastern Petersen Mountain Fault; PPF, Peavine Peak fault; LV-GVFZ,
Lemmon Valley-Golden Valley fault zone; FMF, Fred’s Mountain fault; SSVF,
Spanish Springs Valley fault; HLF, Honey Lake fault; WSVF, Warm Springs
Valley fault.
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Figure 3. Lidar shaded relief map of area showing major fault traces (Dee, 2019) and
tectonic geomorphic features evaluated in this project. Area of detailed geologic
mapping shown in Figure 4 indicated by black rectangle. Tectonic geomorphic
abbreviations: s, scarp; lv, linear valley; rd, right deflection; sd, saddle; tf, triangular
facet; sp, springs; b, bench; Id, linear drainage; n, notch; It, linear trough. CSVH,
headwaters of the Cold Springs Valley drainage basin
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Figure 4. A) Detailed geologic mapping in the vicinity of the paleoseismic trench
taken from Dee (2019). Area of figure 5 shown by black rectangle. WPMF, western
Petersen Mountain fault; EPMF, eastern Petersen Mountain fault. B) Fault surface on
the EPMF. Fault surface is oriented 332°/66° SE with slickenside lineations (shown
with red line) on a calcified fault surface. Slickenline location marked on Fig 4A.
Lineations plunge to the southeast with a 21° rake indicative of down-to-the-east
dextral oblique fault motion. The fault exposure shown is located <1 km to the SE of
the trench site on a parallel fault strand.
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Figure 5. Lidar hillshade map of the area around the paleoseismic trench site. Black
arrows indicate prominent faults. Apparent channel defection is about 100 m. Bottom
image is a fault scarp profile at the trench site showing ~3 m of vertical separation.
Extent of trench shown below profile.
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Figure 6. A) Drone photograph of the trench site showing tectonic geomorphology
along the western trace of the Petersen Mountain fault zone (WPMF) and eastern trace
(EPMF). B) Photograph of the trench site along the eastern trace of the Petersen
Mountain fault with the scarp shadowed by late afternoon sun. C) Drone photograph of
possible right-lateral stream deflection (dashed light blue line) located about 250 m
south of the trench. D) Close up photograph of the scarp at the trench site. Fault extends
between white arrows in B and D and indicated by black line in A and C.
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Figure 7. A) Log of Petersen Mountain trench exposure (south wall) showing
stratigraphic and structural relations. Open circles show unit numbers, solid black
circles are OSL samples, and letters are fracture attitude locations (Appendix B). Black
boxes outline Figures 8A and 8B. B) Interpreted photomosaic. C) Uninterpreted
photomosaic. Black box outlines Figure 8E.
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Figure 8. Photographs of soils developed into the hanging wall (A) and footwall (B).
Plot in (C) shows percent silt and clay vs depth for both soils. The higher percentage
of silt and clay and red color in the Bt-horizon in the footwall soil suggests a late
Pleistocene age. In contrast, the low silt and clay percent and gray color in the Bw-
horizon of the hanging wall soil suggests a latest Pleistocene-Holocene age. See
Appendix B for complete soil descriptions. D and E show close up photographs of the
main fault zone in the trench exposure. D) North wall showing boulder alluvium
juxtaposed against weathered bedrock. E) The south wall fault plane is visible in the
lower left of the photo where it was excavated into the trench wall. Units are labeled in
white. Location of the main fault is shown by black arrows in D and E. Orientations of
fractures are presented in Appendix B, Table 3.
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Figure 9. A) Schematic history of deposition, soil development, and faulting for
Scenario 1 and Scenario 2. Time progresses from top to bottom in each column. B)
Schematic cartoon showing a right step in the Peavine Peak, Petersen Mountain and
Honey Lake fault systems. Large gray arrows outline right step. Dashed line in Peavine
Peak Fault System indicates unconfirmed section of the fault. Insets show simple shear
models (Sylvester, 1988) oriented N47°W and N35°W capturing the range of
orientations of the modern strain field (Hammond and Thatcher, 2007; Bennet et al.,
2003). These shear models indicate alignment of the Petersen Mountain fault with both
normal and R shear deformation.
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Table 1.

Sample data used to calculate dose rates and
luminescence ages.

Total CAM
Sample Trench Depth u Th K orlgts: NC 3;’;{; MDA M C'SM Age
number unit (m) (ppm)E1 (ppm)a (%)a (Gy/ sion (G;)d (G;)d (ka)d'e
ka)® (%)

3256+ 5530+ 984+
2.98 3.64 0.99*
7738+ 96.83+ 27.99%
5.64 4.36 1.76
642+ 1223+ 311%
0.53 1.17 0.33
79.75+ 103.19 3148+
5.87 +4.60 1.95
92.63+ 101.38 27.66%*
6.02 +2.96 1.46
9331+ 9692+ 20.12%
NA 3.07 1.09

PMF001 8 121 4.58 14 115 341 23/48 29

PMFO002 1 2.97 3.54 14.3 16 357 36/48 22

PMFO003 4 0.4 354 1805 172 405 26/48 47

PMFO004 2 1.65 3.55 134 143 338 39/48 23

PMF005 2 2.27 395 1425 171 3.79 34/48 8

PMF006 3 0.7 4.65 236 205 498 38/48 14

2 and Th were fused with lithium borate and measured with ICP-MS. K20 was measured on bulk samples with
ICP-AES and converted to % K. An
assumed measurement error of + 10% was used to calculate the total dose rate.

bDose rates (Gy/ka) were calculated using the conversion factors of Liritzis et al. 2013 and are shown rounded to
two decimal places; ages were

calculated using values prior to rounding; central values are given for dose-rates and errors are incorporated into
that given for the total dose-rate.

Water content of 5% =+ 1.5% was used for all dose rate calculations. 180-250 um grain size fraction

used; and 2535 m used for elevation.

Cosmic dose rates (Gy/ka) are calculated according to Prescott and Hutton (1994).

°Number of aliquots meeting acceptance criteria/out of total

aliquots measured.

9The error shown on the De, is the error modeled with the central age model (CAM); *error modeled with the
minimum age model (MAM)

(Galbraith et al., 1999).

eLuminescence ages were calculated using DRACv1.2 (Durcan et al., 2015) and are expressed as thousands of
years before 2015 and rounded to the

nearest year.

Error is 2 sigma.



Appendix A. Supplementary OSL data
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Appendix A Table 1.
SAR protocols applied in this study.

Step  OSL SAR protocol

Natural/Regenerative Dose
Preheat (240°C, 10 s)

Blue (470 nm) LED Diodes (125°C, 100 s)
Test Dose (100 Gy s)

Cut Heat (160°C, 0 s)
Blue (470 nm) LED Diodes (125°C, 100 s)

Hot Wash Blue (470 nm) LED Diodes (260°C, 40 s)
Return to step 1.

o N o o0 b~ W N
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Figure Al. Graph of CAM age as a function of water content. Blue line represents
CAM age; gray box shows extent of 95% confidence interval for the CAM age based
on 2 sigma; vertical black lines mark the lab measured water content, 5% modeled

water content, and 25% saturated water content; vertical gray dashed lines mark the

0.5% modeled water content error.
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Figure A2. Weighted histogram and kernel density estimate plot produced by R-
Luminescence package for each PMF sample (Dietze, M., Kreutzer, S. (2017).
plot_KDE(): Function version 3.5.5. In: Kreutzer, S., Dietze, M., Burow, C., Fuchs,
M.C., Schmidt, C., Fischer, M., Friedrich, J. (2017).

55



56

"(£T02) 'r "youpal

“IN 'J8Yasid O IPILYdS O'IN 'syand 'O ‘moing A 8zia1q 'S 48zZanaly U] 'S0 UOISIaA uonound :()10]dfelpey 1o|d
(LT0Z 'S ‘49zanary pue “IA ‘9z191Q) ajdwes 4|Ad Yyoes 4o} abexord aousassuiwinT-y Aq palesaush 10id Jeipey 'SV a4nbiH

TR

1] ak ]

| I !
f T T
Fa ak oz

| UL PADTAINTE QR

el w1
g
i
.
Fa
iﬁ"
-
s
-
:
.

G0 AN
L T W

UG{RGs o0

[T F

gZ £E ® & Fxe) [T
i B g e

—+

L L]

E00AMA

L TEL P Rl L
ungnrHE B0

ooy

L e e

LR RS

Lt
11 =1}

f.
_
I T T T
FL &1} o

195 10D PLRIPURIES SR}

CONAM
P T T
L g

LR

&L L L
—1 i

T T T
&% ok 14
[CREREEP e )

PL T |

COAW
0l A ] e

LnquIRE =0

MEIETE [0 R

S P PR

ke

gl ag

R
5L al & [
Il Il 1

T T T
Fi:] ol oz
1951 1000 [ BT

N : m
- - - .
1, e = _| H
LI ]
* - . : i
- - - w
" ‘l L]
FO0AMA
L LI T
RN USRS
Lobize -
= 3 i oL ] [}
t 1 | | i
r F i% o =4

o) sz e amgey

:
- . w
100 AR
.=n_:nhu.uu_u



Appendix B. Supplementary trench data
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Benech

Figure B2. A) Enlarged trench photo orthomosaic of south wall with log mapping overlay at
section of fault with unit labels. B) Enlarged trench photo orthomosaic of south wall with only
labeled units.
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Appendix B Table 1. Unit descriptions for stratigraphic deposits exposed in the trench.

Unit

Description

1

Fine to course grained loamy sand with gravel to pebbles, dark tan to yellow-brown, massive, clasts are
weathered granite consistent with a diorite composition (~20% quartz, 40% feldspar, and ~40% biotite
and hornblende mafic minerals) (sandy alluvium).

Fine to course grained sand with subrounded to rounded cobbles and boulders, tan-brown, weakly
bedded, clasts are imbricated, boulders are subrounded to rounded and up to 1 m diameter, quartz diorite
composition (bouldery alluvial fan).

Silty sand with trace cobbles, tan, sand is fine to medium grained, cobbles up to 20 cm, similar to Unit 2
but slightly finer grained (sandy alluvial fan).

Loamy sand, brownish-gray, sand is fine to medium grained (sandy alluvium with B-horizon soil
development).

Loamy sand to silty sand, brownish-gray, sand is fine to medium grained (sandy alluvium mixed and
aeolian silt with A-horizon soil development, similar to Unit 10).

Coarse sand to gravel, color ranges between gray, tan, black, and orange, grains are angular, contains
discontinuous irregular, thin (2-5 cm) oxidized bands related to groundwater staining, highly fractured,
massive Contains quartz, plagioclase, orthoclase, biotite and hornblende. Mineral percentages include
Quartz (~25%) and feldspar (~45%), with feldspars predominantly plagioclase (~85%) consistent with
the Granodiorite of Petersen Mountain (disintegrated bedrock).

Sand with gravel and cobbles, reddish-brown, cobbles are mixed granitic and volcanic lithologies and
subrounded to subangular, matrix is medium to course grained sand (debris flow or alluvial fan deposit).

Medium to course grained sand with trace pebbles and cobbles, reddish brown, massive (sandy alluvial
fan).

Fine to medium grained sand with trace pebbles and cobbles, reddish brown, massive (sandy alluvium
with Bt-horizon soil development becoming sandy clay loam towards base).

10

Loamy sand to silty sand with trace pebbles and cobbles, brownish gray, massive, correlative with A-
horizon developed in the hanging wall (sandy alluvium mixed and aeolian silt with A-horizon soil
development, similar to Unit 5).




Appendix B Table 2. Soil descriptions from the south wall of the trench.

Depth Horizon

Description*

(cm)
Hanging wall

0-24 A Light brown, loamy sand, 10% gravel, single grain to weak very fine granular
structure, non-sticky, non-plastic, loose to very friable consistence (m and d), no
clay films, abrupt wavy basal contact.

24-45 Bw Gray brown, loamy sand, 10% gravel, moderate medium subangular blocky
structure, non-sticky, non-plastic, friable (m), slightly hard (d) consistence, no clay
films, clear wavy basal contact.

45-68 BCm Light brown, loamy sand to sand, 10% gravel, moderate medium to fine subangular
blocky structure, non-sticky, non-plastic, firm (m), slightly hard (d) consistence, no
clay films, cemented (silica?), gradual wavy basal contact.

68-90+ C Yellow brown, sand, 10% gravel, single grain to weak friable subangular blocky
structure, non-sticky, non-plastic, firm (m), hard (d) consistence, no clay films,
cemented (silica?).
Footwall
0-6 A Light brown, loamy sand, <10% gravel, single grain to weak fine to medium
subangular blocky structure, non-sticky, non-plastic, very friable (m), loose to
weakly coherent (d) consistence, no clay films, abrupt wavy basal contact.

6-14 Bw Brown, Sandy loam, <10% gravel, moderate medium subangular blocky structure,
slightly sticky, slightly plastic, friable to firm (m), slightly hard (d) consistence, no
clay films, abrupt wavy basal contact.

14-37 2Bt1 Reddish brown, Sandy clay, 10% gravel, strong, medium to course angular blocky

structure, sticky, plastic, extremely firm (m), extremely hard (d) consistence, many
distinct clay films on ped faces, pores, and bridges, gradual wavy basal contact.

37-55 2Bt2m

Light reddish brown, sandy clay loam, 10-25% gravel, strong medium subangular
blocky structure, slightly sticky, slightly plastic extremely firm (m), extremely hard
(d) consistence, many distinct clay films on ped faces, pores, and bridges, cemented
(slilica?), diffuse wavy basal contact.

55-80 2Bt3m

Tan brown, sandy clay loam, 10-25% gravel, strong medium subangular blocky
structure, non-sticky, slightly plastic, very firm (m), very hard (d) consistence, few,
faint clay films on ped faces, cemented (silica?), gradual wavy basal contact.

80-110 Cox

Tan, sand to loamy sand, 10% gravel, weak fine to medium subangular blocky
structure, non-sticky, non-plastic, very friable (m), weakly coherent (d), no clay
films.

*For consistence, m, moist; d, dry
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Appendix B Table 3. Orientations of faults and fractures exposed in the footwall of the trench.

Type Measurement Attitude
location”
Primary fault plane D 335° /55°NE
Fracture A 355°0/62°
Fracture B 352°/78°
Fracture C 12°/74°
Fracture E 348°/52°
Fracture F 10°/70°
Fracture G 2°/85°
Fracture H 8°/75°
Fracture | 356°/60°
Fracture J 355°/80°

*location of fracture measurements are shown on trench log in Figure 8.
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Chapter 2
Deciphering shorelines from scarps: Drone modelling and paleoseismic investigation of
the Bonham Ranch Fault Zone, North of Reno, Nevada
Conni De Masit, Rich Koehler!

University of Nevada Reno, Nevada Bureau of Mines and Geology

Abstract

The 56-km-long Bonham Ranch fault zone is an east-dipping normal fault zone
that extends along the western side of Smoke Creek Desert, Nevada and accommodates
extensional deformation along the boundary between the Walker Lane and Basin and
Range tectonic provinces. The fault zone consists of several subparallel range bounding,
piedmont, and intrabasin faults that cut across pluvial lake and alluvial fan deposits. The
origin of some scarps in previous studies has been difficult to reconcile due to the
presence of lacustrine shorelines leading to uncertainties in the total amount of
displacement accommodated across the faults. Thus, to determine whether the scarps
were formed by tectonic displacement or lacustrine processes, we conducted a

morphological study and compared the landforms to ancient lake highstand events.

Combined observations for the Bonham Ranch fault from satellite imagery, site
specific mapping utilizing Structure from Motion DTMs generated from low-altitude
drone photography, as well as reconnaissance field mapping and description of stream
channel outcrops, indicate that one scarp follows contour lines matching ancient

shorelines associated with the mid-Holocene Neopluvial period highstand at an elevation
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of ~1190-1200 m along the western margin of the basin (Adams and Rhodes, 2019). The
sinuosity of the scarp, and relatively horizontal morphology of the upper and lower
surfaces indicate a lacustrine shoreline origin. Two scarps located along the edge of the
Smoke Creek playa strike N-S, and are characterized by linear sections, and steep scarps.
Several stream exposures across these scarps show vertically offset lacustrine
stratigraphy including a white tephra, indicating a tectonic origin. Faulting is also
inferred to be the origin of another scarp that cuts across the Younger Dryas shorelines at
elevations ~1212 m to ~1230 m (Bensen et al, 1992; Briggs et al, 2005; Adams and
Rhodes, 2019). Scarp profiles along this trace indicate that the scarp is ~3 m to 6 m high.
The data provided in this study indicate that surface rupturing earthquakes along the
Bonham Ranch fault zone post-date the Younger Dryas shoreline and likely the

Neopluvial period shorelines of mid-Holocene age.

1. Introduction

Lacustrine paleoshorelines and fault scarps have similar morphological features
when briefly glanced at across a landscape. Deciphering the differences between the two
formations are key in properly identifying fault scarps to characterize the fault and
determine earthquake history. The goal for this study is to separate the shoreline features
from fault scarps to better understand the paleoseismicity of the Bonham Ranch fault in
the Smoke Creek Desert, a sub-basin of Lake Lahontan, located in the northern Walker
Lane region north of Reno, Nevada.

Lake Lahontan was a large Pleistocene lake located in the Basin and Range region

of the western Great Basin of northwestern Nevada, and northeastern California (Russell,
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1885). It was an endorheic system with multiple sub-basins comprised of modern
individual lakes such as Pyramid Lake, Honey Lake, and the lakes sustained in the
Smoke Creek Desert, Black Rock Desert, and Winnemucca Dry Lake (Adams and
Wesnousky, 1998; Reheis, 1999). Water level changes were controlled by seasonal input
through creeks and evaporation. Thus, the regional climate heavily influenced the
fluctuation of water in the basins, which altered the surrounding topography, creating
shoreline features, which are preserved today on the range fronts (Benson, 1978 and
1981; Benson and Mifflin, 1986; Benson and Thompson, 1987; Benson et al., 1992). The
range front and lake basins have since experienced topographic changes under the
influence of active tectonics in the northern Walker Lane (Adams and Wesnousky, 1998;
Adams et al., 1999). This has influenced the original elevation of lake highstand
shorelines, as well as created an overprinting of fault scarps on shorelines.

The northern Walker Lane accommodates approximately 15-25% of the
Pacific/North American plate boundary strain east of the Sierra Nevada through a
combination of normal oblique (dextral) slip on the Sierra Nevada frontal fault system,
dextral slip along northwest trending faults in the northern Walker Lane, and oblique
normal-slip on north trending faults along the western margin of the Basin and Range
province (Figure 1) (Faulds et al., 2005, Wesnousky, 2005; Hammond et al., 2011). The
Bonham Ranch fault, located north of Reno, Nevada, is one of the westernmost normal
faults of the Basin and Range and may experience dextral shearing from the Walker
Lane. However, the presence of shoreline features complicates the assessment of tectonic

scarps along the Bonham Ranch fault.
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A previous study along the Bonham Ranch fault is a M.S. thesis (Weick, 1990)
which included fault trace mapping, scarp profiling, and documentation of a stream cut
exposure inferred to show tectonic graben fill sediments. The fault traces and
paleoseismic data from this study are included in the USGS Quaternary faults and folds
database (Adams et al., 1998). However, questions remain on the origin of some of the
lineaments at the western margin of the Smoke Creek Desert which could indeed be
lacustrine shorelines. Observations from stream incisions (Adams, 2010) through
Quaternary deposits indicate relatively horizontal stratigraphy that lack fractures or
deformation near scarps at certain locations suggesting that the scarps are erosional
features and have a climatic origin rather than a tectonic origin.

In this paper, we present UAV imagery, observations of mapped morphological
and stratigraphic data, and discuss the origin of topographic scarps found along the
Bonham Ranch fault and Smoke Creek Desert basin (Figure 2). Structure for Motion
digital terrane models with contours and slope maps were made from the UAV images to
identify linear features and their respective heights, as well as stream channels for
potential outcrops showing the local stratigraphy. We compared this data to previously
published works on the Lahontan shorelines to decipher fault scarps from shorelines and
determine the earthquake history along the Bonham Ranch fault.

2. Background
2.1. Bonham Ranch fault

The Bonham Ranch fault is an approximately 56-km-long east-dipping normal

fault located along the western margin of the Smoke Creek Desert in northwestern

Nevada (Figure 1) (Dodge, 1978; Weick, 1990; Adams et al, 1998). The faultisina
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tectonically active region that accommodates extension between the Walker Lane and
Basin and Range tectonic provinces. Right oblique displacement has been documented
along north-trending normal faults within the North Valleys region of Reno, as well as
along faults to the north of the Walker Lane including the Dry Valley-Smoke Creek, and
Bonham Ranch fault zones (Weick, 1990; Bell and Ramelli, 2009; De Masi, 2021). Itis
uncertain how strain is partitioned between Walker Lane faults and Basin and Range
normal faults to the northeast, however, it is possible that slip is transferred through the
Bonham Ranch fault zone to the relatively young Likely fault (Potter, 1988; Bryant,
1990; Weick, 1990), an incipient northwest-trending strike-slip fault within previously
extended Basin and Range crust (Figure 1). This is consistent with the theory that the
Walker Lane is propagating to the north based on northward decreasing geologic
displacement and geodetic strain accumulation, as well as less organized discontinuous
faults to the north (Faulds et al., 2005, Wesnousky, 2005, Bormann, 2013).

Late Pleistocene slip rates in the northern Walker Lane region include 1.0 £0.3
mm/yr for the Pyramid Lake fault (Angster et al., 2014), 1.8-2.4 mm/yr for the Warm
Springs Valley fault (Gold et al., 2013), 1-2 mm/yr for the Honey Lake fault (Gold et al.,
2017; Turner et al., 2008; Wills and Borchardt, 1993), and rates on the order of 0.2-0.4
mm/yr for faults in the North Valleys (Koehler, 2018; Dee et al., 2018). These studies
have also placed constraints on the number, timing, and recurrence of late Pleistocene
earthquakes for the region. Turner et al (2008) documented the occurrence of four
earthquakes that post-date deposition of the ~7 ka Mazama Ash in a river bank exposure
and determined inter-event timing of 730-990 yrs for the Honey Lake fault. Briggs et al.

(2004) determined that at least four earthquakes have occurred since the desiccation of
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Lake Lahontan (~15 ka) along the Pyramid Lake fault. Trenching along the Warm
Springs Valley fault, indicate the occurrence of three to four late Pleistocene earthquakes
with an inferred recurrence of 2,500-3,000 yrs (Chupik et al., 2021). The similar
earthquake chronologies along these closely spaced faults raises the possibility of multi-
fault ruptures, as has been recently considered for faults to the west in the Unified
California Earthquake Rupture Forecast Model (UCERF3) (Field et al., 2013). Thus,
paleoseismic parameters for faults in the region have been reasonably well documented,
however the Bonham Ranch fault zone is poorly characterized and earthquake timing,
recurrence, and slip rate data are few to non-existent, resulting in large uncertainties in
the fault’s seismic potential. One study presents a radiocarbon date for what was
interpreted at the time to be graben fill. Weick (1990) states that the graben was created
by a ground rupturing earthquake post ~290 yr BP. However, that particular outcrop is
now covered in vegetation and slopewash and therefore the stratigraphic relations and
inferred tectonic graben origin could not be confirmed. Despite this lack of data, the
2014 update of the NSHM included the Bonham Ranch fault zone using a modeled slip
rate of 0.26 mm/yr (Petersen et al., 2014).

The Bonham Ranch fault zone consists of several subparallel range bounding,
piedmont, and intra-basin faults that extend 56 km from the southwestern side of Smoke
Creek desert near the Terraced Hills to the west flank of the Buffalo Hills (Figure 2).
Fault traces were originally mapped by Bonham (1969) and later refined by Weick
(1990) and Dohrenwend et al. (1991). Although Dohrenwend et al. (1991) only mapped
several traces within Smoke Creek Desert, Weick (1990) showed numerous traces cutting

late Pleistocene and Holocene deposits in the valley. Evidence for late Quaternary
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deformation in the Smoke Creek Desert includes juxtaposition of Quaternary deposits
against Tertiary bedrock along range front traces, inferred single- and multiple-event
scarps on latest Pleistocene lacustrine deposits and Holocene subaerial and lacustrine
deposits (Weick, 1990; Adams and Sawyer, 1998).
2.2 Smoke Creek Desert

The Smoke Creek Desert is a 1,200-square-mile northeast-trending basin located
~ 100 km north of Reno, Nevada along the California-Nevada border in the eastern part
of the northern Walker Lane. The basin is bounded by granitic rocks on the east and a
high plateau of volcanic rocks on the west and north sides of the basin (Glancy and Rush,
1968; Maurer, 1993). Smoke Creek Desert is comprised of three sub-basins (Figure 2)
based on hydrology and lithology (Ponce et al., 2006). The southern basin is located
between Terraced Hills in the south, Smoke Creek to the northwest and the Fox Range to
the east. The central basin is bounded with Smoke Creek on the west to just north of
Buffalo Creek, and the northern Fox Range to the east. The northern basin of Smoke
Creek Desert starts from the center basin and ends at about Squaw Creek and the Granite
Range to the north with the Black Rock Desert and the town of Gerlach, NV to the
northeast. Geophysical data indicate that basin-fill sediments are about 2 km thick
(Ponce et al., 2006). The central part of the Smoke Creek Desert basin is characterized
by the Mid-valley fault, a continuous linear feature striking north-south and ~18 km in
length, which possibly connects with faults mapped in the Terraced Hills and southward
to Pyramid Lake (Ponce et al., 2006). Alternatively, the Mid-valley fault could be part of

the Bonham Ranch fault zone but is not explored in this study. A few fault scarps cut
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across shorelines surrounding the basin (Figure 3). The shorelines, if dated, can be used
to help place age constraints on these strands of the Bonham Ranch fault.
2.3. Quaternary lake history of the Smoke Creek Desert

The Smoke Creek Desert is a sub-basin of the larger Pleistocene Lake Lahontan
basin. The Lake Lahontan basin is located in western Nevada and adjacent northeastern
California and is comprised of multiple sub-basins that were integrated when lake levels
were high and formed separate lakes or dry terminal subbasins when lake levels were low
(Reheis, 1999; Adams, 2008; Reheis et al., 2014). The modern basin is located in the
Sierra Nevada rain shadow and has an arid to semi-arid climate fed by snowmelt river
systems (Reheis et al, 2014). The western sub-basins of Lake Lahontan include Pyramid
Lake, Honey Lake, Smoke Creek Desert, Black Rock Desert, and Winnemucca Dry
Lake, and all were connected through sills of varying elevations (Figure 4) (Born, 1972;
Davis, 1982; Prokopovich, 1983; Thompson et al., 1986; Hostetler, and Benson, 1990;
Morrison, 1991; Benson et al., 1995; Adams and Wesnousky, 1998; Reheis, 1999; Briggs
et al., 2005).

There are several lake cycles captured in the Lahontan basin. Elevations and the
distributions of tephra beds were used to infer the timing of the former shoreline levels
and vary per sub-basin (Davis, 1978 and 1983; Benson et al., 1997; Sarna-Wojcicki, et
al., 2005; Adams, 2010). The last major highstand for Lake Lahontan was ~1335 m
(Davis, 1982). The Sehoo Lake cycle began in the Lahontan basin around 35,000 C
B.P. and lasted to around 13,000 **C B.P. (15,300 cal. B.P.) (Morrison, 1991; Benson et
al., 1995; Adams and Wesnousky, 1998; Adams, 2008). The elevation of the Sehoo

highstand shoreline varies from ~1340 m to ~1318 m depending on the sub-basin (Adams



71

et al., 1999; Bills et al., 2007) and now vary vertically up to 22 m due to isostatic
rebound. In the Carson Sink sub-basin the Younger Dryas shoreline is found at ~1205 m
and is dated to 11,300-10,400 14 C B.P. (calibrated to ~13,200-12,260 B.P.) (Benson et
al., 1992) and at an elevation of ~1230-1235 m (Adams et al, 2008). In the Pyramid lake
sub-basin, Briggs et al. (2005) collected a mussel shell from a beach ridge at 1212 m
which was dated to 10,800 14C yr BP, overlapping with the Younger Dryas interval.
According to revised data from Adams and Rhodes (2019), the Younger Dryas lake
reached an elevation of about 1230 m in the western subbasins based on archaeological
data and tephra deposits, this includes Pyramid Lake and the Smoke Creek Desert
(Morrison and Frye, 1965; Dodge, 1980; Weick, 1990). Briggs et al. (2005) mention a
lake transgression near elevation 1199 m between 3,595 and 2,635 ka in the Pyramid
Lake sub-basin. This coincides with the Neopluvial period of ~4,800 to 3,400 cal yr BP
(Allison, 1982; Adams and Rhodes, 2019).

Lake level cycles of importance to this study are the Sehoo Highstand, Younger
Dryas, Fallon Alloformation and the Neopluvial period. The Sehoo deposits primarily
consist of near shore and beach sand and gravel, shallow lake fine sand and silt, and
deeper lake clay. Gravels consist of subangular to well-rounded cobbles to pebbles, and
the matrix sand is poorly to moderately hardened. (Weick, 1990; Adams and Wesnousky,
1998; Adams et al., 2008). Deposits associated with the Younger Dryas are similar in
composition to those associated with the Sehoo highstand. Outcrops in Smoke Creek
expose the Fallon Alloformation disconformably overlying the Sehoo (Weick, 1990).
The Fallon deposits typically consist of intermixed sand and silt with scattered gravel

layers (Dodge, 1980). The exposed thickness of the Fallon Alloformation is about 1 to 2
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m in a deeply incised gully near the distal outflow of Smoke Creek (Morrison and Frye,
1965; Dodge, 1980; Weick, 1990). The Fallon Alloformation term was used for the mid-
Holocene Fallon Lake coined by Weick (1990). However, Morrison and Frye (1965) and
Allison (1982) recognize a mid-Holocene lake system that consisted of alluvial, colluvial
and shallow-lake deposits at similar shorelines across the Great Basin from their work in
Summer Lake, Oregon and Lake Bonneville, Utah.
2.4. Shoreline and fault scarp morphology

In order to distinguish a shoreline from a fault scarp we must first differentiate the
morphological processes between the two. A fault scarp is defined as a tectonic landform
associated with a fault plane that has dislocated the ground surface (Stewart and
Hancock, 1990). The initial scarp or fault plane right after an earthquake generally dips
away from the upthrown block at an angle ranging between 50° and vertical. Over time,
the scarps break down so that scarps of about 12,000 years of age have maximum slope
angles of 20° to 25° and slopes with angles less than 10 degrees represent ages much
older than 12,000 years (Wallace, 1977). Normal fault scarps in the western USA are
primarily piedmont scarps, faults that cut through poorly consolidated Quaternary
sediment deposited at the base of range fronts (Adams and Wesnousky, 1998; Faulds et
al., 2005; Wesnousky, 2005). The most common morphology for these types of faults
consists of a steep free face (~50°-60°), and a debris slope of ~ 30° (Wallace, 1977). The
upper (crest) and lower (toe or base) original surfaces are the same segments separated by
faulting.

A wave-formed terrace is a shoreline feature that has similar morphology to a

fault scarp. Shoreline terraces have an overall flatness laterally on upper and lower
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surfaces (Parker et al., 1989) which is created by shore erosion and rising and lowering of
water levels. Shore erosion is the wearing away of land or beach at the water’s edge
(Pilkey and Hume, 2001). This is accentuated during storms when waves are large due to
increased winds and crash on shore with a lot of energy (Gilbert, 1890; Gulliver, 1899;
Aubrey, 1979; Pilkey and Hume, 2001; Houser et al., 2008). The shallow slopes of an
alluvial fan produce aerially extensive but subtle shorelines and where topography is
steep, the shoreline is more likely to develop steep shoreline features (Parker and Currey,
2001). The shoreline breaks down over time through wave action, surface erosional
processes or by submergence of water with rising lake levels.

Waves can also deposit sediment on the shore, leading to the accumulation of
shoreline deposits. When waves deposit sand, shells, and gravel on the shoreline, a beach
forms (Bluck, 1967; Orford et al, 1992; Adams and Wesnousky, 1998). Beach material
can be deposited by rivers systems and move down the shoreline through wave action and
longshore drift. Wave action at the shoreline also helps to sieve out minerals naturally by
material density. This can create layers of well sorted minerals, dividing quartz and
feldspar from micas and iron rich minerals (Hampson et al., 2008; Godsey et al., 2011;
Miller et al., 2012). Lacustrine carbonate associated with shoreline tufa deposits are also
common in late Pleistocene lake systems in the Great Basin (Broecker and Orr, 1958;
Broecker and Kaufman, 1965; Kaufman and Broecker, 1965; Benson et al., 1995; Adams
and Wesnousky, 1998; Felton et al., 2006; Godsey et al., 2011; Zimmerman et al., 2011).
The wave-formed terraces are an easily recognizable shoreline feature of the Lake

Lahonton sub-basin preserved in the Smoke Creek Desert.
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Once a scarp or wave-formed terrace has formed, it immediately begins to change
through the process of erosion. Loose clasts and fine sediment mobilize downslope from
the face under the influence of gravity, rain wash, and wind and are deposited at the base
of the scarp. Erosion through frost-freeze cycles also contributes to degradation of the
scarp (Young, 1972; Wallace, 1977; Nash, 1980). The process of erosion is similar for
both paleoshorelines and fault scarps.

3. Methods

Fault scarps, shorelines, and channel outcrops along the Bonham Ranch fault
were mapped in the field aided by satellite imagery and UAV photography. A UAV
survey was conducted at three sites along the Bonham Ranch fault scarp with a DJI
Mavic Pro (FC220) to generate low altitude images of the sites. We used an EOS Arrow
Gold RTK receiver connected to the drone by Bluetooth® for increased GPS accuracy.
Due to the remote location of the Smoke Creek Desert a real-time kinematic network was
not established and therefore the unit received Satellite-based Augmentation System
(SBAS) corrections, differential GPS with ~16 cm horizontal accuracy, and ~26 cm
vertical accuracy. There were 25 satellites in view with 17 of them used. This applies to
both UAV Site A and UAV Site B (sites overlap coordinates at 40.471701° N,
119.839810°W). UAYV Site A was a 630 x 648 m grid flown at a height of 50 m and
speed of 9 m/sec. The flight consisted of 21 fight lines with a 60% overlap and took ~19

minutes and 28 seconds to complete.

UAYV Site B was flown in two drone missions. The first flight was a 618 m x 640

m grid flown at a height of 50 m and speed of 9 m/sec. The mission was 21 flight lines
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and completed in 19 minutes and 38 seconds. The second flight was a 611 m x 644 m
grid flown at the same specifics as the first flight mission. This mission was completed
in 28 minutes and 16 seconds.

UAYV Site C (40.497916°N, 119.821738°W) was flown in one mission six months
after the previous surveys. Satellite-based Augmentation System (SBAS) corrections
with Differential GPS had ~21 cm horizontal accuracy and ~33 cm vertical accuracy for
the RTK receiver. The drone was flown at a height of 50 m and a speed of 4.7 m/sec
with 60% overlap. The speed was reduced in this survey to prevent image blur. The
mission was flown in a 618 m x 640 m grid with 21 flight lines in 33 minutes and 43
seconds.

The UAV flight missions were generated with programmable automatic
navigation software through Pix4D Capture. The images captured from the drone were
processed using Pix4D Mapper to produce a digital terrain model and photo orthomoasic
for each site. Additionally, slope and contour maps were made from those models.

Scarp profiles were extracted from the UAV DTMs and from satellite imagery at
select locations using ArcMap. Morphology of scarps were analytically assessed for
type, a fault scarp or lake shoreline wave-formed terrace, by looking for evidence of
overall flatness laterally on upper and lower surfaces, shoreline deposits, stratigraphy,
and correlating elevations with Lake Lahontan highstands associated with the Seehoo and
Younger Dryas.

4. Results

4.1. Drone models
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We produced three Digital Terrain Models and orthomosaic images in Pix4D
Mapper from SFM images captured during the drone survey (Figure 5). The DTM and
orthomosaic for UAV Site A have a ground sampling resolution of 1.52 cm/pixel. UAV
Site B DTM and orthomosaic models have a resolution of 1.61 cm/pixel, and UAV Site C
has DTM and orthomosaic models with ground sampling resolution of 1.66 cm/pixel.
From those models we created contour and slope maps to help show height changes in
linear features in the topography such as shorelines and creek channels. The results are

shown in Figures 6, 7, and 8.

4.2. Scarp morphology

Eleven locations were examined along the Bonham Ranch fault at three UAV
flight mission sites. Nine scarp profiles were generated at UAV Sites A and B (Figures 9
and 10). Two scarp profiles were generated along the scarp in UAV Site C (Figures 11
and 12). Shorelines followed the topography with relatively flat morphology laterally of
the upper and lower surfaces. Fault scarps paralleled the shoreline at elevation ~1200 m

and cut through the shorelines at elevations of 1212 m (Figure 13).

The slope and height of the scarp profiles varies for each UAV flight mission site
based on comparison of profiles near the margin of the Smoke Creek playa. Scarps
reflect as much as ~4 m of vertical displacement and have a maximum scarp angle of
~65° and a minimum of ~30° for UAV sites A and B (Figure 10). UAV Site C has a
scarp slope of between 65° and 60° with as much as 6 m of vertical displacement (Figure

12).



77

Figure 13 is a map of Sheepshead Spring with the DTM polygons shown for
reference. Late Pleistocene-early Holocene lake shorelines are faulted between an
elevation of 1212 m and 1250 m. Shorelines are shown as blue lines and blue polygons.
The red lines are faults and the black lines are 50 m contours. The faults between
elevation 1200 m and 1240 m cut the Younger Dryas (12,100 cal. B.P.) (Adams et al.,
2008) highstand which is found in the region near ~1230 m in the Smoke Creek Desert-

Lake Lahontan region.

4.3. Stratigraphy in Smoke Creek channel

We located two tephra layers at 1190 m in a stream cut perpendicular to the fault
scarp (Figure 14). Identifiable exposures were ~10 meters west of the Bonham Ranch
fault scarp and channel outflow into Smoke Creek Desert. The outcrop is ~ 168 cm thick
(Figure 14). The lowermost deposits (Unit 1) primarily consist of fine to medium sand
and silt with sparse gravel layers, and deeper lake fine sand and clay, similar to the Sehoo
highstand deposits (Weick, 1990; Adams and Wesnousky, 1998; Adams et al., 2008).
Above those sediments are the two tephra layers that are found within a 40 cm thick bed.
The lowermost tephra layer is ~6 cm thick (Unit 2) within the base of a ~20 cm thick silty
sand layer with gravel lenses (Unit 3) topped with an evaporite deposit with a thickness
of ~1 cm (Unit 4). This ash contains many white crystalline tubular glass shards that are
1 mm or less in size and are well sorted. Overlying the evaporite deposit is a ~19 cm
thick blocky fine sand and clay layer (Unit 5) which underlies a ~2 cm thick tephra layer
(Unit 6). The uppermost ash layer contains glass shards that are ~1 mm to 3 mm in size

with a reddish color and is mixed with clay, quartz and feldspar. Above the tephra beds
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is a 50 cm deposit consisting of subangular coarse sand intermixed with silt and pebbles

(Unit 7).

5. Discussion

The two tephra layers exposed in the stream cut of Smoke Creek occur at an
elevation of 1190 m, lower than the highstands associated with the Sehoo and Younger
Dryas shorelines (Weick, 1990) and possibly at the highstand elevation of Neopluvial
period deposits. According to Adams, 2010, the Trego Hot Springs ash is found in
Squaw Creek at 1254 m and in Smoke Creek at 1218 m. Our tephra site was 4.6 km
downstream (east) of the Adams site near the mouth of Smoke Creek just before entering
the modern river plane and lake playa (Figure 15). Based on the thickness of the tephra
beds, ash composition, and underlying clay deposit similar to that found upstream in the
Smoke Creek channel (Adams, 2010), this exposure of tephra could be the Trego Hot
Springs and Wono ash beds that were deposited during the Seehoo highstand around

23,400 4C B.P. (Davis, 1983; Benson et al., 1997).

The tephra layers could also correlate to the Mazama Ash, which has been
correlated by elevation in southern Pyramid Lake and found in proximity to the Younger
Dryas paleoshorelines. The Mazama and Tsoyawata tephra beds are both found in fine-
grained sediments ponded by the 1202 m beach ridge near the Coleman archaeological
locality in the northern Winnemucca Dry Lake (Adams et al., 2008). The ages of the
Mazama and Tsoyawata tephras are ~6845 *#C B.P. (7730 cal. B.P.) and 7015 “C B.P.
(7840 cal. B.P.) (Bacon, 1983; Zdanowicz wt al., 1999). The Mazama tephra is found

within the Nixon terrace at an elevation of ~1198 m (Bell et al., 2005). Lake level was
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rising around 10,160-9560 cal. B.P through an elevation of 1168 m in northwest Pyramid
Lake and may have attained that elevation near Emerson Pass and spilled into the Smoke
Creek Desert (Adams et al., 2008). This increase in water level is constrained by the age
of the Nixon fluvial terrace that grades to an elevation near 1200 m (Bell et al., 2005),
and the presence of the Mazama and Tsoyawata tephras ponded behind the 1202 m beach
ridge at the north end of Winnemucca Dry Lake (Adams et al., 2008).

Based on sediment type and stratigraphic relations to previously dated Trego Hot
Springs ash further up Smoke Creek and the Wono tephra in Squaw Creek (Adams,
2010), it is likely that the ash exposed in this section of the channel correlates to the
Trego Hot Springs and Wono tephras and not the Mazama or Tsoyawata, deposit being at
an elevation of 1190 m. Because the ash deposits are below a surface cut by the fault,
faulting occurred after 23,400 years ago. However, deposits above the ash in the
exposure may be contemporaneous with a shoreline associated with the Neopluvial
period (~4,800-3,400 cal yr BP) at ~1190 m (Adams and Rhodes, 2019). Although the
shoreline is not offset by the fault, the fault does cut the surface, and the surficial deposits
downstream from the shoreline are likely Neopluvial in age. Furthermore, the extension
of the scarp to the north cuts across shorelines associated with the Younger Dryas
highstand. Thus, we infer the occurrence of at least one earthquake that postdates ~12 ka
to ~3.4 ka along this strand of the Bonham Ranch fault.

The fault scarp that parallels the playa margin south of Smoke Creek to south of
Buffalo Creek has varying heights (Figure 2, and scarp profiles in Figures 10 and 12). In
the south near Sheepshead Spring, the scarp height ranges from 1 m to 3 m, and in UAV

Site C, south of Buffalo Creek, the scarp height jumps up to between 4.5 m to 7 m, while
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the majority of the scarp is ~1-2 m along its entire length. According to Weick (1990)
single event scarps along the Bonham Ranch fault are 1 m to 2.9 m in height. Based on
the height of the scarp along this section (4 to 6 meters), it is possible that more than one
earthquake has occurred in the last ~3.4 ka, however we do not have stratigraphic data to
support this possibility. It is unclear if the part of the fault that has larger scarps is a
reflection of more frequent or more recent earthquakes, variable displacement along the
trace of the fault, or if there has been more incision along the margin of the playa in this
location due to river input from Buffalo and Smoke Creeks.
6. Conclusions

We were able to distinguish shorelines from fault scarps by looking at the overall
flatness laterally of the upper and lower surfaces of the scarps, the way they followed the
topography or cut through it, and by cross cutting relationships between the shorelines
and fault. We were then able to correlate previous studies of the Trego Hot Springs and
Wono ash layers and the Neopluvial and Younger Dryas lake-level highstands in the
region to match tephra bed stratigraphy and highstand elevations along the Smoke Creek
channel located on the western margin of the Smoke Creek Desert for age control along
the Bonham Ranch fault. We compared the results of scarp heights in this study to that of
the previous Weick study to suggest the possibility that more than one earthquake has
occurred along this trace of the fault. The stratigraphic and geomorphic observations
support the occurrence of at least one earthquake that postdates ~3.4 ka. Thus, the
Bonham Ranch fault is an active extensional structure along the western margin of the
Basin and Range.
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Figure 2. Satellite image of Smoke Creek Desert: Black box outlines Bonham Ranch
Fault Zone and the Yellow box outlines location of Figure 3. Black dashed lines
separate the southern, central, and northern basins. Faults are in solid black lines.



Figure 3. Satellite image of the Sheepshead Springs area. Black arrows indicate
fault scarp. White arrow indicates shoreline.
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Figure 7. UAV flight mission site B. A) Orthomosaic B) Hillshade over digital terrain
model C) Contour map with 1 meter contours D) Slope map: Green represents gentle
slopes, then turns to yellow, orange and red as the slope gets steeper.
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Figure 8. UAV flight mission site C. A) Orthomosaic B) Hillshade over digital terrain
model C) Contour map with 1 meter contours D) Slope map: Green represents gentle
slopes, then turns to yellow, orange and red as the slope gets steeper. The zipper
looking feature trending NW-SE is due to flight height adjustment after battery
change.
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Figure 9. UAV DTM for flight mission Sites A and B with scarp profile lines.
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Figure 11. UAV DTM for flight mission Sites C with scarp profile lines.
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‘ ‘ Qpi- Lake playa intermediate age

‘ Qfy- Alluvial fan young age
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Figure 13. Quaternary map including shorelines (with key elevations labeled) and
faults in the Sheepshead Spring region of Smoke Creek Desert. Black lines are 50

m contours.
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Figure 14. Tephra layers found in Smoke Creek near the 1190 m
scarp. A) Stratigraphic column of the outcrop found in Smoke
Creek. B) Photo of creek stratigraphy showing the 40 cm bed that
includes the Trego Hot Springs ash. C) Detailed photo of Trego Hot
Springs ash layer. Coordinates of photo 40.497284°N,
119.822445°W.
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Chapter 3
The application of Uncrewed Aerial Systems (UAS) in post-earthquake ground
deformation surveys: Examples from the M6.4 Monte Cristo, Nevada and M6.0 Antelope
Valley, California earthquakes

Conni De Masi! and Richard D. Koehler!

5University of Nevada, Reno, Nevada Bureau of Mines and Geology, Reno, NV; U.S.A.

Abstract

One of the primary objectives of rapid field reconnaissance after an earthquake is
to document perishable data through the production of georeferenced data and damage
maps of the affected area, useful for hazard assessment. Identification of the disaster area
and the estimated extent of surface damage is important for determining infrastructure
stability and humanitarian relief. Satellite images and Interferometric Synthetic Aperture
Radar (InSAR) are useful tools for analyzing the impacts of an earthquake, however they
are not always available immediately after the event. For that reason, rapid
reconnaissance surveys are typically initiated after every major event. New technology
and methods in Uncrewed Aircraft Systems (UAS) have become valuable tools in
capturing and assessing the extents and amount of damage after an earthquake.

Data acquisition at specified scales was successfully performed at select locations
along the 2020 Mw6.5 Monte Cristo Range, Nevada and the 2021 Mw6.0 Antelope
Valley, California earthquakes with small Uncrewed Aerial Vehicles (UAV). For UAV
image analyses, a photogrammetric workflow was applied to construct models using the
high-resolution images acquired with and without ground control points. The UAS plays

an important role in the work of investigating and gathering information about the


https://www.google.com/search?client=firefox-b-1-d&q=reconnaissance&spell=1&sa=X&ved=2ahUKEwif36jMkPDyAhWqFTQIHZ6LCiQQkeECKAB6BAgBEDA
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primary and secondary effects of the earthquake related to surface rupture and shaking, as
well as the location and extent of damage to roads and infrastructure radiating from the
epicenter outward on the km scale.

1. Introduction

The natural effects and surface deformation related to earthquakes including
ruptures, fissures, lateral spreading, and subsidence can provide key surface data for
understanding earthquake processes; however, erosion and deposition (e.g. processes
related to wind, rain, etc.) can quickly alter or erase any evidence of these features
necessitating rapid documentation. Rapid response teams composed of geoscientists and
engineers use Uncrewed Aerial Vehicles to work swiftly and efficiently in order to
document any surface deformation and/or damage as a result of the event, preventing data
loss. Using UAVs in post-earthquake reconnaissance events are valuable for
documenting pertinent visual data quickly to communicate where repairs need to be made
to roads and where to block off safety zones.

Uncrewed Aircraft Systems (UAS), also known as Uncrewed Aerial Vehicles
(UAVs) or drones and their accompanying software, have been increasingly used over
the last decade to investigate the effects of natural disasters including floods, hurricanes,
earthquakes, and other events (Greenwood et al., 2020; Ybafez et al., 2021). In post-
earthquake reconnaissance studies, UAS technology has been used to provide high
resolution images for mapping primary surface fault rupture, secondary effects, such as
liquefaction and landslides, as well as damage assessment (Tatham, 2009; Giardino et al.,
2012; Meyer et al., 2015; Lei et al., 2018, Franke et al., 2019; Dee et al., 2020; Pierce et

al., 2020; Koehler et al., 2021; Kozac1 et al., 2021). Satellite images may not be readily
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available in the hours/days/weeks following the event when assessment of the natural
effects and damage is most crucial. The documentation of perishable data in a post-
earthquake scenario makes the quick deployment of UAVs essential in assessing the
effects of the disaster (Gomez & Purdie, 2016). Drone image acquisition provides the
opportunity to gather ground surface deformation data in the form of imagery for stills
and Structure for Motion models and allows collecting observations over large distances
in a short time frame. Drone flight mission planning, acquisition, data validation and
image consolidation can be done entirely in the field ensuring adaptability to the ever-
changing situation on the ground post-earthquake.

In this study, quadcopter UAVs were deployed to assess ground surface
deformation following the 15 May 2020 Mw®6.5 Monte Cristo Range, Nevada and the 8
July 2021 Mw6.0 Antelope Valley, California earthquakes as part of the Nevada Bureau
of Mines and Geology earthquake rapid response team (Figures 1 and 2). Flight surveys
were successful in imaging surface damage across the highway and landscape for the
Monte Cristo Range earthquake. Digital terrane and orthomosaic models were made and
from them we were able to collect data measurements on fracture direction and vertical
slip. The drone images are a way to preserve evidence for reactivated movement along
the “old landslide” in the town of Walker for the Antelope Valley earthquake and will be
beneficial for comparison studies of movement of this feature in the future.

2. Regional Tectonic Setting and Recent Earthquakes
2.1. Central Walker Lane and The Mina Deflection
The central Walker Lane, specifically the Mina Deflection, is the location for the

epicenter of the Monte Cristo Range earthquake (Figures 1 and 2). The central Walker
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Lane is part of the larger transtentional Walker Lane Belt (Stewart, 1988) that extends
along the eastern side of the Sierra Nevada and western margin of the Basin and Range
which accommodates ~20%—-25% of relative dextral shear between the North American
and Pacific Plate plates (Bennett et al., 1999; Dixon et al., 2000; Hammond and Thatcher,
2007). The central Walker Lane geodetic measurements indicate that ~8 mm/yr of
northwest directed dextral shear is accommodated in this region (Hammond & Thatcher,
2007; Hammond et al., 2011; Bormann et al., 2016). According to paleomagnetic
observations, vertical-axis rotations of tectonic blocks in the west-central Walker Lane
show that the west-central Walker Lane is organized into discrete blocks with
heterogeneous regional distribution of clockwise vertical-axis rotation, ranging from ~10°
to 60° around the Mina Deflection (Carlson et al., 2013). Similar studies were previously
conducted to look at dextral shear in the northern Walker Lane (Cashman and Fontaine,
2000) to understand the kinematics and timing of intracontinental strain in the Walker
Lane between northwestern Nevada and northeastern California. Northeast of the Mina
Deflection, right-lateral shear is accommodated along the Benton Springs fault, Gumdrop
Hills fault, and the Petrified Springs fault, a series of northwest-striking faults that extend
along both the east and west sides of the Gabbs Valley Range (Figure 2) (Wesnousky,
2005; Angster et al., 2019). South of the Mina deflection, right-lateral shear is
accommodated along a series of northwest-striking faults distributed between the Sierra
Nevada and the White Mountains, with the White Mountain fault terminating at a fault

junction with the Candelaria fault.
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The Mina Deflection is characterized by a series of east—west- to northeast-
striking left-lateral faults including the Candelaria, Columbus Salt Marsh, Rattlesnake,
Excelsoir Mountains, Coaldale, Huntoon Valley, and Anchorite Hills faults (Figure 2)
(Stewart, 1988; Wesnousky, 2005; Faulds and Henry, 2008). Tectonic geomorphic
evidence for latest Pleistocene and Holocene sinistral displacement along the Mina
Deflection faults includes uphill and alternately facing scarps, linear depressions, and
deflected drainages. However, basin-facing scarps across alluvial fan and piedmont
surfaces indicate a component of extension along the faults where they bend to strike
north—northeast along range fronts (Wesnousky, 2005).

2.2. Faults near Antelope Valley, California

The Antelope Valley earthquake epicenter was located in a southwestern sub-
basin of Antelope Valley which crosses the California and Nevada state boundary line
south of Topaz Lake (Figures 1 and 2). Antelope Valley is a north-northwest oriented
basin located between the east central Sierra Nevada and the central Walker Lane, north
of the Mina Deflection, which was the location for the Monte Cristo Range earthquake.
An approximately 23-km-long active fault trace (Antelope Valley fault) that dips east
between 50°-80° bounds the western side of the valley and offsets young Quaternary
deposits (Sarmiento et al., 2011; Sawyer et al., 2012; Pierce et al., 2020). Vertical
displacement along the Antelope Valley fault (Figure 2) has produced a ~800 m steep
range front with triangular facets and has preserved scarps in young alluvial fans. North
of the junction of U.S. Highway 395 and California State Route 89, the surface
expression of the fault is disturbed by the highway and locally submerged by Topaz

Lake. The abrupt and over steepened range front west of Holbrook Junction suggests that
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the fault system may discontinuously extend to the northwest another ~7 km, yielding a
total length of 30 km or more (Sarmiento et al., 2011). The epicenter of the Antelope
Valley earthquake occurred at the southern end of the Slinkard Valley fault near Little
Antelope Valley, southwest of the “main” Antelope Valley. The Slinkard Valley fault
(Figure 2) is a ~25 km long north-northwest-striking east-dipping normal fault located on
the western edge of Slinkard Valley and parallels Antelope Valley to the west (Bryant,
2017). The north end of the Slinkard Valley fault is covered by a large landslide.
Slickensides on the surfaces of joints exposed in a gully just south of Slinkard Creek in
Antelope Valley are horizontal, indicating a component of strike-slip motion along the
fault. The Slinkard Valley range front is associated with steep relief that decreases from
north to south, from about 750 m near Highway 89 to less than 100 m near Little
Antelope Pack Station (Bryant, 1983; Hayes, 1985).
2.3. Monte Cristo Range Earthquake

The 15 May 2020 Mw6.5 Monte Cristo earthquake was the largest earthquake in
Nevada in over 65 years and occurred in a rural area of western Nevada about ~56 km
west of the town of Tonopah (Dee et al., 2021; Koehler et al., 2021). The epicenter,
located at 38.1626°N, 117.8695°W, was in the Mina Deflection section of the central
Walker Lane. Aftershocks occurred across a ~30 km long, east-west oriented zone along
the eastward projection of the Candelaria fault (Bormann et al., 2021; Ruhl et al., 2021).
Surface ruptures from the Monte Cristo Range earthquake involved simultaneous rupture
and slip in left-lateral-oblique and right-lateral-oblique components across a network of
faults that form a kinematic link between orthogonal regional faults (Dee et al., 2021,

Elliot et al., 2021; Koehler et al., 2021). Coseismic surface faulting was distributed
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across a width of 2.5-5 km perpendicular to the east-west trend delineated by seismicity
and geodetic surface displacements (Ruhl et al., 2021; Hammond et al., 2021; Koehler et
al., 2021). The mainshock occurred near the middle of the aftershock zone at the
intersection of two distinct zones of seismicity (Ruhl et al., 2021).

The Monte Cristo Range earthquake was broken into two domains, the western
and eastern domains (Koehler et al., 2021). In the western domain, numerous shallow,
north-northeast-striking faults form a broad flower-structure-like fault mesh that
coalesces at depth into a near-vertical, left-lateral fault (Ruhl et al., 2021). The maximum
observed left-lateral displacements in the western domain are 20 cm along the northern
main traces and 10 cm along the southern main traces, suggesting the total maximum left-
lateral displacement was as much as 30 cm (Dee et al, 2021; Koehler et al., 2021).
Vertical displacements in the western domain were predominantly down to the northwest
typically several centimeters (~2 cm to 6 cm).

In the eastern domain, normal and right oblique slips on north-striking faults
occurred along strike of the Benton Springs, Petrified Springs, and Eastern Columbus
Salt Marsh faults, as well as older mapped bedrock normal faults (Koehler et al., 2021).
Right-lateral displacements range between 3 cm to 5 cm, and vertical displacements
range from 2 cm to 5.5 cm (Dee et al., 2021; Koehler et al., 2021). Seismicity east of the
mainshock hypocenter occurs in a narrow, near-vertical, east-northeast-striking fault zone
(Ruhl et al., 2021).
2.4.Antelope Valley Earthquake

The 8 July 2021, M6.0 Antelope Valley earthquake occurred about 32 km

southwest of Smith Valley, NV (USGS, 2021). The epicenter was located at 38.5081°N,
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119.5020°W, near the California-Nevada border and within the tectonic margin of the
Sierra Nevada and Walker Lane shear zone. The earthquake was the result of normal

faulting at approximately 7.5 km depth close the Slinkard Valley and Antelope Valley
faults, which extend north-south along the Sierra Nevada range front.

Perceived shaking for the event was widely felt throughout western Nevada.
According to the USGS event data webpage (USGS, 2021), shaking was moderate to
strong with an intensity near the epicenter of MMV-MMVI. Shaking was felt 120 km
north near the Reno-Carson City, Nevada region. There, shaking was light with an
intensity of MMIV.

3. Methods

Two drones were used in the flight missions for rapid response field
reconnaissance following the earthquake events. A DJI Phantom 4 PRO (FC6310) and a
DJI Mavic Pro (FC220) were used in data acquisition for the Monte Cristo Range
earthquake, and a DJI Mavic Pro (FC220) was used in data acquisition for the Antelope
Valley earthquake. The DJI Phantom 4 PRO has a 20 megapixel camera with 17 (25.4
mm) sensor, a field of view of 84.88°, and a varying aperture of f2.8-f11 with auto focus
at 1 m to co. Average flight time is about 28 minutes for a fully charged battery with a
battery drop of 1-2% per 30 seconds of active flying. Temperature changes also affect
battery life so flying in higher altitudes with cooler atmospheric temperatures can
decrease battery life about ~10% per 30 seconds. The DJI Mavic Pro has a 12.35
megapixel camera with 1/2.3” (11.04 mm) sensor, a field of view of 78.8°, and a fixed

aperture of f2.2. Distortion for this model is less than 1.5% and auto focus is from 0.5 m


https://www.thewanderinglens.com/flying-drone-cold-weather/#:~:text=Drone%20Preparation%20for%20Flying%20in%20Cold%20Weather&text=Don't%20let%20the%20battery,with%20the%20smart%20finger%20pads.
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to oo. Average flight time is about 21 minutes for a fully charged battery with similar
atmospheric temperatures affecting battery life with that of the Phantom.

An EOS Arrow Gold RTK GNSS receiver was used through Bluetooth®
connected to the drones for horizontal and vertical coordinate accuracy. GNSS signals
supported by the Arrow Gold are GPS: L1CA, L1P, L1C, L2P, L2C, L5; GLONASS: G1,
G2, P1, P2; Galileo: E1BC, Eba, E5b; BeiDou: B1, B2, B3 (without L5); and QZSS:
L1CA. L2C, L5, L1C. Battery life on a full charge for the unit is about 7.5 hours. Due to
the remote location of field work in the earthquake areas a real-time kinematic network
was not established and therefore the unit received Satellite-based Augmentation System
(SBAS) corrections Differential GPS with ~15 cm horizontal accuracy and ~30 cm
vertical accuracy.

The drone was navigated by two methods. The first method was with the UAV
remote control navigation by pilot manually, and the second method was with
programmable automatic navigation using the Pix4D Capture software. The drone
controllers were attached to an iPad mini 4 and loaded with the DJI controller app, the
EOS Gold app, and the Pix4D Capture app. The manual flight mode was used when
obstacles where present in the flight path of the UAV such as trees and changes in
topography. The UAV pilot avoided potential obstacles while manually activating the
drone’s camera and to ensure that adequate overlap was attained for the orthomosaic and
model processing. Programmable automatic navigation was generated by using the flight
planning feature of Pix4D Capture, in which a specified target area for data acquisition
was selected by drawing a fixed or orthogonal shape with the onboard map. The Pix4D

Capture software automatically sets the amount of flight paths covering the entire area in
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consideration of the flight mission altitude, velocity, and image overlap percentage.
Once a flight is started, the application forwards the plan to the UAV and the DJI
controller app which carries out the flight mission automatically. The drones were flown
at an altitude of 50 meters with a flying velocity of 7.4 m/sec and an image overlap of
60% when using programmable automatic navigation.

Images captured by the drone were uploaded from the drone to computer for
quality control and model building (Figure 3). Pix4D Mapper was used to build
orthomosaic, digital terrane models (DTMs), and subsequent slope and contour maps
(Figure 4, 5, and 6). The DTMs were processed with the Pix4D Mapper inverse distance
weighting and triangulation algorithms. Model processing included vegetation removal
at 1.2 meters and taller. The UAV image coordinate system was WGS 84 (EGM 96
Geoid) and model output coordinate system was WGS 84 / UTM zone 11N (EGM 96
Geoid).

4. Results
4.1. 2020 Monte Cristo Range earthquake

The reconnaissance efforts began on the day of the earthquake. UAS data
acquired for this study covered one of the westernmost surface ruptures which extended
continuously for over 1.5 km (Figures 5, 7, and 8). Ruptures within this area strike N-
NE, are distributed across a ~30—40 m wide zone and are characterized by sinuous
overlapping fractures with 0.5-3 cm openings (Figure 8) and common down-to the-east
and southeast vertical separations of 2-5 cm. Individual fractures are up to 20-45 m long
and exhibit an overall left-stepping pattern (Figure 5). UAS data was also acquired for

the area adjacent to US HWY 95 and within the Columbus Salt Marsh. Deformation in
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this area included radial fractures with a radius of about 20 meters across and around
HWY 95, and circular liquefaction features within the Columbus Salt Marsh (Figures 9,
10 and 11). Radial cracks that formed on the east side of the road contain micrograbens
with a range in vertical displacement of 4 cm to 14 cm (Figure 10).

The images produced for this study, were combined with data acquisitions from
other parts of the rupture and used to compile a comprehensive map of the surface
rupture (Koehler et al., 2021; Dee et al., 2021). Additionally, images produced in areas
of settlement damage to the highway were used to guide subsequent liquefaction studies
(GEER, 2021).

The results for the EOS Arrow Gold GNSS GPS coordinates in this study were
collected with the EOS application on the iPad mini 4 using the DJI Phantom 4 Pro.
Atmospheric conditions allowed for the GNSS receiver to have a horizontal accuracy of
0.20 m (20 cm) and vertical accuracy within 0.301 m (30 cm). 29 satellites were in view
with 26 of those being used. The differential status was set at Differential GPS with a
differential age of 3. The drone was flown using the automatic navigation software
through Pix4D Capture with ground control points used to determine the flight mission
perimeter (Table 1). The flight survey consisted of 26 flight paths and was completed in
~3.5 hours. 775 images were captured over a 705 m x 125 m area (Figure 4).

Two models were produced using the Pix 4D Mapper software. The Average
Ground Sampling Distance was 0.73 cm. Point clouds and textured mesh models were
built to produce the DTM and orthomosaic images (Figures 4 and 5). The software mean

reprojection error was 0.115 for all models. A sharp type noise filter was used for surface
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smoothing of the DTM. The final image resolution for both the DTM and orthomosaic
was 0.727 cm/pixel.

The UAV image resolution quality was detailed enough to identify ground surface
deformation of 2 cm to 5 cm fractures from 50 m in altitude for the Mw6.5 Monte Cristo
Range earthquake event (Figure 5) on the digital terrain model and the still imagery
(Figure 7). However, fractures smaller than 2 cm were not picked up in the aerial
imagery or models due to the limitations in pixel resolution. This became a factor with
the slope model as the width or “gap” of the fractures were mostly less than 2 cm wide
and the surface lacked enough vertical exaggeration at the fractures for the model to
define differences in slope. In other words, there was no discernable change in slope
across the model (Figure 6).

4.2. 2021 Antelope Valley earthquake

Post-earthquake field teams did not find evidence of primary surface ruptures
along previously mapped traces of the Antelope Valley and Slinkard Valley faults.
However, there was evidence for secondary shaking related effects such as moved/tossed
boulders and rockfall near roads, as well as new fracturing at the ends of pre-existing
cracks in the “old landslide” (termed coined by local residents). Boulders were dislodged
along US Highway 395 and toppled on to the highway in the Walker River Canyon south
of the town of Walker. A few boulders also moved down slope on the range front
bounding the western margin of Antelope Valley. Most of the surface deformation
documented by the team occurred to the northeast of Antelope Peak, at the mouth of Mill
Creek canyon as it opens into Little Antelope Valley, in the form of small landslides and

canyon wall sloughing (Figures 12 and 13) (images can also be viewed on https://nevada-
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earthquake-clearinghousenbmag.hub.arcgis.com/pages/antelope-valley-earthquake), and at

the “old landslide” located at the Lost Cannon Creek tributary going into Mill Creek
canyon as short new fractures propagating along the ends of pre-existing landslide scarps
and older slumping (Figures 14, 15, and 16). There were no surface ruptures noted by the
team across the large landslide that buries the trace of the Slinkard Valley fault to the
north near Highway 89. Results from the drone imagery combined with field
observations helped to determine which pre-existing fractures had reactivated during the
earthquake and were useful in quantitatively measuring the crack openings (Figures 14B
and 14C). Field measurements indicate that the new fracture propagations range between
~1.25 meters and 2 meters respectively within the “old landslide”. Pre-existing fractures
that went across a dirt road on the landslide showed recent movement along a head scarp
and the road directly, in the form of fresh soil and ground disturbance including finer
particles such as silt and fine sand, and lack of compacted surface near the fractures
(Figures 15 and 16). These fractures had re-openings of less than 1 cm (Figure 16).

The data for the RTK unit and drone GPS coordinates were collected using the
EOS Arrow Gold and DJI Mavic Pro Quadcopter. Ellipsoidal height at the location of
the RTK receiver above the “old landslide” in Walker, CA resulted in a measurement of
1872 m (near truck in Fig.15A). The horizontal accuracy for the location was within a
measurement of 0.156 m (15.6 cm) and vertical accuracy was within 0.293 m (29.3 cm).
29 satellites were in view with 18 of those being used. The differential status was set at
Differential GPS with a differential age of 6. For this post-earthquake investigation, the
drone was manually flown within the canyon and above the landslide obtaining an

altitude between 20 and 30 meters.


https://nevada-earthquake-clearinghousenbmg.hub.arcgis.com/pages/antelope-valley-earthquake

115

5. Discussion

Viewing the drone images while in the field during the post-earthquake
reconnaissance helped guide the investigation teams to locations captured by the UAV
but not yet explored on the ground. The use of fractures as a proxy for surface
deformation can lead to a larger surface displacement measurement from the UAV
imagery relative to field measurements when conducting quantitative analyses with the
models, especially when the fractures are smaller than or near the pixel resolution (Goulet
et al., 2020). This is due to the interpretation of pixel colors subjected to blurring effects
especially with thin or small objects such as a surface fracture.

High-resolution optical satellite imagery of 1 meter or less would complement the
visual data acquired from drones for post-earthquake investigations by providing pre-
event surface data. The correlation of satellite, drone, and field data is ideal for
measuring the near-fault horizontal and vertical surface displacement fields in order in
recognize significant differences with previous geodetic- and geologic-based
measurements (Antoine et al., 2021). The downside to the use of satellite imagery in this
case would be the lack of recently acquired visual data for the hazard location pre-event.
Storms bring rain and wind which can erode the landscape erasing any prior evidence of
events in between when satellite tours capture the landscape. The most recent imagery of
the Mw 6.5 Monte Cristo Range and the Mw6.0 Antelope Valley earthquakes was taken
in 2017. That created a 3 to 4 year absence in which the landscape has changed to when
post-event imagery data was collected. While that does not seem like much time for a
landscape to change, one flash flood within that time period could wipe out any prior

evidence of surface deformation. This reiterates the need for UAS in the field for post-
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earthquake rapid response deployment. Furthermore, the application of UAS surveys in
general fault research can provide valuable datasets of surface conditions prior to an
earthquake from which to compare rapid response data acquisitions after the next
earthquake.

Use of the UAV was helpful for documenting earthquake effects over longer
distances and getting to places normally inaccessible by foot. Reviewing the images in
the field provided observations of the liquefaction features that formed in the Columbus
Salt Marsh west of Hwy 95 which were not accessible on foot, and to see the extent of
damage across Hwy 95 (Figures 9 and 11). The DTM and orthomosaic models were
made into base maps utilized for measuring fracture lengths in the field which were
published in Koehler et al. (2021) and Dee et al. (2021).

The UAV surveys conducted immediately after the Mw6.0 Antelope Valley
earthquake provided an aerial view of the unstable “old landslide” near Walker, CA and
afforded an opportunity to look for evidence of surface deformation in the form of new
fractures and scarps. Based on inspection of the drone images in the field it was
determined which sections of the landslide needed further investigation on the ground.
Several existing landslide fractures and slumps showed fresh ruptures at their ends, as
well as some newly exposed and re-opening of fractures less than 1 cm across. However,
it was unclear if those fresh cracks were directly associated with the earthquake event due
to shaking or if they were associated with on-going movement of the landslide in general.
6. Conclusions

This chapter highlights the importance of Uncrewed Aerial Systems, in addition

to other image-based data such as satellite imagery and rapidly processed INSAR, for
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post-earthquake rapid response reconnaissance work. The UAS allow for quick review
of aerial imagery for pin-pointing critical investigation locations, such as the road
damage to Highway 95, radial features in the marsh west of the highway and surface
fractures east of the highway from the Monte Cristo Range earthquake, and the increase
in cracks along landslide scarps in Walker, CA from the Antelope Valley earthquake.
This allows for greater ground distance to be covered in a shorter amount of time, helping
cut down on response costs and assists in directing ground crews. Offsite processing of
UAYV data allows for the creation of DTM and photo orthomosaic models that can be
used for quantitative analyses within the pixel resolution.

The use of UASs were helpful in identifying areas near the event epicenters that
experienced surface ruptures (Mw6.5 Monte Cristo Range earthquake) and those areas
that did not (Mw6.0 Antelope Valley earthquake). The reliability on the DTM and
orthomosaic models depends on pixel resolution. However, the UAV images set at the
parameters defined in this study allowed for sufficient detail in the models to match the 2
cm or larger surface ruptures that were seen by field ground crews for the Monte Cristo
Range event, and to view the recent activity along pre-existing fractures and scarps
within the “old landslide” for the Antelope Valley event.
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Figure 1. Regional map of the Walker Lane showing the locations of the M6.5 Monte
Cristo Range and M6.0 Antelope Valley earthquakes (white stars). Outlined box
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southern Walker Lane (dark gray), central Walker Lane (gray), and northern Walker
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Figure 2. Shaded relief map of the Central Walker Lane 15 May 2020 Mw6.5
Monte Cristo Range and 8 July 2020 Mw6.0 Antelope Valley earthquake epicenter
locations. Map includes major roads (orange lines) and faults (light gray lines).
AVFZ: Antelope Valley Fault Zone; BSF: Benton springs fault; CF: Candelaria
fault; ECSMF: Eastern Columbus Salt Marsh fault; GHF: Gumdrop Hills fault;
PSF: Petrified springs fault; SVF: Slinkard Valley fault; WMF: White Mountain
fault. (Source of faults: USGS Quaternary Faults and Fold Database).
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Figure 3. Image of the ray cloud in Pix4D Mapper. Drone photos are being matched to
their geographical positions for building a georeferenced DTM and orthomosaic.
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Figure 5. A) A Digital Terrane Model of surface deformation from the Monte Cristo
Range earthquake located in the southern extent. Red line marks surface ruptures and
the black box outlines Figure 3B. B) Arrows point to surface ruptures that have a
vertical offset of 2 to 5 cm.
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Figure 6. Slope and contour map derived from the drone
DTM model produced with Pix4D Mapper. Green is the
ground. Yellow specs mark the vegetation. Red lines are
fractures.
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Figure 7. Drone image of surface rupture produced during the Monte Cristo earthquake
expressed as a left-stepping 45 m-long fracture. Black arrows point to fracture.

Drone height is ~20 m above ground. The northern end of the Monte Cristo Range is in the
background.
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Figure 8. Field photos of fractures from the M6.5 Monte Cristo Range earthquake
located on the western side of Highway 95. Coordinates of A and B 38.15114°N,
117.93654°W
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Figure 9. UAV aerial view of surface deformation found along Highway 95 at the
eastern margin of the Columbus Salt Marsh. A) The lower right side of the image
shows where NDOT repaired the road. B) shows black arrows pointing to radial
cracks that formed on the east side of the road. Radial cracks range in vertical
displacement of 4 cm to 14 cm.
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Figure 10. Field photos of radial fractures along Highway 95. A) An image showing
the vertical offset and width of micro-grabens. B) This image is of fractures that
propagate to the northeast. C) This image shows a fracture with 14 cm of vertical
offset on the south side of a micro-graben and D) shows the whole graben.
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Figure 11. UAV aerial images of liquefaction features taken along the western side of
Highway 95 in the Columbus Salt Marsh. A) The black arrow is pointing to a radial
liquefaction feature associated with the Monte Cristo Range earthquake. B) This
image shows a close-up of the radial liquefaction feature.
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Figure 12. Evidence of surface movement in Mill Creek Canyon. A) Image shows
recent sloughing of the south side wall of Mill Creek Canyon located at the end of
Mill Creek Rd. The owner of the property said he saw a large dirt cloud come from
this spot after he exited the house once shaking stopped. He did not have any rock
falls near his house, but observed multiple dust clouds from landslides in the creek
canyon. B) The left arrow points to a disturbed slope near the sloughing of the south
side of Mill Creek. The right arrow points to where the homeowner observed the
landslide dust cloud from the north wall of the Canyon. C) The arrow pointing to the
scarp in this image shows a close-up of the recent slumping and sloughing of the south
side wall of Mill Creek. This is at the mouth of the canyon opening into Antelope
Valley. D) This image shows the location where the “dust cloud” landslide occurred
on the north wall of Mill Creek Canyon.
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Figure 14. Oblique view drone images of the “old landslide”. A) Image of the canyon
wall where the ‘old landslide’ reactivated, view to the northwest. B) Northeast
fractures along landslide scarp showing recent fracturing. C) Plan view of pre-existing
cracks within the “old landslide” that show evidence for reactivation. D) Plan view
looking towards the eastern side of the landslide scarp.
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Table 1. Monte Cristo Range Earthquake UAV survey
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Ground Horizontal ~ Vertical
control error () error (%)
points Latitude Longitude Altitude (m) cm cm
GCPO1  38.147905°  -117.937447° 1373 20 30
GCP02  38.148889°  -117.938083° 1374 20 30
GCP0O3  38.148585°  -117.936849° 1375 20 30
GCP0O4  38.149562°  -117.937722° 1375 20 30
GCPO5  38.149468°  -117.935841° 1377 20 30
GCPO6  38.151022°  -117.936828° 1377 20 30
GCPO7  38.151431°  -117.936124° 1378 20 30
GCP08  38.152184°  -117.936858° 1378 20 30
GCP09  38.152884°  -117.936161° 1379 20 30
GCP10  38.153689°  -117.937100° 1380 20 30
GCP11  38.153713°  -117.936481° 1380 20 30
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Appendix C.
Expanded OSL methods and results from the Petersen Mountain fault paleoseismic
trench study from Chapter 1
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Appendix C.
Expanded OSL methods and results from the Petersen Mountain fault paleoseismic
trench study from Chapter 1

1. Introduction and Background

In paleoseismic studies, optically stimulated luminescence (OSL) ages obtained
for stratigraphic deposits have been used to determine the estimated timing of fault
displacement, slip rates, and earthquake recurrence intervals (Rittenour, 2008; Rhodes,
2011; McAuliffe et al., 2013; Fattahi, 2014). Currently, the most widely used method for
luminescence geochronology in Quaternary research is quartz single aliquot regenerative
dose (SAR) OSL because quartz is easily bleached (Godfrey-Smith et al., 1988; Gray et
al., 2015), provides accurate age results (Murray and Wintle 2000; Wintle and Murray,
2006), and because the SAR method provides an easily modified procedure for multiple
luminescence measurements (Rhodes, 2011). OSL provides an estimate of the time
passed since the last exposure of sand and silt grains to sunlight, which is assumed to
have occurred during sediment transport (Gray et al., 2015). Therefore, OSL ages
represents the time of deposition of the sediment or transport event of interest. Gray et
al., (2015) describes in more detail luminescence methods and how their application in
paleoseismology has evolved over the past three decades. This appendix expands on the
OSL methods and results from the Petersen Mountain fault paleoseismic trench study

found in Chapter 1.
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2. Methods
2.1. Field collection methods

A trench excavated across the Petersen Mountain fault for a paleoseismic study
provided an exposure of stacked alluvial fan stratigraphy (De Masi et al., 2021). Six
units were selected from both walls of the trench for OSL analyses to evaluate differences
in the age of the stratigraphic units. Quartz sand was targeted as it was abundantly
distributed throughout the trench and on both sides of the fault zone. Detailed soil and
sedimentary descriptions were conducted for individual stratigraphic units exposed in the
trench. The thickness, color, grain size, and structure were recorded, and cross sections
were made of both sides of the trench to document the stratigraphic relations.

Stratigraphic units sampled from the trench exposure include Units 1, 2, 3, 4, and
8 (Figure C1) (De Masi et al., 2021). Samples were collected by tube and block sampling
procedures in areas void of bioturbation to the best extent possible following Gray et al.
(2015) (Figure C2and C3). The samples were collected and handled to minimize light

exposure during transport.

2.2. Laboratory procedure methods

Lab preparation and data analyses were completed at the Desert Research
Institute Luminescence Laboratory (DRILL). All preparatory analyses were conducted in
the darkroom under red safelights appropriate for luminescence measurements (Figure
C4). Light exposed portions of samples were removed and used for dose rate
measurements. The samples were chemically treated with 10% HCI to remove

carbonates, rinsed, and then treated with 30% H202 to remove organic material. Samples
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were sieved to isolate 180-250 um sized quartz grains, dried, and then the magnetic
portion was removed. Quartz was isolated from the sediment sample using a solution of
Lithium heteropolytungstate and then treated with hydrofluoric acid to remove the outer
a-irradiated rim of the grains.

2.3. Analysis

Bulk samples collected from the light-exposed end of the sample tubes were used
to determine the background radiation dose rate. Dose rates were determined by
measuring elemental concentrations of U, Th, and K via ICP-MS/AES from ~20 g of
sample milled to powder consistency. These were sent to ALS Geochemistry in Reno,
Nevada for analysis. The values from the dose rate measurements were used to calculate
the age.

Sample OSL measurements were performed using an automated Risg TL-DA-20
luminescence reader fitted with a 7 mm-thick Hoya U-340 UV transmitting filter.
Samples were measured using a modified single-aliquot regenerative-dose (SAR)
protocol with an IR check (Murray and Wintle, 2000; Duller, 2003) (Table Al) on quartz
grains in a 4 mm aliquot mounted on stainless steel discs. Dose recovery tests were
performed with different preheat temperatures ranging from 160 to 300°C on 12 aliquots
from two samples (PMF001 and PMFQ06) in order to test the reliability of the modified
SAR protocol and determine the optimal preheat temperature for OSL measurement
(Murray and Wintle, 2003) (Figure C5). A preheat temperature of 240°C and a cut heat
temperature of 160°C produced a dose closest to the given dose and was used in

subsequent De measurements.
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2.4. Age models

Age models run in R Language using the Luminescence package version 0.9.3
were applied to determine the appropriate D.for age calculation (Kreutzer et al, 2019).
Sample equivalent dose was modeled using the central age model (CAM) (Galbraith et
al., 1999) and minimum age model (MAM) (Galbraith and Laslett, 1993). Modeled De
was then entered into the Dose Rate and Age Calculator for trapped charge dating

(DRAC) by Durcan et al. (2015) to calculate an age.

3. Results

OSL testing showed that samples were able to reproduce a given dose using the
SAR protocol. The OSL signals were bright and dominated by the fast component
(Figure C6A). Growth curves had an early saturating component ranging from ~1 to 100
dose seconds and a slow saturating component from ~300 to 500 dose seconds (Figure
C6B). A mean recycling ratio of 0.99 + .04 support the use of the SAR protocol applied
to these samples. A representation of De distributions for sample PMF004 are displayed
in the kernel density and radial plots presented in Figure C7.

MAM was applied to sample PMF001 based on a high overdispersion initially run
with the central age model. All other samples had less than 20% overdispersion and
CAM was used. Locations of samples are shown with OSL ages on the fault trench log

in Figure C1. The age results from these models are shown in Table C2.

Age results aligned with expected Pleistocene age of ~30 ka for samples PMF002,

PMF004, PMFO005, and PMFO006 which were dated at 28 ka, 32 ka, 28 ka, and 20 ka
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respectively. Partial bleaching and mixing with modern soil are assumed for units that
contained samples PMF001 and PMF003. Sample PMF001 was collected in the fine
sand of Unit 8 (Figure C1) suggesting a sheet wash- alluvial fan environment which is
consistent with field observations. Sample PMF003 was collected at the base of Unit 4
(Figure C1), a sandy soil close to the surface which would be consistent with bioturbation
at an earlier ground surface. The extremely young age of ~3 ka for sample PMF003 is

likely a result of partial bleaching related to mixing in the pedoturbation zone.

The ~10-20 ka age determined for the sandy alluvial deposits near the surface (but
beneath the pedoturbation zone) in both the footwall and hanging wall suggests a late
Pleistocene age for the surfaces. This age is consistent with the geomorphic
characteristics of the surface and ages for other intermediate Qfi alluvial fan deposits in

the region (Dee et. al., 2018; Chupik et al, 2021).

4. Discussion and Conclusion

Results show that there is some degree of variability in OSL ages depending on
where the sample was collected within the alluvial unit. Sample PMF003 was collected
in the hanging wall near the basal contact of a sandy soil approximately 40 cm from the
top surface of the trench. For this study, that places the sample within the pedoturbation
zone and has been affected by mixing of partially bleached grains likely related to
bioturbation and particle infiltration from the overlying units from surface water during
rain events (Bateman et al., 2003) yielding a false young age of ~3 ka.

Sample PMF001 was collected in the footwall at a depth of ~1.25 m from the

surface of the trench in fine sand mimicking that of a large sheet wash event that likely



152

results in the observed distribution of De which appears to show partial bleaching. This
could also be the case for sample PMFO006 at an OSL age of ~20, which is at similar
depths to sample PMFO001 at ~10 ka but on opposing walls of the fault scarp.

The OSL age of sample PMF001 from Unit 8 on the footwall was compared to
the OSL ages of PMF006 from Unit 3 and PMF004 from Unit 2 on the hanging wall. As
previously stated, PMF001 was collected at a depth of ~1.25 m. Sample PMF006 was
collected at a depth of ~0.7 m and PMF004 was collected at a depth of ~1.65 m. The
OSL ages are vastly older for the samples collected in the units on the hanging wall with
PMF006 at an age of ~20 ka and PMFO004 at an age of ~32 ka.
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Figure C1. A) Log of Petersen Mountain trench exposure (south wall) showing
stratigraphic and structural relations. Open circles show unit numbers, solid black
circles are OSL samples, and letters are fracture attitude locations. Black box
outlines figures A1B and A1C. B) Interpreted photomosaic. C) Uninterpreted
photomosaic.

(Figure modified from De Masi et al., 2021)
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Figure C2. Photographs of OSL sample collection. A) Hammering in tube. B) Two
collection tubes hammered and sealed before removal. C) Sample site after tube
removal. D) Sample collected in cemented sand.
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Figure C3. Photographs of OSL block sample collection. A) Using the electric hand

saw to cut out block sample. B) Measuring height of collection to surface. C)
Measuring size of block. D) Covering sample with 4 mil light proof plastic.
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Figure C4. Laboratory procedures were performed in a red safelight darkroom
at the DRI Luminesce Laboratory in Reno, NV.
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Table C1. SAR protocols applied in this study.

Step OSL SAR protocol

Natural/Regenerative Dose

Preheat (240°C, 10 s)

Blue (470 nm) LED Diodes (125°C, 100 s)

Test Dose (100 Gy s)

Cut Heat (160°C, 0 s)

Blue (470 nm) LED Diodes (125°C, 100 s)

Hot Wash Blue (470 nm) LED Diodes (260°C, 40 s)

co N o o A W N P

Return to step 1.
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FINAL SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
Summary

This dissertation brings together a comprehensive look at geologic hazards in
rural areas in the tectonically active Walker Lane and the technology and methods used to
analyze them. Studying faults in rural localities creates the opportunity to see how faults
interact with other landforms such as alluvial fans and shorelines, which are not
preserved in urban environments. Post-earthquake reconnaissance gives us an idea of
how these processes affect the local environment and landscape which can be used to
understand events of the past. These studies can help answer questions regarding 1)
When, why, and how plate tectonics (faults) evolve? 2) Where and when earthquakes
occur? 3) What are the differences between fault scarps and shorelines 4) How can Earth
science research reduce the risk and toll of geohazards? | summarize the conclusions of

the three hazards studies, discuss broader impacts, and suggest directions for future work.

Concluding Remarks
Chapter 1

The Petersen Mountain fault in the northern Walker Lane has been re-
characterized as having dextral-oblique slip. Geologic and geomorphic mapping along
the fault, and trench study, aided in determining the fault’s style of deformation. The
trench exposed the juxtaposition of stratigraphic units across the fault and ages of faulted

deposits estimated from OSL analyses indicate the occurrence of at least one earthquake
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in the late Pleistocene that was associated with lateral displacement on an east dipping

fault.

The study concludes that the Petersen Mountain fault accommodates components
of both normal and dextral slip, possibly along a pre-existing Basin and Range normal
fault system. Quaternary deformation may be related to the development of Riedel
shearing that is responding to regional northwest directed shear as part of the Walker
Lane tectonic regime. Active deformation along Riedel shears is an important
component in the development of youthful or incipient strike-slip fault systems and the
Petersen Mountain fault may be an important kinematic link between the Sierra Nevada
Frontal Fault system and faults of the northern Walker Lane. More studies could be done
along north-oriented youthful fault systems in the Walker Lane to test for a right-lateral
slip component to help understand how the North American-Pacific Plate boundary is
evolving.

Chapter 2

Fault scarps and shoreline features such as wave-formed terraces can be identified
by looking at their morphology and depositional components. In this study we were able
to correlate previous studies of the Lake Lahontan late Pleistocene highstands in the
region to match tephra bed stratigraphy and highstand elevations along the Smoke Creek
channel to constrain the timing of earthquakes along the Bonham Ranch fault in the
northern Walker Lane. We compared the results in this study to that of the previous
Weick study to determine that at least one earthquake has occurred along the Bonham

Ranch fault since ~12 ka and likely since ~3.4 ka. Future paleoseismic trench work is
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needed to define slip characteristics of the Bonham Ranch fault, and to provide a deeper
outcrop for matching tephras from around the Smoke Creek Desert basin to tease out the

frequency of earthquakes in the region.

Chapter 3

This chapters highlights the importance of Uncrewed Aerial Systems for post-
earthquake rapid response reconnaissance work. Quick review of UAS aerial imagery
helps for pin-pointing critical investigation locations after the disaster event. Greater
ground distance can be covered in a shorter amount of time, helping cut down on
response costs and assists in directing ground crews. Offsite processing of drone data
allows for the creation of digital terrain models and photo orthomosaic models which can
be used for quantitative analyses.

UASs are helpful in identifying areas near event epicenters that experience
surface ruptures, such as for the Mw6.5 Monte Cristo Range earthquake, and those areas
that do not, such as the Mw6.0 Antelope Valley earthquake. The reliability of mapping
surface deformation with the models depends on pixel resolution. UAV images set at the
parameters defined in this study allow for sufficient detail in the models to match the 2
cm or larger surface ruptures that were seen by field ground crews for the Monte Cristo
Range event, and to view the recent activity along pre-existing fractures and scarps
within the “old landslide” for the Antelope Valley event. More quantitative work needs
to be done with drone usage for evaluating damage after a disaster that involves
understanding the width of the drone camera and height of the drone during image

capture to accurately model and measure objects.



