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Abstract The Pyramid Lake fault zone (PLFZ) is a 50-km-long, active northwest-
trending right-lateral fault in the northern Walker Lane, located ∼30 km east of Reno,
Nevada. Previous paleoearthquake and slip-rate studies report that the Pyramid Lake fault
has produced four surface-rupturing paleoearthquakes since 15;475� 720 cal B:P:,
three of which occurred after 8980� 260 cal B:P:, and has had an average minimum
slip rate of 2:6� 0:3 mm=yr since the late Pleistocene. These observations imply that
coseismic offset for each paleoearthquake averaged 7–9 m, larger than expected from
empirical scaling relationships for a strike-slip fault of its length. To reconcile this dis-
crepancy, we used a small camera-mounted unmanned aerial vehicle to develop high-
resolution digital elevation models and interpret previously unreported right-laterally
offset geomorphic features along the northern section of the PLFZ. Offset measurements
at seven sites range from 8 to 21 m. The ages of displaced features are interpreted from
previous lake level and mapping studies of Lake Lahontan. From these observations,
slip-rate estimates at the sites range between 0.5 and 1:6 mm=yr. These lower values of
slip rate require that coseismic displacements associated with previously reported paleo-
earthquakes average only 3–5 m, within the range that would be predicted from em-
pirical scaling relationships of rupture length and coseismic displacement.

Introduction

High-density geospatial point datasets provide opportu-
nities to observe, measure, and document geologic surface
processes at higher resolution than alternative approaches,
particularly in subtle or obscured landscapes that pose inter-
pretive challenges in the field (Arrowsmith and Zielke, 2009;
Gold et al., 2013; Johnson et al., 2014; Zielke et al., 2015).
The recent and rapid advancement in acquisition techniques
provides quick, accurate, and very cost-effective methods for
scientists to utilize high-resolution digital elevation data for
geologic analysis (Bemis et al., 2014; Johnson et al., 2014).
These advances provide the opportunity to reevaluate prior
studies in which inconsistencies or controversies persist.

The Pyramid Lake fault zone (PLFZ) is a 50-km-long, ac-
tive northwest-trending right-lateral fault in the northern Walker
Lane (Fig. 1). Previous paleoearthquake and slip-rate studies in-
dicate that the Pyramid Lake fault has produced four surface-
rupturing paleoearthquakes since 15;475� 720 yr B:P:, three
of which occurred after 8980� 260 yr B:P:, and has had an
average minimum slip rate of 2:6� 0:3 mm=yr since the late
Pleistocene (Anderson and Hawkins, 1984; Briggs and Wes-
nousky, 2004). Reconciling these observations with expected
per-event displacements for a fault of its length is challenging.

Specifically, coseismic offsets of 7–9 m during the latest three
paleoearthquakes are required to satisfy the fault-slip rate, which
is significantly larger thanwould generally be expected from em-
pirical scaling relationships for a strike-slip fault of its 50 km
length (Wells and Coppersmith, 1994; Wesnousky, 2008).

In this article, we present new observations of tectonically
displaced geomorphic features along the PLFZ acquired from
high-resolution (<20 cm) digital elevation models (DEMs)
developed from structure-from-motion (SFM) processing of
aerial photography obtained from a multirotor unmanned aer-
ial vehicle (UAV). The observations suggest a lower slip rate
for the PLFZ and help resolve inconsistencies between per-
event displacements predicted from previous slip-rate esti-
mates and potential rupture length of the PLFZ.

Geologic Framework

Pyramid Lake Fault Zone Surface Trace and Offset
Potential

The PLFZ is expressed as a relatively narrow (<2:5 km
wide) fault zone that continues for ∼45 km from Fernley,
Nevada, to the southern edge of Pyramid Lake as a northwest-
trending right-lateral strike-slip fault (Fig. 2). Recent marine
shallow seismic reflection interpretations of Eisses et al. (2015)
showwest-dipping strata focused at the southern end of Pyramid
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Lake, suggesting that the PLFZ may extend for another 5 km as
an east-dipping oblique fault along the west shore of the lake,
which is characterized with more vertical displacement than to
the south. This extends the length of the PLFZ to ∼50 km.
Further north, the character of regional faulting changes to
north-northwest-trending normal faults (Fig. 1) and is domi-
nantly expressed by the Lake Range fault, which bounds the
east side of the lake and dips to the west (Figs. 1 and 2).

The emergent portion of the PLFZ has previously been
divided into two sections based on geomorphic and structural
observations (Bell and Slemmons, 1979; Anderson and Haw-
kins, 1984; Briggs and Wesnousky, 2004; Bell et al., 2005).
The southern section of the PLFZ begins south of Fernley,
Nevada, and crosses Dodge Flat to where it parallels and is
obscured by the steep bank of the Truckee River (Fig. 2).
The southern section of the fault zone is expressed as multiple,
aligned, discontinuous linear traces manifested as vegetation
lineaments, scarps, and linear depressions within the middle of
the valley. The northern limit of the southern section corre-
sponds with the occurrence of distributed faulting and local
extensional features near the intersection with the conjugate
left-lateral Olinghouse fault (Sanders and Slemmons, 1996;
Briggs and Wesnousky, 2005; Fig. 2).

The PLFZ is best defined in the northern section and dis-
plays a nearly continuous linear fault trace manifested as veg-
etation lineaments, uphill-facing scarps, bedrock and alluvial
ridges, elongate depressions, and springs (Figs. 2 and 3). We
targeted this portion of the fault because it crosses numerous
gullies, drainage channels, and ridges, providing higher poten-
tial for preservation of displaced geomorphic features.

Geomorphic Units and Geochronologic Constraints

The PLFZ sits within the Pyramid Lake basin, which
was once part of Lake Lahontan, a pluvial lake that reached
its maximum highstand (Sehoo highstand) of ∼1338 m at
15;475� 720 yr B:P: (15.5 ka) before rapidly desiccating
to modern-day Pyramid Lake level (Benson and Thompson,
1987; Adams et al., 1999; Briggs et al., 2005). Remnant
shoreline features, such as shoreline scarps, spits, tufa depos-
its, and modified fan surfaces, are prevalent within the Pyra-
mid Lake basin and provide excellent late Pleistocene and

Figure 1. Regional hillshade and fault map of study area. North-
west-trending right-lateral strike-slip faults accommodating Walker
Lane right-lateral shear are shown as solid black lines (PLFZ, Pyra-
mid Lake fault Zone; PF, Polaris fault, MVF, Mohawk Valley fault;
GVF, Grizzly Valley fault; HLF, Honey Lake fault; WSF, Warm
Springs fault; RMF, Rainbow Mountain fault). Normal faults are
shown in light gray. All faults modified from the U.S. Geological
Survey Quaternary Fault and Fold Database (2006; see Data and Re-
sources). White dashed boxes show geodetic transects from Bormann
(2013) used to constrain strain rates for the northern Walker Lane.
(Inset) Regional tectonic setting of the study area and its relation
to the San Andreas (SA) fault system. The color version of this figure
is available only in the electronic edition.

Figure 2. Map of PLFZ trace. Quaternary-active surface traces
of the PLFZ are shown as a thick black solid line, and concealed
traces (i.e., continued along elevation contour of associated extent)
are shown as a dashed. The normal Lake Range fault and left-lateral
Olinghouse fault are shown as thin black lines. Half circles on fault
lines show down dropped sides of normal faults. The location of the
Briggs and Wesnousky (2004) study sites referred to in the text is
labeled and shown in detail in Figure 3. The color version of this
figure is available only in the electronic edition.
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Holocene geomarkers of lake level (Reheis et al., 2014). The
study of such features has generated detailed Lahontan lake-
level curves (Benson and Thompson, 1987; Adams et al.,
1999; Briggs et al., 2005; Adams, 2012) that show the Sehoo
highstand (∼15:5 ka) to be abrupt, characterized by a rapid
transgression that reached a maximum elevation of ∼1337 m
and followed by a rapid regression (Thompson et al., 1986;
Benson and Thompson, 1987; Adams and Wesnousky,

1998). Minor transgressions occurred during the late Pleis-
tocene (10;820� 3514C yr B:P:) and the late Holocene
(3595� 3514C yr B:P:), reaching elevations of ∼1230 and
∼1199 m, respectively (Briggs and Wesnousky, 2005; Fig. 3).
Previous mapping by Briggs and Wesnousky (2004) shows
the distribution of late Pleistocene and Holocene shorelines
and deposits along the northern section of the PLFZ (Fig. 3)
and is utilized in this study to constrain the age of offset.

Figure 3. Surficial geologic map along the northern section of the PLFZ (modified from Briggs and Wesnousky, 2004). The fault trace is
shown as a thick black line, and concealed traces are shown as a dashed line. Study sites 1–7 (asterisks) are shown along PLFZ. The contour
of the Lahontan Sehoo highstand (15.5 ka) is shown by the thick dashed-dotted line. Contours of the late Pleistocene transgressions are shown
with dashed-dotted lines, and concealed traces (i.e., continued along elevation contour of associated extent) are shown as a dotted line. The
color version of this figure is available only in the electronic edition.
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The trace of the PLFZ, from which we document seven
offsets, lies almost entirely below the Lahontan Sehoo
(∼15:5 ka) highstand (Fig. 3). Further north, and closer to
the modern shoreline, the trace of the fault is absent within
the historic deposits of Pyramid Lake (Fig. 2). To constrain
the age of offset, we assume the ages of offset lacustrine fea-
tures, such as constructional shoreline features, are bound by
the corresponding highstand above and below, such that la-
custrine features between elevations 1337 and 1230 m have a
maximum age of 15.5 ka and minimum age of 10.8 ka, and
lacustrine deposits below 1230 m have a maximum age of
10.8 ka. Because of the brevity of the Sehoo highstand
(15.5 ka) and rapid nature of the bounding transgression and
following regression, we further assume that the age of offset
deposits near the Sehoo highstand, whether they are transgres-
sional or regressional in origin, to be very close in age to the
highstand value of 15.5 ka.We therefore do not provide a min-
imum bound on deposits that sit within 15 m of the Sehoo
highstand. Offset erosional geomorphic features, such as in-
cised drainage channels, are assumed to form sometime after
the occupation of the lake and are bound solely by the age of
the Sehoo highstand (15.5 ka), providing a maximum age.

Methods

To produce high-resolution DEMs, we applied SFM to
low-altitude aerial photography obtained from a low-flying re-
mote-controlled multirotor UAV (a hobby “copter”). Because
this is a relatively new technique, especially within the field of
geomorphology and neotectonics, we first provide a general
summary of SFM, followed by the methods we used.

Structure from Motion

Sprouting from stereophotogrammetry, SFM was devel-
oped during the late 1970s (Ullman, 1977, 1979) and rapidly
progressed into simple automated workflows that, in combi-
nation with multiview stereo (MVS) (Pollefeys et al., 2004),
produce highly accurate 3D point data comparable with stan-
dard light detection and ranging (lidar) (Harwin and Lucieer,
2012; Westoby et al., 2012). Recent applications of SFM in-
clude 3D modeling of iconic solitary structures (Snavely
et al., 2008), geologic outcrops (Westoby et al., 2012), vari-
ous geomorphic landscapes (Fonstad et al., 2013; Johnson
et al., 2014), and paleoseismic trench exposures (Bemis et al.,
2014; Reitman et al., 2015).

SFM uses photogrammetric triangulation of common fea-
tures from a series of overlapping photographs from different
and multiple perspectives in order to determine the camera
position of each photograph, producing a camera model.
MVS then uses the camera model to construct the 3D point
model of the scene photographed, for which enhanced feature
recognition algorithms allow for multiscaled photographs to
have large changes in camera perspectives, allowing for de-
tailed scene geometry (Pollefeys et al., 2004). Feature color
is also carried through the SFM/MVS process, providing red–
green–blue values for each generated point. Recent applica-
tions and testing of SFM for topographic modeling show high
levels of accuracies that are often comparable and sometimes
better than standard lidar models (Harwin and Lucieer, 2012;
Westoby et al., 2012; Fonstad et al., 2013; Johnson et al.,
2014). Unlike lidar, SFM does not have the potential to ac-
quire ground points through dense vegetation canopies.

High-Resolution Topographic Models

We developed SFM topographic models of offset geo-
morphic features at seven individual sites along the trace of
the PLFZ using aerial photographs obtained from a UAV.
Sites were selected for the highest potential to record fault
offset of geomorphic features. Low-altitude (<30 m) aerial
photographs were acquired at each site using a DJI Phantom 1
multirotor hobby copter mounted with a Ricoh GR 8.3 mega-
pixel digital camera with a 5.9 mm lens. Photograph acquis-
ition was focused along the trace of the fault, which allowed
for the most image overlap and highest ground resolution
along the fault (Table 1). During flight, images were captured
every 5 s, producing ∼100–950 photographs at each site,
dependent on the size of the site (Table 1). Poor quality pho-
tographs, such as those that were blurred, contained obstruc-
tions, or were taken at very low altitude, were discarded from
the modeling process.

Ground control points (GCPs) were deployed before
photograph acquisition and incorporated in the modeling
process to constrain scale. These consisted of 30-cm-diam-
eter orange disks set up in rows of three, perpendicular to the
fault and spaced ∼50 m apart. The center of each GCP disk
was geospatially located using a Trimble R10 RTK Global
Positioning System, providing 2–5 cm accuracy.

We followed similar processing workflow procedures of
Johnson et al. (2014) using AgiSoft PhotoScan Pro software.
Dense point clouds of each site were produced in PhotoScan

Table 1
Structure from Motion Modeling Parameters and Results

Site Model Area (m2) Number of Images Ground Control Points Point Density (points=m2) Ground Resolution (m/pixel) Root Mean Square (m)

1 and 2 189,278 971 43 130 0.04 0.07
3 101,181 326 11 238 0.06 0.09
4 78,432 88 18 1159 0.03 0.2
5 445,386 558 10 121 0.09 0.26
6 131,812 381 14 206 0.07 0.11
7 122,681 338 7 167 0.08 0.5
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using the suggested default settings. The DEMs were devel-
oped within PhotoScan using the dense point cloud and cre-
ating a Triangulated Irregular Network (also known as TIN).
Suggested default settings were used in the TIN to maximize
the face count, producing DEMs with 3–9 cm pixels (see
Table 1). Our model accuracies, reported as root mean square
values, range from 7 to 50 cm (Table 1). Hillshade, slope, and
contour maps were produced in ArcGIS from the exported
DEMs and further processed in ArcGIS for analysis and dis-
placement estimates.

Vegetation filters were not used in our modeling process
for the purpose of preserving the true landscape topography
and because of the limited obstruction from local sagebrush.
As a result, local sagebrush appears as irregular oval speckles
within our hillshade models and causes irregular contour lines
to be rough and irregular, sometimes only encircling a single
sagebrush. To minimize these effects in our contour maps, we
first applied a smoothing tool (“focal statistics” in ArcGIS) to
our DEMs, which averages the value of each gridded cell over
a defined area, 0.5–2 m in this case. We then removed con-
tours encircling individual sagebrush using the contour line
length as a filter, such that only long (>15 m) continuous con-
tour lines remain. Our hillshade images are not smoothed for
the purpose of showing the landscape at the highest resolution.

Observations

We utilize our high-resolution hillshade, contour, and
slope maps to define and estimate the amount of displace-

ment and related uncertainties of linear geomorphic features
(Figs. 4–10). Linear geomorphic features, such as ridge crests,
shoreline scarp inflections, drainage thalwegs, and channel
margins, serve as piercing points that are used to reconstruct
fault displacement. At some sites, extrapolation of these linear
features to the fault is required and often results in asymmetric
uncertainties.

As described earlier, the age of offset is determined by the
age of the surface on which the offset geomorphic deposit or
feature is manifested (Fig. 3). The offset age is further used to
estimate a slip rate by dividing the displacement estimates by
the age of the offset features. We provide minimum and maxi-
mum slip rates in which the offset age is bound by Lahontan
highstands; and, for those offset features not bound, such as
incised drainage channels, we provide only a minimum rate.

Site 1

Site 1 is located in the northern end of the PLFZ, ∼4 km
south of the modern-day shoreline (Fig. 3). An uphill-facing
fault scarp (Fig. 4a) cuts across a Qa/Qf1 fan that postdates
the ∼10;820� 35 B:P: late Pleistocene transgression of
Lake Lahontan. The fan at this location is characterized by
relatively higher older incised surfaces that sit within the in-
terfluves of slightly lower younger surfaces (Fig. 4a). The
lower, younger surfaces have a slightly smaller fault scarp
and do not show offset within the incised drainages. Within
a relatively older portion of the fan, a beheaded drainage
channel is observed on the northeast side of the fault (Fig. 4).

Figure 4. Site 1. (a) Hillshade map of fault trace and right-laterally displaced beheaded channel. (b) Contour map showing offset thalweg
(solid and dotted thin black lines). The contour interval is 25 cm, with darker contours every 1 m. Uncertainty within the projection of the offset
thalweg to the fault trace is indicated by the shaded areas. The color version of this figure is available only in the electronic edition.
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Figure 6. Site 3. (a) Hillshade map showing subtle fault trace and constructional shoreline feature. (b) Contour map showing offset ridge
crest (black dashed line). The contour interval is 25 cm, with darker contours every 1 m. Uncertainty within the projection of the offset ridge
crest to the fault trace is indicated by a shaded area. The color version of this figure is available only in the electronic edition.

Figure 5. Site 2. (a) Hillshade map showing fault trace and right-laterally offset channel. (b) Contour map showing offset thalweg (black
solid and dotted lines). The contour interval is 25 cm, with darker contours every 1 m. Uncertainty in projection of offset thalweg to trace
indicated by shaded area. Uncertainty within the projection of the offset thalweg to the fault trace is indicated by shaded areas. The color
version of this figure is available only in the electronic edition.

790 S. Angster, S. Wesnousky, W. Huang, G. Kent, T. Nakata, and H. Goto



We interpret the thalweg of the correlative channel to be
right-laterally offset by 17� 2 m on the southwest side of
the fault (Fig. 4b). The qualitative uncertainty of the estimate
reflects the poorly defined nature of the channel thalweg near
the fault and on the southwest side of the fault (Fig. 4b). As-
suming the displacement is tectonic and has accrued since
the deposition of the alluvial fan unit (Qa/Qf1), the observa-
tions indicate a minimum slip rate of 1:6� 0:2 mm=yr.

We acknowledge another potential correlative channel
on the southwest side of the fault, further north, that might

be correlated to the beheaded channel (each labeled in
Fig. 4a) and leads to an apparent right-lateral offset meas-
urement of ∼60 m. Because the correlative drainage sits
within a relatively younger portion of the fan and the mag-
nitude of this offset is very large, given the youthful age of
the surface on which the offset is manifested (less than
∼10:8 ka), we disregard the offset because it is unlikely tec-
tonic. The offset would indicate a minimum slip rate of
5:5 mm=yr, well above prior findings (Briggs and Wes-
nousky, 2004) and others from this study and above the limits

Figure 7. Site 4. (a) Hillshade map showing offset drainage and two strands of the PLFZ. (b) Slope map highlighting the top of channel
margin walls (arrows), determined from a sharp break in slope. (c) Contour map showing offset channel margins (solid and dashed black
lines) on each fault strand (solid black lines). Contour interval is 25 cm, with darker contours every 1 m. Uncertainty within the projection of
the break in the slope that defines the channel margins to the fault strands is indicated by the shaded areas. The color version of this figure is
available only in the electronic edition.
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placed by contemporary geodesy (Hammond et al., 2011;
Bormann, 2013).

Site 2

The fault at site 2 is expressed as a single linear uphill-
facing scarp (up to ∼1:5 m high) within Ql lacustrine deposits
(Figs. 3 and 5). An abandoned channel intersects the fault at a
high angle (Fig. 5a) and is right-laterally offset (Fig. 5b). The
channel morphology is broad and muted, particularly on the
southwest side of the fault, and introduces a moderate amount
of uncertainty. Additionally, a secondary drainage, flowing

north along the uphill-facing scarp, disrupts the morphology
of the offset channel near the fault and adds to the uncertainty.
We estimate 14� 6 m of right-lateral displacement of the thal-
weg across the fault (Fig. 5b). This channel incised into Ql
lacustrine deposits sometime after the regression from the Se-
hoo highstand (∼15:5 ka); the offset postdates ∼15:5 ka and
results in a minimum slip-rate estimate of 0:9� 0:4 mm=yr.

Site 3

Site 3 is located ∼0:75 km southeast of site 2, where the
fault is also expressed within Ql lacustrine deposits (Figs. 3

Figure 8. Site 5. (a) Hillshade map showing fault trace and offset shoreline features. (b) and (c) contour maps of (b) northwestern and
(c) southeastern offset shoreline ridges. Solid and dotted black lines show the trace of ridge crests. The contour interval is 25 cm, with darker
contours every 1 m. Uncertainty within the projection of the slope break to the fault trace is indicated by shaded areas. The color version of
this figure is available only in the electronic edition.

792 S. Angster, S. Wesnousky, W. Huang, G. Kent, T. Nakata, and H. Goto



and 6). A broad constructional shoreline ridge intersects the
trace of the Pyramid Lake fault at a highly oblique angle
(Fig. 6a), and its crest is offset 15� 10 m (Fig. 6b). The
broad nature of the ridge and its oblique intersection with
the fault leads us to assign a relatively high uncertainty to
the offset estimate. The offset Ql deposit here sits between
the 15.5 ka Sehoo highstand and the 10.8 ka transgressional
maximum, and so the offset measurement places a minimum
bound on the fault-slip rate of about 1:0� 0:6 mm=yr and a
maximum rate of 1:4� 0:9 mm=yr.

Site 4

The fault at site 4 is composed of two fault strands and
forms a graben structure across Qf2 (Figs. 3 and 7). An aban-
doned drainage channel crosses both fault strands (Fig. 7a). The
broad nature of the channel reduces our ability to constrain the
thalweg using the contours (Fig. 7c). Instead, we use sharp slope
breaks, determined on the generated slope map (Fig. 7b), of the
upper channel margin walls as piercing points (small arrows in
Fig. 7b). The northern channel wall is the most well defined and

Figure 9. Site 6. (a) Hillshade map showing uphill-facing scarp and offset shoreline ridges. (b) Slope map defining slope break (arrows)
on northwest face of the shoreline ridge. (c) Contour map showing the projection of the slope break into the fault (solid and dotted black
lines). The contour interval is 25 cm, with darker contours every 1 m. Uncertainty within the projection of the slope break to the fault trace is
indicated by shaded areas. The color version of this figure is available only in the electronic edition.
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best records offset of the channel where it crosses the
northeastern fault strand. We estimate 14� 2 m of right-lateral
offset, similar to the offset estimate of 12–15 m at this site pre-
viously reported by Briggs and Wesnousky (2004). The sharp-
ness of the slope break and its continuous nature to where it
intersects the fault scarp allows us to assign a minimal uncer-
tainty to the offset estimate. The southern margin of the channel
is partly eroded and has a more muted slope break associated
with the top of the southern channel margin wall. This is espe-
cially apparent east of the northeastern fault strand and does not
provide a sufficient piercing point to measure.

Additional offset is recorded on the southwestern
strand of the fault. The slope breaks at the top of both chan-
nel margin walls are well defined, particularly along the
southern channel margin. We estimate that both the
northern and the southern channel margins are similarly off-
set 3� 1 m. This offset was not observed by Briggs and
Wesnousky (2004) and increases the total offset across the
two fault strands to 17� 3 m. The accumulated offset of
the drainage channel postdates the Lahontan highstand
(15.5 ka) and yields a minimum slip-rate estimate of
1:1� 0:2 mm=yr.

Figure 10. Site 7. (a) Hillshademap showing offset shoreline ridge. (b) Slope map defining slope break (arrows) on south face of the shoreline
ridge. (c) Contour map showing displacement measurement of shorelines (traced with solid and dotted black lines). The contour interval is 25 cm,
with darker contours every 1 m. Uncertainty within the projection of the slope break to the fault trace is indicated by shaded areas. The color version
of this figure is available only in the electronic edition.
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Site 5

Site 5 is located at the southern end of a long (∼1 km)
linear northwest-trending wave-washed bedrock-cored ridge
(Figs. 3 and 8a). The PLFZ intersects and displaces two
broad but distinct shoreline ridges deposited on the bed-
rock-cored ridge (Fig. 8a). The crest of the northwestern
ridge is right-laterally offset 21� 8 m (Fig. 8b), whereas the
better-defined southeastern ridgeline is offset 20� 5 m
(Fig. 8c). Using the age of the Sehoo highstand (15.5 ka)
as a maximum bound on the age of the displaced shoreline
ridges and using the larger measured offset (21� 8 m), we
estimate a minimum fault-slip rate of 1:4� 0:5 mm=yr. This
site also sits well above the 10.8 ka transgressional maxi-
mum, providing a minimum bound on the age of offset
and a maximum slip-rate estimate of 1:9� 0:7 mm=yr.

Site 6

At site 6, arcuate constructional shoreline ridges that lie
just below the Sehoo highstand (∼1337 m) intersect the
∼1-m-high uphill-facing fault scarp at a high angle (Figs. 3
and 9a). The break in slope on the northwest face of this
shoreline ridge (Fig. 9b) is right-laterally offset 19� 9 m
(Fig. 9c). The offset has accrued, at least, since the Lahontan
highstand (15.5 ka), yielding a minimum slip-rate estimate of
1:2� 0:6 mm=yr. Because of the proximity (<15 m) to the
highstand, we assume this shoreline feature is very close in
age to the Sehoo highstand (15.5 ka) and therefore do not
provide a minimum age of offset.

Site 7

Site 7 is located at the southern end of a linear bedrock-
cored ridge (Fig. 3). Here, shoreline escarpments that sit just
below the Sehoo highstand wrap around the southern tip of the
ridge (Figs. 3 and 10a). The fault trace is subtle and is better
manifested by the offset of the shoreline (Fig. 10). The trend of
the shoreline feature is best defined by the slope break at the
top of the southeast-facing shoreline escarpment (Fig. 10b),
which is offset 8� 3 m across the fault zone (Fig. 10c).
The observed displacement has occurred since the formation
of the shorelines, which must be very near to 15.5 ka in age
because it lies just below the Sehoo highstand. We estimate a
slip rate of 0:5� 0:2 mm=yr. Multiple fault traces exist at the
latitude of this site (Figs. 2 and 3). Our slip-rate estimate here
is for only one fault strand and is unlikely to have captured the
entire near-field fault offset. Accordingly, the slip rate esti-
mated here is relatively less than our other six sites.

Discussion and Conclusion

Our efforts provide a useful example of the application
of small, low-cost UAV photography in neotectonic analysis.
In this case, development of high-resolution DEMs resulted
in the addition of seven measurable fault offsets along the
PLFZ, more than doubling the previous amount of offset

measurements from a prior study along the entire fault that
used 1:10,000-scale low-sun-angle photography (Briggs and
Wesnousky, 2004). In turn, these measurements provided us
the ability to further evaluate the latest Pleistocene to Hol-
ocene slip rate of the PLFZ and its role in accommodating
strain within the Walker Lane.

Reconciling Slip Rates on the Pyramid Lake Fault
Zone

The offsets we observe at the seven sites range from 8 to
21 m, and yield slip rates range from 0.5 to 1:9 mm=yr
(Fig. 11). The uncertainties we place on all are qualitative,
in some cases quite large, and little weight might be given to
any individual estimate. Together, minimum and maximum
estimated slip rates from this study provide an average slip
rate of 1:3� 0:4 mm=yr; and, among all of the slip rates de-
termined along the entire PLFZ, including prior studies, all
but two (site 7 in this study and site B of Briggs and Wes-
nousky, 2004) fall within this average slip rate (Fig. 11). Site
7 from this study was expected to be less because it is located
where multiple fault traces exist and is likely not capturing
all the slip. A principal observation, excluding site 7, is that
our slip-rate estimates are broadly consistent among the six
sites along the 17-km-long portion of the PLFZ that we stud-
ied and are invariably less than 2 mm=yr (Fig. 11). The val-
ues of our estimates are also less than the previously reported
slip rate for the PLFZ, which was based on offset drainages at
a single site along the Truckee River, about 7 km to the south
of our most southern site (Figs. 2 and 11; Briggs and Wes-
nousky, 2004). There, drainages are interpreted to have in-
cised into lacustrine deposits after the Sehoo highstand
(post-15.5 ka), similar to most of the sites of offset reported
in this study, and are reported to be offset 35–43 m. Such an
offset yields a latest Pleistocene-to-Holocene slip rate of
2:6� 0:3 mm=yr, which is ∼200–500% higher than the slip
rates we document 7–20 km to the north.

Importantly, all of the measured offsets here and in
Briggs and Wesnousky (2004) provide a minimum slip rate.
This means that slip-rate calculations, other than at site 1,
assume that the age of the Sehoo highstand (15.5 ka) marks
the time at which offset features begin recording displacement.
Some disparity in rates might arise because some of the offset
drainages did not develop immediately upon desiccation of the
lake. Yet, several of the sites we measured (sites 6 and 7) are
shoreline depositional features, which developed very closely
in time to the Sehoo highstand and would be expected to rec-
ord all of the displacement since the highstand. Additionally,
our largest measurement of offset (site 5) is also of displaced
lacustrine depositional features that postdates the Sehoo high-
stand and predates the late Pleistocene transgression (10.8 ka).
It is unlikely that the observed variation in slip rate along fault
strike from our measurements has not captured the majority of
slip since the highstand.

Our estimates of offset and slip rate are located along the
northern section of the PLFZ, whereas the higher slip rate re-
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ported by Briggs andWesnousky (2004) was determined along
the southern section of the fault (Figs. 2 and 11). The two sec-
tions of the fault are separated by the junction of the conjugate
left-lateral Olinghouse fault (Fig. 2), which forms a kinemat-
ically and structurally complex zone near the intersection. It
might be suggested that the southern section of the fault is,
indeed, slipping faster than the northern section because slip
from the southern section is being transferred in part to the
Olinghouse fault. This would kinematically require a compo-
nent of reverse slip on the Olinghouse fault. However, the trace
of the Olinghouse fault exhibits extensional features near its
intersection with the PLFZ (Bell et al., 2005; Briggs and Wes-
nousky, 2005), and thus this idea does not support the disparate
slip rates for the southern and northern fault sections.

It could also be suggested that the large offset of Briggs
and Wesnousky (2004) is the result of the central location of
the offset site along the entire fault, where the highest amounts
of slip are to be expected (e.g., Bürgmann et al., 1994; Jónsson
et al., 2002). Our observations do not refute this idea because
they are all located to the north and are of lesser value. The large
offset of Briggs and Wesnousky (2004) is located only 7 km
south of our smallest measured offset (8� 3 m) andwould sug-
gest a significant decay in slip amount within a short distance.

Two observations support the notion that a lesser value
of slip rate than the previously reported 2:6 mm=yr is a better
representation of the Pyramid Lake fault-slip rate. First, the
range of the best-estimated slip rates (0:5–1:6 mm=yr) re-
ported in this article is consistent with recent geodetically
estimated slip rates for the Pyramid Lake fault, which range
from 1.0 to 1:7 mm=yr (Fig. 11; Hammond et al., 2011; Bor-
mann, 2013). Second, the displacements measured in this

study yield greater consistency with the paleoearthquake his-
tory of displacement that has been reported along the fault.

Previous paleoseismic trenching along the northern sec-
tion of the Pyramid Lake fault has shown evidence for at least
four, possibly five, seismic events since the 15.5 ka Lahontan
Sehoo highstand (Anderson and Hawkins, 1984; Briggs and
Wesnousky, 2004). The latest three are determined to have
occurred after 8980� 260 yr B:P:, constraining the reoccur-
rence interval to ∼2910–3080 yr (Briggs and Wesnousky,
2004). Together, these observations suggest that the higher
number of earthquakes (five) satisfies the reoccurrence inter-
val. If these five events are responsible for the latest Pleis-
tocene displacement along the fault, the 35–42 m of offset
reported in Briggs and Wesnousky (2004) requires that indi-
vidual coseismic displacements have averaged 7–9 m, which
is significantly larger than would generally be expected from
empirical scaling relationships for a strike-slip fault of its
45 km length (Wells and Coppersmith, 1994; Wesnousky,
2008). The range of offsets reported here is significantly less,
ranging from 14 to 21 m. These offsets require that coseismic
offsets average only between 3–5 m, more in line with the
magnitude of displacements predicted by regressional rela-
tions derived from historical earthquakes (e.g., Wells and
Coppersmith, 1994; Wesnousky, 2008).

The absence of a paleoearthquake record on the southern
section of the PLFZ allows for the possibility of the southern
section to rupture independently and possibly contain more
events, which would allow for the higher amount of observed
slip. This would require many more events on the southern sec-
tion than the northern, and expression of this is lacking within
the geomorphology along the southern section of the fault.

Figure 11. Summary of slip-rate estimates along the PLFZ. The solid black boxes are minimum slip rates obtained from this study, with asso-
ciated uncertainties shown by extending solid gray lines. Black triangles show the maximum slip rates obtained in this study, and associated un-
certainty is shown as the extending dotted lines. The gray shaded region and the horizontal thick solid gray line display the average slip-rate range
obtained from this study. Slip rates and associated uncertainties from Briggs and Wesnousky (2004) are shown as open dark gray boxes. The
horizontal dashed lines bound the limit of slip rates estimated for the PLFZ from block modeling of contemporary geodetic data (Hammond et al.,
2011; Bormann, 2013). The thick vertical dashed line shows the approximate location between the northern section and southern section of the PLFZ.
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In the end, our observations do not directly disprove the
higher slip rate reported in Briggs and Wesnousky (2004).
However, they do permit the suggestion that the part of the
offset on which their high-slip-rate estimate was based may
record some component of stream deflection as well as offset
and thus overestimates the true offset along the fault.

Implications to Northern Walker Lane Kinematics

Mismatch between geodetic strain rates and geologic slip
rates persist within the Walker Lane. This issue has been exem-
plified in the northern Walker Lane (Wesnousky et al., 2012;
Gold et al., 2013), where the total geologic slip rate of
1:4–3:3 mm=yr summed across theMohawkValley fault, Griz-
zly Valley fault, Honey Lake fault, and the Warm Springs fault
(Fig. 1), fails to match the most recent geodetically determined
rate of ∼5 mm=yr (Hammond et al., 2011; Bormann, 2013).

This mismatch also exists further south (Wesnousky
et al., 2012), at the latitude of the PLFZ, and is exacerbated
by the new slower rates presented in this study (Fig. 11).
Here, recent geodetic rates estimate ∼7 mm=yr of contem-
porary strain (Fig. 1; Bormann, 2013). Summing the geologi-
cally determined slip rates of known active right-lateral
strike-slip faults across this transect, which only includes
0:3–0:4 mm=yr on the Polaris fault (Hunter et al., 2011)
and the <2 mm=yr rate on the PLFZ from this study, yields
a maximum slip rate of ∼2:4 mm=yr. This yields a minimum
deficit of ∼4:2 mm=yr. It may be inferred from the deficit
that (1) there is unidentified oblique slip on mapped normal
faults; (2) there are unidentified active strike-slip faults
within the geodetic transect; (3) strike-slip motion is being
accommodated by some other means, such as block rotation
(Wesnousky et al., 2012); (4) significant off-fault deforma-
tion occurs coseismically and cannot be observed by paleo-
seismology or near-field neotectonic studies, such as this
(Gold et al., 2015); or (5) unknown combinations of these
possible explanations contribute to this deficit.

Implications to Seismic Hazard

If one accepts that the relatively lesser geologic slip rate
we find for the PLFZ, as compared with prior estimates from
geology, is correct, the consequence to seismic hazard in the
nearby Reno area is twofold and in some sense counteract-
ing. Prior earthquake studies provide the best measures of the
expected repeat time of earthquakes along the PLFZ, and the
reduction in slip rate reduces the magnitude of coseismic slip
in repeating earthquakes needed to explain the slip rate. This,
in effect, reduces the seismic hazard imposed by the fault on
the Reno area. When coupling the observation of reduced
slip rate with current geodetic observations that indicate
shear equivalent to 7 mm=yr is accruing at this latitude of the
Walker Lane (Bormann, 2013) and that the PLFZ marks the
eastern margin of the Walker Lane, the slip once attributed to
the PLFZ must ultimately be accounted for by slip and thus
by earthquakes on a fault or faults further west, perhaps
closer to Reno, which would increase the level of seismic

hazard for Reno. The finding of a lower slip rate on the PLFZ
thus exacerbates prior observations in the northern section of
the Walker Lane that geologic rates of slip are insufficient to
account for the slip budget indicated by contemporary geod-
esy (Wesnousky et al., 2012; Gold et al., 2013).

Data and Resources

Base-map data for Figures 1 and 2 were acquired from the
National Elevation Dataset (http://ned.usgs.gov/about.html,
last accessed August 2014). Quaternary active fault traces in
Figure 1 were acquired from the U.S. Geological Survey
Quaternary Fault and Fold database (http://earthquake.usgs.
gov/hazards/qfaults, last accessed October 2015). All other data
in this article were self-collected in January–August 2014 and
have not been previously published.
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