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Abstract Measuring displacements of buried and faulted strata on strike-slip faults requires detailed
3D trenching excavations. Here we demonstrate a new methodology using co-registered, photorealistic 3D
models derived from an iOS-based laser scanner and structure-from-motion photogrammetry to reconstruct
stratigraphy and trace a displaced channel sequence across the Dog Valley fault in the northern Walker Lane.
We present new geomorphic mapping observations and trenching results. Lidar data reveal a east-northeast
striking fault trace that extends about ~25 km from justwest of the Polaris Fault to the northwest flank of Peav-
ine Mountain. Youthful fault scarps are visible alongmuch of the fault. Clear lateral displacements are largely
absent along the fault; however, right-stepping fault strands, sidehill benches, linear valleys and ridges, and
alternating scarp facing directions are all consistent with left-lateral strike slip displacement. Stratigraphic
and structural relations exposed in the Dog Valley fault trench show truncations of bedded fluvial and peat
deposits and provide evidence for the occurrence of two Holocene earthquakes: the most recent earthquake
postdates ~8 ka, and an earlier earthquake occurred between 8491-8345 cal. ybp. Based on 3D excavations of
a channel margin, themost recent earthquake produced 115±30 cm of left-lateral displacement, correspond-
ing with up to a M6.7 earthquake. Similar timing for the most recent earthquake on the Polaris fault which
orthogonally intersects the Dog Valley fault may indicate rupture behavior similar to conjugate historic rup-
tures elsewhere in the Walker Lane.

Non-technical summary Here a new set of 3D imaging techniques is used to produce a 3D model
of a series of interconnected trenches excavated across the Dog Valley fault near Lake Tahoe, California. The
result allows for the accurate digital measurement of displacement of sediments across the fault. The fault is
a left-lateral strike-slip fault in the Walker Lane, a zone of distributed shear that is parallel to the San Andreas
fault. The fault intersects a neighboring strike-slip fault at a 90° angle, similar to other faults in theWalker Lane
that have ruptured together during the last century.

1 Introduction

Paleoseismic studies of active faults are one of the pri-
mary methods for estimating the timing, recurrence,
and size of prehistoric earthquakes – critical parame-
ters for seismic hazard assessments (McCalpin, 2009).
Typical paleoseismic studies combine shallow subsur-
face excavations (‘paleoseismic trenches’) with detailed
surficial fault maps. These paleoseismic trenches aim
to measure the fault displacement and timing of past
fault ruptures. While fault displacement is readily mea-
sured from a single trench exposure across a dip-slip
fault, an array ofmultiple trenches (‘3D trenching’) is re-
quired to find traceable subsurface piercing lines across
a strike-slip fault (Marco et al., 2005; Rockwell et al.,
2009; Hall et al., 1999). The standard method of doc-
umenting a series of 3D trenches consists of a plan
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viewmap of the trench excavations and then a series of
trench-wall-log diagrams. However, aligning these 2D
diagrams so they can be visualized in a 3D space is not
a simple task.
In recent years, trench-wall diagrams are increas-

ingly constructedusing Structure-from-Motion (SfM) al-
gorithms to produce high-detail orthophoto mosaics of
trench walls (Haddad et al., 2012; Bemis et al., 2014;
Reitman et al., 2015; Delano et al., 2021). SfM re-
lies on photogrammetric principles and many overlap-
ping photographs taken from different positions to re-
produce the 3D geometry and camera locations of a
scene. Here we present a novel method that uses an
Apple iOS laser scanner and SfM 3D modeling to gen-
erate a computer model of oriented and aligned high-
resolution trench wall images. These aligned images
form a readily viewed, true 3D stratigraphic/structural
reconstructed model of a volume of faulted crust. This
model can then be used for measuring fault displace-
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ments and exploring the fault and stratigraphic struc-
ture, not dissimilar to 3D seismic data.

Figure 1 Overview map of the Truckee Basin and sur-
rounding region. Faults (abbreviated flt.) in redmodified af-
ter the USGS Quaternary Fault and Fold Database (U.S.G.S.,
2020) to reflect our updated mapping in the Truckee and
Tahoe basins. Inset map shows the location with respect to
California and Nevada and regional active faults.

We demonstrate the value of this method by employ-
ing it in a paleoseismic trench study of the Dog Val-
ley fault within the Walker Lane tectonic province in
northeastern California (Figure 1). The Walker Lane is
characterized by a complex network of faults includ-
ing rangefront normal faults and conjugate right- and
left-lateral strike-slip faults (Wesnousky, 2005). A num-
ber of historical earthquakes in the Walker Lane have
been associated with conjugate or cross-fault ruptures
(Smith and Priestley, 2000; Hatch-Ibarra et al., 2022;
Barnhart et al., 2019). However, paleoseismic records in
the Walker Lane are insufficient to evaluate how com-
mon these types of ruptures are along major faults.
Analysis of static stress changes associated with the
2019 Ridgecrest earthquake sequence indicate that the
M6.4 earthquake promoted slip in the M7.1 earthquake
and triggered creep on the adjacent Garlock fault (Barn-
hart et al., 2019). Thus, the possibility that earthquakes
might promote rupture on intersecting and/or other
nearby faults has implications for future seismic haz-
ards in the region.
Based on evaluation of our 3D trenchmodel and field

observations, we assess the earthquake history of the
Dog Valley fault and estimate the displacement associ-
ated with the most recent seismic event. Additionally,
we describe the geomorphic expression and length of
the Dog Valley fault based on assessment of lidar hill-

shades and field reconnaissance. We then discuss the
geometric and paleoseismic relationship of the DogVal-
ley fault with the intersecting Polaris fault and their sig-
nificance in the context of conjugate strike-slip fault-
ing and seismic hazards in the Walker Lane fault sys-
tem. We conclude with a discussion of the utility of this
methodology in comparison to alternative methods.

2 Geologic Setting
The DogValley fault is within the northernWalker Lane
belt in northeast California and extends for ~25 km
from north of Truckee, California to the north flank
of Peavine Mountain near Reno, Nevada (Figures 1
and 2). The Walker Lane belt is a 100-km-wide zone
of distributed faulting following the eastern margin of
the Sierra Nevada mountains from ~35°- 41°N latitude.
The northern Walker Lane accommodates 10-15% (5-
7 mm/yr) of the northwest oriented dextral shear be-
tween the Pacific and North American plates, with 2-
3 mm/yr concentrated along its western margin, span-
ning the Truckee basin (Bormann et al., 2013, 2016;
Pierce et al., 2021; Hammond et al., 2011).
The Truckee basin is the northernmost of a series of

left-stepping en echelon basins that extend along the
east side of the Sierra Nevada and accommodate dex-
tral shear through a combination of oblique rangefront
normal faulting, vertical axis block rotations, and dis-
crete strike-slip faulting (Pierce et al., 2021). Within the
Truckee basin, this deformation is accommodated by
thenorthwest-striking right-lateral Polaris fault (Hunter
et al., 2011), the normal-oblique Truckee fault, and
the conjugate northeast-striking left-lateral Dog Valley
fault. The Polaris fault has produced Holocene earth-
quakes and has a minimum right-lateral slip rate of
~0.4 mm/yr (Hunter et al., 2011). A paleoseismic study
by Melody et al. (2012) constrained the timing of the
most recent Holocene earthquake on the Polaris fault to
<7000 yr B.P., based on displacement of the Tsoyawata
(Mazama) tephra. The Polaris fault intersects the west-
ern end of the DogValley fault with a nearly orthogonal
geometry (Figure 2). The Truckee fault zone is mapped
on the west side of the basin by Olig et al. (2005), but is
not the subject of any other known published studies.
The Truckee fault zone dextrally and vertically (down
to the east) offsets late Pleistocene glacial deposits, sug-
gesting it is an oblique right-lateral normal fault (Olig
et al., 2005). Other nearby regional faults include the
Mohawk Valley fault to the north (Gold et al., 2014) and
West Tahoe fault to the south (Kent et al., 2005; Brothers
et al., 2009; Dingler et al., 2009; Pierce et al., 2017) (Fig-
ure 1). The faults in the basin have generated several
strong historical earthquakes (1966 M6.6 and two ~M6
earthquakes in 1914 and 1948; Olig et al., 2005) and nu-
merous smaller earthquakes (e.g. 2021 M4.7), and pose
a significant surface fault rupture and strong ground
motion hazard to several water storage dams in the re-
gion and the communities of Truckee, California and
Reno, Nevada.
Olig et al. (2005) is the most comprehensive study

to date of the Dog Valley fault. In that study they re-
port that the Dog Valley fault has produced 3.6-4.0 km
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Figure 2 Overview map of the left-lateral Dog Valley fault on a lidar hillshade basemap. Youthful fault traces are mapped
in red. Previous paleoseismic trench sites marked with yellow stars. The surface trace of the Dog Valley fault intersects the
Polaris fault at a near-orthogonal angle. The trench site for this study is located in Hoke Valley along the northeast portion of
the fault.

of cumulative left-lateral offset since ~3 Ma. This im-
plies an average long term left-lateral slip rate of ~1.3
mm/yr. They also describe a change of scarp morphol-
ogy fromprominent, primarily northwest-facing scarps
along the northeastern portion of the fault zone to al-
ternating facing andmore subdued and scattered linea-
ments to the southwest. Along the fault trace they de-
tail a number of features suggestive of strike-slipmotion
including side-hill benches, ridge-crest saddles, aligned
linear drainages, and reversals in scarp directions.

The Dog Valley fault is reported to have been respon-
sible for the 1966M6.0Truckee earthquake (Reed, 2014).
However, features attributed to surface rupture during
this earthquake are scattered and discontinuous. These
features are more likely a result of shaking and may
be considered lateral spreads in unconsolidated alluvial
deposits, rather than surface rupture along the princi-
ple fault trace (Olig et al., 2005). Relocated hypocen-
ters show that the Dog Valley fault forms a distinct lin-

eament of ongoing seismic activity (Reed, 2014). The
fault is absent from the geologic map of the Indepen-
denceLake andHobartMills quadrangles (Sylvester and
Raines, 2013).

Hawkins et al. (1986) excavated two paleoseismic
trenches across scarps thought to be associated with
the Dog Valley fault (Figure 2). The first trench was
excavated in Hoke Valley, adjacent to the site exca-
vated in this study. The second trench was excavated
across a linear drainage north of Prosser Creek Reser-
voir thought to be the surface expression of the fault
responsible for the 1966 earthquake. Neither trench
identified any evidence of lateQuaternary fault rupture.
Hawkins et al. (1986)may not have identified the fault in
theirHokeValley trenchbecause of the amount ofwater
flooding the trench.
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3 Methods

3.1 Fault Mapping
We mapped tectonic geomorphic features and fault
traces along the length of the Dog Valley fault based
on interpretation of lidar hillshade maps and field re-
connaissance. The main trace of the Dog Valley fault is
visible in the 2014 Tahoe National Forest lidar imagery
(OpenTopography, 2017). Mapping along the DogValley
fault indicates that it is characterized by right-stepping
en echelon fault strands expressed as subdued geomor-
phic features including both northwest- and southeast-
facing scarps, closed depressions, aligned linear ridges,
springs, and sidehill benches (Figure 2).
The northeastern-most part of the fault cuts across

the northwestern flank of PeavineMountain near Reno,
Nevada (Figure 1). Southwest from Peavine Mountain
the fault forms a sharp sidehill bench and aligned ridge
before enteringHokeValley (Figure 2). InHokeValley, a
series of springs and 1-2mhigh northwest facing scarps
along the base of the rangefront that bounds the south-
eastern margin of the valley mark the location of the
fault. At the southwest margin of Hoke Valley, the fault
cuts across topography forming a series of linear ridges,
sidehill benches, and both northwest- and southeast-
facing scarps before approaching the Stampede Dam.
The lidar data reveal that the trace of the Dog Valley

fault extends through the StampedeDam(Figure 2). Our
field observations indicate that strands of the Dog Val-
ley fault offset Miocene andesite flow breccias and tuff
breccias exposed in a roadcut immediately northeast of
the dam, and a sharp uphill facing fault scarp extends
across a bench on the hillside above this roadcut.
Southwest of Stampede Dam, the fault is clearly ex-

pressed by sharp scarps and linear ridges that extend
along right-stepping en-echelon strands. The fault then
continues along a linear ridge and valley; however, in
this area tectonic geomorphic features become less pro-
nounced and we were unable to precisely locate the
fault in the field. Just west of the Polaris fault and High-
way 89, the fault appears to terminate, forming a subtle
southeast facing scarp in glacial outwash deposits along
Prosser Creek.

3.2 Trenching Excavation
A series of interconnected 3D paleoseismic trenches
(site DV1) were excavated on the southeast margin of
HokeValley, approximately 3 kmnortheast of Stampede
Reservoir where the Dog Valley fault forms a 2-m-high
northwest facing scarp across the mouth of a small al-
luvial valley (Figures 2, 3a). An apparent left deflection
of an ephemeral stream channel adjacent to the trench
occurs across the fault at this site.
In total, 16 exposures were imaged, covering a vol-

ume roughly 2 m across the fault zone, 4.5 m along the
fault, and 2 m deep (Figure 3c). The across fault ex-
posures are labeled from northeast to southwest A01-
A14, while the fault parallel exposures are labeled P1
and P2. Initially, a single 11 m long, 80 cm wide, 2 m
deep, vertical walled excavation was produced perpen-
dicular to the fault scarp. Both walls of this excavation

(A07 and A08) were carefully cleaned, examined, and
described using standard paleoseismic methods (Fig-
ure 4). Both walls were then imaged using the method-
ology described in the following section. After this ini-
tial excavation, approximately 2m of the northeast wall
of the trench, centered on the fault zone, was expanded
~20 cm, parallel to the initial excavation. This new ex-
posure (A06) was then cleaned and imaged. This pro-
cess was repeated for a total of 6 new exposures of the
northeast wall (A01-A06), extending 1.5 m northeast-
ward along strike. This process of progressively expand-
ing this cross fault trench produced a fault-parallel ex-
posure on the southeast side of the fault (P2). Next,
a second fault parallel trench was excavated (P1), ex-
tending from approximately 1 m northwest of the fault
exposed on the original southwest wall, for 2.75 m to
the southwest. From the southwest end of this fault-
parallel exposure, 6 more 2-m-wide cross fault expo-
sures were created (A09-A14), working from southwest
to northeast back towards the original southwest trench
wall. Finally, cleaning the orthogonal southeast margin
of these exposures extended P1 by 2.5-m to the south-
west. Orthoimages of each exposure are provided in
Figure 5 and in a repository, see the data availability
statement for details.

3.3 TrenchWall Imaging

Prior to imaging each trench exposure, the trench walls
were cleaned using scraping tools and colored flags
were nailed to the walls to mark prominent strati-
graphic layers. In most exposures, a short level string
line was installed between two nails for referencing.
The trench walls were then photographed using a
Google Pixel 2 cell phone camera fixed to a 1.5 m long
extension pole and a Bluetooth remote shutter trigger.
Photographs were taken in portrait orientation, orthog-
onally to the wall, and approximately 1 m away from
the trench wall. Photographs were taken in a ‘lawn-
mower’ pattern, with first a descending vertical column
of overlapping photos, then a short (~0.5m) lateral step,
then an ascending vertical column of overlapping pho-
tos, then a short step, and so on, until the entire trench
wall was photographed. Photos were uploaded to a lap-
top in the field and processed into an orthoimage using
the Agisoft Metashape photogrammetry software (Ag-
isoft LLC, 2022). It is import to field check image pro-
cessing as, for unknownreasons, a set of photosmay fail
to properly align and may need to be re-photographed.
After ensuring that an orthoimage could successfully
be produced, the trench wall was lidar scanned using
the SiteScape app on a 2020 Apple iPad Pro in ‘high de-
tail’ mode. Lidar scanning followed a similar acqui-
sition methodology as the photography, consisting of
slowly following a ‘lawn mower’ pattern orthogonal to
the trench wall until the entire wall was covered. In ad-
dition to just the wall of interest, each lidar scan also
covered parts of the trench network that were not mod-
ified during progressive excavations.
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Figure 3 (A) Lidar hillshade and (B) interpreted hillshade of DV1 trench site in Hoke Valley. Dashed red line is fault and
dashed blue lines are channels. Note the left-lateral offset of a small channel at this site. (C) plan viewmap of trench excava-
tion network. Each line shows the location of the trenchwalls imaged and reproduced in Figures 4-7. The view orientation of
(D) and Figure 6 is indicated with brackets. (D) oblique 3D model of stratigraphic reconstruction of Unit 60 (blue) and faults
(red). The 116 cm offset of the margin of the Unit 60 channel is shown. (E) Plan view isopachmap of Unit 60 showing 110 cm
left lateral offset of the channel margin.

3.4 3DModel Construction

For clarity, prior to describing the construction of the
3D model of DV1, we first define and describe the dif-
ferent categories of 3D data we use. A point cloud
consists of many individual points that each have an
x, y, and z coordinate, and each point may have a
photo-based visual color or other data such as reflec-
tion intensity. Common point cloud formats include
.laz, .las, and .xyz. In contrast, a 3D surface model
is typically a triangulated or polygonised surface com-
posed of many connected polygons that together form
the surface of a 3D object. 3D surface models can be
constructed from a point cloud using a meshing algo-
rithm. 3D models are often textured with photo im-
ages to look realistic. Common 3D file formats include
.obj, .stl. .3ds, and .glTF. Both point clouds and surface
models are different than ‘2.5D’ raster formats common
to geospatial software such as digital elevation models
(DEMs) or orthoimages/orthophoto mosaics (e.g. .tif,
.jpg, etc.). These ‘2.5D’ raster formats are 2-dimensional
grids where each grid cell contains data (such as photo-
color, elevation, etc.).
In this study we do not attempt to formally assess

the accuracy of the iOS laser scanner, but others’ work

shows that its accuracy decreases with increasing size
of the object or scenebeing scanned (Luetzenburg et al.,
2021). Luetzenburg et al. (2021) compared an iOS survey
of a 130-m-longby 10-m-high sea cliff to a georeferenced
SfM survey and found a mean error of 11 cm, while for
smaller objects (~50 cm/side) errors were <1 cm, with
a minimum size threshold of ~15 cm before accuracy
decreases. Our own informal testing of the iOS lidar
found thatmeasurements of distances ranging from ~1-
3 m made in lidar scans were generally within ~2 cm
of those made by hand with a tape measure. While in
this study we use a 2020 iPad Pro due to its comparative
low cost and ease of use, other close-range handheld
laser scanners may be suitable for this workflow. Ide-
ally the scanner used should capture photo RGB values
of points (or create photo-textured 3D surface models);
otherwise, control pointswill need to be targets that suf-
ficiently contrast in intensity to be identifiable. Finally,
data from whichever scanner or app is used should be
readily exportable in a common 3D format.

At the time of the field study, the SiteScape app was
the only iOS app that wewere aware of that could create
a photo-colored point cloud. Since this work was com-
pleted, other apps have been developed that can create
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more realistic looking photo-textured 3D models (Luet-
zenburg et al., 2021). With any of these iOS lidar apps (or
with other laser scanning systems) this same workflow
should be applicable.
First, using the freely available software CloudCom-

pare (GPL Software, 2022), all 3D iOS scans (in this case
we use point clouds, but 3D surface models work too)
are aligned into a common reference frame (Figure 6b).
In our case the reference frame is arbitrary (i.e., lo-
cal coordinates in meters), but one could align the lo-
cal reference frame to a global reference frame using
control points surveyed with a differential GPS (dGPS).
Alignment between iOS scans is achieved by finding un-
changed areas within the excavation network that have
common reference points that can be identified across
multiple excavation models. Ideally these reference
points are high contrast flags placed on stable areas of
the trenchwalls. Aminimumof 3 pointsmust be identi-
fied to translate and rotate a model into alignment, but
typically 15-30 points were used. Points should be dis-
tributed throughout the space for best results.
Next, using AgisoftMetashape, photos of each trench

wall are processed into photo-textured 3D surfacemod-
els (not 2D orthophoto mosaics; Figure 6c). These are
then cropped to only contain the area of interest and
then imported into the model in CloudCompare (here
using .obj format). Each of these photo-textured 3D
models is then warped, scaled, rotated, and fit to the
corresponding lidar trench scan (point clouds), using a
similarmethod of identifying common reference points
between the lidar scan and the photo-textured 3D sur-
face model. The photo-textured 3D models are used as
they are much higher resolution than can be produced
using the currently available iOS laser scanning apps.
The result is a correctly-scaled high-detail 3D model
of all of the trench exposures, where different expo-
sures can be turned on and off and measurements can
be made. The result has the added advantage of being
insensitive to irregular trench wall surfaces. Curving,
sloping, benched, or other non-planar trench walls are
not forced to be flat as they would be with a more tradi-
tional orthoimage representation.

3.5 3D Stratigraphic-Structural Interpreta-
tion

We used three different methods for structural analy-
sis, with the goal of measuring displacement of units
across the fault zone. First, 2D stratigraphic models
(logs) of each exposure are developed with key units
correlated between different exposures (Figure 4). In
each exposure, contacts appear as lines on the trench
wall. Using CloudCompare, a series of points represent-
ing each contact-line are manually extracted from each
exposure, independently on each side of the fault. For
example, if a given contact is visible in 8 exposures, and
on both sides of the fault zone, 16 sets of points would
be extracted. The extracted points for each contact of
interest on every exposure are thenmerged into a point
cloud, resulting in two point clouds representing each
contact surface (one on each side of the fault). The
same process is repeated for the fault surfaces. These

point clouds are then used to build 3D surfaces repre-
sented by Triangular Irregular Networks (TINs). Once
TINs representing contact surfaces are created, two dif-
ferent methods can be used to determine a fault off-
set. First, if two contact surfaces intersect, this inter-
section may form a piercing line that can be traced to a
piercing point on the fault surface, on either side of the
fault, and then an offset measured between these two
piercing points (Figure 3d). For the secondmethod, the
thickness of a unit between two contact surfaces can be
plotted in plan view as an isopachmap, and the offset in
thickness can be measured across the fault (Figure 3e).
The isopach map in Figure 3e was created by using the
TIN to raster tool inArcGIS for two contact-surfaces that
bound a unit and then differencing the resulting rasters.
A third, less precise method is also used to estimate

fault offset. Each photo-textured 3D model can be cut
along the fault zone into two models. One side of the
fault in one model is then compared to the other side
of the fault in other models to find the qualitatively best
matching stratigraphy (Figure 7). This effectively serves
to ‘backslip’ the fault. When a fit is determined, the dis-
tance between matching contacts can be measured in
the 3D space, again resulting in a slip vector. While this
method is less precise, it serves as a useful validation
and check on the prior methods.

4 Paleoseismic Results
The trench exposed a sequence of low energy interbed-
ded fluvial overbank sands, silts, and peats (buried
soils), with cobble and gravel lenses, and a 1-2 m thick
modern meadow soil (Figure 4). These deposits are
faulted by a steeply dipping narrow fault zone that
reaches nearly to the ground surface. In each expo-
sure, 1-3 main splays of this fault are visible in an ~20
cm wide zone that generally spread upwards forming
a weak flower structure. There is negligible vertical
deformation across this fault, but in some exposures
the strata on the southeast side of the fault either warp
slightly down (A11-A14) or slightly up (A04-A08). Strata
are mismatched across the fault in most exposures. In
the logs, we focus on a clearly traceable sequence of in-
terbedded sand and silty peat layers that can be traced
through exposures A04-A14 and P1 and P2. From top to
bottom these sand beds are mapped as Unit 50, 60, and
70, and a mottled silt unit 80. Exposure P2 contains a
clear sand dike extending from Unit 50 to the modern
soil, likely a result of coseismic liquefaction (Figure 4).
Inmost exposures there is only evidence for themost

recent earthquake (E1), based on the primary fault zone
that extends to the soil. This event also produced the
sand dike in P2. The northeast uppermargin of the Unit
50, 60, and 70 sandy channel beds form piercing lines
that can be traced across the fault zone (Figure 6). Fig-
ure 3e shows an isopach map of Unit 60. These units
are left-laterally offset across the fault zone. Left lateral
displacementsmeasured from the isopachmethod (Fig-
ure 3e) and 3D piercing point reconstruction method
(Figure 3d) of the northeast margin of Unit 60 are 110
and 116 cm, respectively. Using the visual back slip
method described above produces slip estimates be-
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Figure 4 Annotated trench orthoimage showing unit contacts (white lines), radiocarbon samples (yellow dots), and faults
(red lines). Upward terminations of events E1 and E2 are indicated with white arrows. See Table 1 for radiocarbon ages and
Table 2 for unit descriptions.

tween 88-145 cm (Figure 7). The total range of left-
lateral displacement from these various methods is 115
± 30 cm. We estimate this uncertainty based on the to-
tal range ofmeasurements. This uncertainty seems rea-
sonable as it approximates the limit of our fault-parallel
resolution based on the average spacing between adja-
cent excavations.
Evidence for an earlier earthquake (E2) consists of a

single upward terminating fault strand in each of expo-
sures A08 and A11-A14 (Figure 5). These fault strands
terminate in Unit 60 in A08 and below Unit 70 in A11-
A14. In exposure A08, the fault strand is buried by Unit
50. Strata below Unit 60 do not match as well across the
fault when visually back-slipped (Figure 7), consistent
with increased displacement from an earlier event.

4.1 Event Timing

Radiocarbon dating was used to determine the ages of
5 total samples of peat, charcoal, and wood extracted
from trench walls A08 and P1. Samples were processed
and analyzed at Beta Analytic laboratories. Resulting
ages are listed in Table 1. OxCal v4.4 (Bronk Ramsey,
1995) calibrated ages range from 8998-8031 cal. ybp.
Sample RC18 is slightly out of stratigraphic order so is
discarded from the following analysis. Ages RC43 (P1)
and RC26 (A08) predate the older event E2, based on the
upward terminating fault in Unit 60 which is buried by
Unit 50 in exposure A08. Samples RC15 and RC40 (A08)
are younger than E2 and predate the most recent event,
E1. No radiocarbon samples postdate E1. By calibrating
the ages of these samples we build a sequence model in

OxCal using the stratigraphic positions of the samples
and event horizons to determine the timing of these two
earthquakes. The resulting limits on event timing are
E1: younger than 8051 cal. ybp, and E2: between 8491-
8345 cal. ybp (Figure 8). Approximately 1 meter of fine-
grained sediment (Unit 20) buries the layer that contains
sample RC40 and was faulted in earthquake E1. Given
the distribution of ages and the thin peat soils in the
lower part of the exposure, sedimentation rates at the
site were relatively high in the early Holocene, likely a
reflection of the unvegetated post-glacial landscape. As
the landscape stabilized in themid-Holocene, sedimen-
tation rates slowed resulting in the accumulation ofUnit
20. We could not definitively track the upward termi-
nation of the fault or the sand dike in P2 into the weak
late Holocene soil that developed into Unit 20 (Unit 10).
These observations suggest that E1 may have occurred
within the several thousand years after 8310-8031 cal.
Ybp.

4.2 Paleoearthquakemagnitude estimated
If the full mapped 25 km fault length (L) ruptured with
115 ± 30 cm of displacement (D) and a 17 km fault width
(W) (assuming a vertical fault and 17 km seismogenic
thickness from Ruhl et al. (2020)) the moment mag-
nitude can be calculated using the following equation
(Hanks and Kanamori, 1979):

Mw = 2
3 log (3 × 1011 × L × W × D) − 10.73 (1)
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The resulting magnitude is Mw 6.7 ± 0.1. Both this
magnitude estimate and the measured geologic slip are
similar to those estimated from empirical relations of
average displacement-fault length and magnitude-fault
length, based on other strike-slip earthquakes and as-
suming a 25 km rupture length (Wesnousky, 2008).

5 Discussion

5.1 Tectonic Role of the Dog Valley Fault and
Conjugate Faulting in the Walker Lane

One of the defining characteristics of the Walker Lane
and Eastern California Shear Zone is the presence
of conjugate right- and left-lateral faults (Wesnousky,
2005). The Dog Valley fault lies north of the Carson do-
main in the Walker Lane, a region comprised of a se-
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ries of east-dipping normal fault bounded basins that
are oriented oblique to the overall northwest struc-
tural grain of the Walker Lane (Wesnousky et al., 2012;
Pierce et al., 2021). Many of these north-striking nor-
mal fault bound basins are paired with an east- or
northeast-striking left-lateral strike-slip fault (Li et al.,
2017), and several contain northwest-striking strike-slip
faults (Pierce et al., 2021). This network of faults works
together to accommodate the ~5-7 mm/yr of northwest
directed dextral shear in the Carson domain (Pierce
et al., 2021).

The Dog Valley fault and the Polaris/Truckee faults
share a similar geometric relationship to these other
paired faults andmay serve a similar role in the accom-
modation of northwest directed dextral shear. Our fault
mapping indicates that the left-lateral Dog Valley fault
zone intersects the northwest-striking right-lateral Po-
laris fault at a nearly orthogonal angle (Figure 2). Our
interpretation of trench DV1 along the Dog Valley fault
indicates the occurrence of at least one earthquake that

occurred after 8051 cal. ybp thatwas associatedwith 115
± 30 cm of left-lateral displacement, and a prior event
that occurred between 8491-8345 cal. ybp. Compar-
ing this result to previously reported earthquake tim-
ing data from the conjugate Polaris fault indicates that
themost recent earthquake along both faults post-dates
~7-8 ka (Melody et al., 2012). Thus, the geometric and
paleoseismic relations indicate that the two faults may
be kinematically linked and that ruptures along each
fault could occur over a short period of time and pos-
sibly contemporaneously in a conjugate earthquake se-
quence.

Multiple historical earthquakes in Southern Califor-
nia, the Eastern California Shear Zone, and the Walker
Lane provide examples of conjugate faults rupturing
either simultaneously or closely spaced in time (min-
utes to decades). These include, in southern California,
the 1987 Superstition Hills earthquake sequence (Ms6.2
and Ms6.6) and the Mw6.4 Big Bear earthquake (Jones
and Hough, 1995; Hudnut et al., 1989). In the Walker
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Figure 5 (A) Interpreted trench logs. Faults in red, radiocarbon samples yellow dots. (B) Trench orthophotos. Evidence of
the most recent event (E1) consists of a clear fault that extends into the modern soil and a sand dike in slice P2. The earlier
event (E2) is evident by an upward terminating fault strand in slices A08 and A11-14.

Lane, conjugate earthquakes include the 1986 Chal-
fant earthquake (Mw6.3 and Mw5.7), the 2015 Nine-Mile
Ranch (threeMw5.4-5.6 events), and the 2019 Ridgecrest
earthquake (Mw6.4 and Mw7.1) sequences (dePolo and
Ramelli, 1987; Smith and Priestley, 2000; Hatch-Ibarra
et al., 2022; Barnhart et al., 2019). As observed from

surface ruptures, moment tensor solutions, and focal
mechanisms, all of these examples involved rupture
on intersecting conjugate northeast- and northwest-
striking faults or fault planes.
Aside from the Big Bear earthquake, in each of these

examples, the east or northeast-striking left-lateral
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Sample
Name Material D14C δ13C Radiocarbon

Age (ybp)
Calibrated Agea

(cal ybp)
OxCal Modeled
Ageb (cal ybp)

RC15 Detrital charcoal -610.30 ± 1.46‰ -26.2‰ 7570 ± 30 8417-8343 8414-8223

RC18 Charred material
from peat -630.15 ± 1.38‰ -23.3‰ 7990 ± 30 8998-8655 (94.2%)

8665-8655 (1.2%) -

RC26 Plant material
from peat -616.08 ±1.43‰ -28.7‰ 7690 ± 30 8543-8411 8544-8413

RC40 Organic sediment
from peat* -599.98 ± 1.49‰ -24.7‰ 7360 ± 30 8310-8031 (11.4%)

8212-8031 (84.1%) 8309-8031

RC43 Wood -613.68 ± 1.44‰ -26.8‰ 7640 ± 30 8520-8376 (8.3%)
8485-8376 (87.1%) 8522-8389

Samples analyzed by AMS at Beta Analytic Testing Laboratory, Miami, Florida, USA
All samples pretreated with acid/alkali/acid washes unless otherwise noted
*Treated with acid washes only
aIndependently OxCal calibrated ages using the IntCal 20 curve
bAges modeled in stratigraphic sequence using OxCal as described in text

Table 1 Radiocarbon lab results andmodeled ages for samples from the DV1 trench.

Figure 6 Images showing how the iOS Pointcloud (B) and
SfM-textured surfaces (C) are combined to reconstruct the
original trench in photo in (A). Note the prominent channel
margin sequence (Unit 60) that is displaced across the fault

fault ruptures preceded the north or northwest-striking

right-lateral fault ruptures. Each of these examples of
ruptures either forms an ‘L’ pattern or ‘T’ pattern in
map view, with either one or both faults terminating
at or within a few kilometers of the intersection point,
and none form a ‘X’ pattern, with both ruptures con-
tinuing far beyond the intersection. The Superstition
Hills and Nine-Mile Ranch sequences all have an ‘L’
pattern. The Big Bear, Ridgecrest, and Chalfant se-
quences each have a ‘T’ pattern, and in these exam-
ples, the fault that crosses the intersection (the top of
the ‘T’) is the northwest-striking right-lateral fault. The
Dog Valley and Polaris faults form a ‘T’ pattern with
scarps of the Dog Valley fault extending for a few hun-
dred meters southwest of the intersection and 25 km
to the northeast (Figure 2). The Polaris fault extends
~14 km north and south from its intersection with the
Dog Valley fault. This geometric relationship is similar
to other historic ruptures in the Walker Lane, as well
as the patterns associated with the 1968-1997 Dasht-e-
Bayaz and 2010–2011 Rigan, Iran earthquake sequences
(Walker et al., 2011, 2013; Rezapour and Mohsenpur,
2013; Barnhart et al., 2013), providing additional sup-
port to the possibility that they may rupture in a con-
jugate sequence.
Barnhart et al. (2019) indicated that Coulomb stress

changes associated with the Ridgecrest earthquakes
promoted creepon thenearbyGarlock fault. Their anal-
ysis indicates that surface creep was induced over dis-
tances of ~20-25 km and may have encouraged a fu-
ture rupture ofMw6.7-7.0. Although the Coulomb stress
changes from a potential Dog Valley/Polaris fault rup-
ture have not been investigated, their potential influ-
ence on the nearby Truckee, Mohawk Valley, and West
Tahoe faults shouldbe considered in future seismichaz-
ards assessments.
Together, these observations show that conjugate

fault ruptures may pose an underappreciated hazard in
the Walker Lane and elsewhere. Further modeling and
geologic studies should be developed to explore the past
rupture histories on conjugate faults, the relative mag-
nitude of contemporaneous ruptures, their influence on
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Unit # Lower Contact Upper Contact Grain Size Color Description

10 Wavy/
gradual n/a Silt & sand Gray/ brown

Surface soil, A-Bw horizon.
Meadow environment w/
grass and many roots.

20 Sharp, wavy Wavy/ gradual
Sandy silt
to clay-silt
w/ gravel

Brown with
weak orange
mottling

Generally massive. Crude defined
layers. Contains channel stringers
of gravelly sand. Stringers of
gravel have rounded pebbles
up to 3 cm. Some crude layers
of darker organic material.

30 Sharp Gradational Gravelly
sandy silt

Red/rusty
orange & gray

mottled

Massive gravels up to 4 mm.
Subtle discontinuous gravel
bedding near the base.

50 Sharp/
interbedded Sharp, wavy

Peat, Silt &
clay w/

interbedded
sand lenses

Black

Very sticky, very dark black,
decomposed organics rich, super
soft. From top to bottom, organic
silt, interbedded clean sand,
prominent organic silt at base.
Sand interbed: gray/brown, clean
sand. Single grain structure, mostly
medium grained sand. Forms small
lenses within 50.

60 Wavy/sharp Wavy/sharp Medium sand Gray

Bedded sand with coarse grained
single grain sand to fine grained
silty sand. Also contains centimeter
thick organic silts in discontinuous
lenses.

70 Wavy/sharp Wavy/sharp Medium sand Gray

Bedded sand with coarse grained
single grain sand to fine grained
silty sand. Also contains centimeter
thick organic silts in discontinuous
lenses.

80 - Sharp Peat Black
Very sticky, very dark black,
decomposed organics rich,
super soft.

Table 2 Unit descriptions for stratigraphic deposits exposed in the trench.

the occurrence of earthquakes on nearby faults, and
their impact on seismic hazard assessments.

5.2 Assessment of utility of iOS scanning
method and comparison to prior meth-
ods

Properly scaling and referencing a SfMmodel into real-
world units and coordinates requires that either the pre-
cise camera locations or the precise locations of control
points in the scene be known. Without control points
or camera locations, SfM models may appear accurate
to the eye, but will be in arbitrary units and can suffer
frombowl effects. Bowl effects are commonartifacts to-
wards the edges of SfMmodels where the model gradu-
ally warps towards the direction of the cameras, form-
ing an overall concave shape (e.g., Jaud et al., 2019). In
an SfM model of a trench, this often results in the ends
of the trench warping towards the viewer. A bowl ef-
fect is evident in the trench model in Figure 4C of De-
lano et al. (2021), where the two ends of the trench have
greater errors than the center when compared to the
model referenced to a total station survey. Bowl effects
can be particularly pronounced in very long shallow

trenches and can be problematic as they cause the ge-
ometry of the trench (and thus photo projections) to be
warped when projecting the SfM model onto a flat sur-
face for creation of a 2D orthophoto mosaic.
Prior methods of accurately scaling photomosaics of

paleoseismic trenches using SfM have relied on con-
trol points surveyed with either a total station or dGPS
(Reitman et al., 2015) or by placing printed scale bars
throughout the trench exposure (e.g., Delano et al.,
2021). The total station and dGPS methods are time-
consuming and require expensive instruments, and in
the case of dGPS, may not produce the necessary ac-
curacy in a forested or urban environment. The scale
bar method, while cost-effective and quick for a single
trench exposure, does not produce a model in a refer-
ence frame that can readily be combined with other ex-
posures (critical for 3D trenching), nor are scale bars
able to independently correct bowl effects.
The methods presented in this manuscript build on

those of Reitman et al. (2015) by substituting the dGPS
or total station for the more readily available, easy to
use, and cheap iOS (or other) laser scanner. Ourmethod
quickly surveys dozens of control points without the
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Figure 7 Oblique 3D views showing manual offset esti-
mation via trench slices that have been cut along the fault
and are effectively ‘backslipped’ to find the best matching
strata. Measurements indicated are the distances between
the two matching contacts on opposite sides of the fault,
which is an estimate for the displacement.

need for expensive and cumbersome equipment. The
resulting iOS scans can be quickly field-verified on the
collecting device and then imported and used to pro-
duce control points directly in SfMsoftware (e.g. Agisoft
Metashape). Wealso build on amethod suggestedbyBe-
mis et al. (2014), of collocating 3D trench models into a
single digital reference frame. Thismethodplacesmod-
els of progressively excavated 3D paleoseismic trenches
into a single 3Dmodel, moving beyondmore traditional
2D trench analysis.

Our results show that 3D paleoseismic trenching is
greatly enhanced using these surveying methods and
3D software to constrain and model the geometry and
orientations of a number of trench slices in a rapid,
portable, and cost-effective way. Compared to a sin-
gle trench, having multiple exposures allowed for the
calculation of a robust single event fault displacement
and increased confidence in a multiple-event interpre-
tation. Visualization of the resulting 3D trench is greatly
improved usingmodern 3D structural analysis software
instead of more traditional pseudo-3D methods using
2D images. This method also more readily allows oth-
ers to review the trench results in a high detail, realistic
format.

6 Conclusions

Here we developed improved methods of 3D paleoseis-
mic trench scanning, logging, and visualization. These
cost-effective methods use an iOS laser scanner to es-
tablish control points between progressive 3D trench-
ing excavations. Collocating these models into a single
reference frame allows for improved visualization and
more robust estimates of strike-slip fault displacement.
The iOS scanner is useful not only for 3D trenches, but
also for accurately scalingmodels of single trenches and
for mitigating bowl effects. We used these methods to
determine that a left-lateral offset of 115 ± 30 cm oc-
curred during a single earthquake after 8051 cal. ybp
on theDogValley fault in northeast California. Based on
the length of the fault and estimated offset it is inferred
that this event may have had a magnitude of Mw6.7 ±
0.1. The penultimate earthquake on theDogValley fault
occurred between 8491-8345 cal. ybp. While the broad
range of ages allows that the Dog Valley fault may have
contemporaneously rupturedwith the Polaris fault, fur-
ther investigation is required to determine if there is any
possible triggering relationshipwith the conjugate & in-
tersecting right-lateral Polaris fault.
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