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Abstract The Mw5.7 Parker Butte earthquake occurred on 09 December, 2024,∼24 kmNNE of Yerington
(western Nevada, USA) due to sinistral slip on an unmapped ENE-striking fault. Field reconnaissance and a
drone survey were conducted within <1-8 days and ∼1 month, respectively, after the earthquake. We ob-
served a lack of surface rupture above the ENE-striking plane of themainshock andmost aftershocks, as well
as surface fracturing along a NW-trending lineament orthogonal to the mainshock. Shaking effects included
minor sediment failures, liquefaction features, and short-lived fracturing and refreezing features in ice on the
Walker River and agricultural channels. Damage to infrastructure was minimal, only settlement and cracking
of one bridge abutment fill prism. We estimate groundmotions of up to 0.4 g and 23 cm/s. These observations
provide valuable data about the effects of moderate magnitude earthquakes and highlight the importance
of coordinated multidisciplinary geodetic, seismologic, and field geologic responses. The orthogonal faults
indicated by the mainshock and the secondary surface fractures are part of a pattern in the region, where or-
thogonal faults have slipped in several historical earthquake sequences, establishing this as a common style
of faulting within the complex network of faults that comprise the Walker Lane.

Non-technical summary This paper describes the effects of the Mw5.7 Parker Butte earthquake
that occurred on 09 December 2024 northeast of Yerington, Nevada, based on rapid field reconnaissance of
the epicentral area and analysis of seismic, geodetic, and InSAR data. The results indicate that the earth-
quake occurred on an ENE-striking fault that did not reach the surface but caused minor secondary shaking
effects such as mass wasting and liquefaction, as well as minor NW-striking surface fracturing along a sec-
ondary fault. The study highlights the importance of documenting perishable geologic effects and improves
the understanding of the effects of moderate earthquakes in the Walker Lane.

1 Introduction

TheMw5.7 Parker Butte earthquake occurred on 09 De-
cember 2024 at 3:08 PM local time / 23:08 UTC, approx-
imately 24 km NNE of Yerington, western Nevada and
approximately 63 km east of the State’s capital in Car-
son City (Figures 1 and 2a). In the days after the event,
the U.S. Geological Survey recorded over 12,000 felt re-
ports from as far away as San Francisco and Salt Lake
City. The reports indicate that Modified Mercalli shak-
ing intensities were strong in the epicentral area (MMI
VI) and moderate in Reno and Carson City (MMI V).

∗Corresponding author: rkoehler@unr.edu

However, due to the event’s remote location with little
infrastructure and sparse population, no damage or no-
table societal impacts were reported.
Preliminary seismic data (moment tensor and after-

shock pattern) indicate that the earthquake initiated
at a depth of 9.3 km. Aftershocks were distributed
along a northeast (060°)-striking zone extending ∼8 km
across the northernMasonValley between Parker Butte
and the Desert Mountains with a left-lateral sense of
motion (Figure 2b). The fault indicated by the main-
shock and aftershocks was not previously mapped, but
it is subparallel to the Wabuska Lineament (Figure 1),
a Quaternary-active fault zone along the range front of
the Desert Mountains (Li et al., 2017) approximately 6
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km north of the epicenter. The last historical earth-
quake in this area was the poorly located 25 June 1933
>M6 Wabuska earthquake, speculated by some to have
occurred along the westward projection of theWabuska
Lineament or along the SingatseRange fault (Slemmons
et al., 1965; dePolo and dePolo, 2012; Li et al., 2017).
Field documentation of the effects of the earthquake

commenced on 10December 2024 andwas led by amul-
tidisciplinary team from theUniversity of Nevada, Reno
including members from the Nevada Bureau of Mines
and Geology (NBMG), Nevada Seismological Laboratory
(NSL), and the Department of Geological Sciences and
Engineering (DGSE). Data collection included detailed
observations on the presence or absence of surface rup-
ture, the types and distribution of perishable secondary
earthquake effects, and damage to infrastructure. The
field reconnaissance consisted of driving unimproved
roads (Julian Lane and several unimproved spur roads)
along the Walker River floodplain as well as walking
transects across the aftershock zone. Subsequent field
reconnaissance was conducted on 12 and 14 Decem-
ber 2024 in the epicentral area, as well as 17 Decem-
ber 2024 with the aim of inspecting lineaments identi-
fied on Sentinel-1 InSAR interferograms calculated by
the U.S. Geological Survey and the NSL on 16 Decem-
ber 2024 that suggested the presence of surface defor-
mation. An Uncrewed Aircraft System (UAS) survey was
conducted on 15 January 2025 along one of the InSAR
lineaments, resulting in an orthophoto mosaic, digi-
tal surface model, and hillshade (Supplemental Section
S1).
We report field observationsmade within 8 days after

the earthquake. No evidence for surface rupture was
observed along the NE-trending zone of aftershocks,
where InSAR and GPS evidence revealed slip at depth
related to the mainshock. A short (1.5 km-long) con-
tinuous surface fracture array in Campbell Valley was
observed along a NW-trending lineament discovered in
the InSAR data that roughly coincides with the diffuse
NW-trending zone of aftershocks south of themain rup-
ture (Figures 2b and 2c). Shaking-related secondary
earthquake effects were documented in the epicentral
area and particularly along theWalker River.

2 Regional context of the Parker Butte
earthquake

The Parker Butte earthquake occurred in the cen-
tral Walker Lane seismic belt (Figure 1) that extends
along the eastern side of the Sierra Nevada and accom-
modates about 10–25% of the Pacific/North American
plate boundarymotion (HammondandThatcher, 2007).
In this area, deformation is accommodated along N-
striking normal faults, NW-striking right-lateral faults,
and NE-striking left-lateral faults (Wesnousky, 2005).
The geodetic velocity field indicates that NW-directed
dextral shear of ∼8mm/yr is distributed across the cen-
tralWalkerLaneat the latitudeof theParkerButte earth-
quake (Hammond et al., 2024).
The epicenter lies within a series of left-stepping, en

echelon asymmetric basins that extend from Walker

Lake to Lake Tahoe (Figure 1). The physiographic ex-
pression of the basins indicates that Quaternary defor-
mation is primarily accommodated by N-striking, east-
dipping normal faults that bound the basins. GPS block
modeling suggests that a component of oblique or parti-
tioned right-lateral fault slip is alsoneeded to accommo-
date geodetically observed shear (Bormann et al., 2016).
Pierce et al. (2021) determined vertical slip rates along
faults bounding Smith and Mason valleys of 0.5 mm/yr
and 0.04 mm/yr, respectively, and presented geomor-
phic evidence consistent with right-normal oblique slip
on N- to NW-striking faults. Similarly, south of the
Parker Butte earthquake, oblique slip has also been
documented in paleoseismic studies along the Wassuk
Range fault where late Pleistocene vertical and right-
lateral slip rates have been determined to be 0.4-0.7
mm/yr (Bormann et al., 2012) and ∼1 mm/yr (Dong
et al., 2014), respectively.
Active NE-striking left-lateral faults occur north of

the epicenter including the Wabuska and Carson linea-
ments. These structures have been referred to as linea-
ments in the Walker Lane literature for decades (Stew-
art and Ernst, 1988), however they are clearly faults
with evidence for Quaternary deformation including
aligned tectonic geomorphic features (Li et al., 2017).
Evidence for late Pleistocene displacement across the
Wabuska Lineament includes scarps and laterally off-
set stream channels incised into alluvial fan deposits
that have been used to estimate a maximum left-lateral
slip rate of 0.7 mm/yr (Li et al., 2017). To the south,
faults with similar NE orientations have generated his-
torical earthquakes, including the 1934 M6.3 Excel-
sior Mountains (Callaghan and Gianella, 1935) and 2020
Mw6.5 Monte Cristo Range earthquakes (Koehler et al.,
2021). South-southeast of the epicenter, well-expressed
northwest-striking right-lateral strike-slip faults bound
the eastern side of the central Walker Lane where the
Benton Spring, Indian Head, Gumdrop, and Petrified
Springs faults together accommodate ∼4mm/yr of dex-
tral shear (Angster et al., 2019).
Of the ∼8 mm/yr dextral shear strain suggested by

geodetic studies in this region, geologic studies can
attribute ∼5.4 mm/yr (∼68%) to mapped active faults
(Dong et al., 2014; Angster et al., 2019; Pierce et al., 2021;
Hammond et al., 2024). Additional dextral deformation
is thought to be accommodated through oblique defor-
mation on dip-slip faults, clockwise block rotations, dis-
tributed faulting within basins, slip on unknown dex-
tral faults, and possibly coseismic warping (Cashman
and Fontaine, 2000;Wesnousky et al., 2012; Pierce et al.,
2021; Say and Zuza, 2021).

3 Observations

3.1 Event details from seismic and geodetic
networks

The nearest permanent seismic station to the earth-
quake sequence is located ∼25 km away, west of Yer-
ington (NN-YER; Figure 2a). In addition to the field
reconnaissance, the NSL deployed five temporary seis-
mometers in the vicinity of the epicenter to capture
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Figure 1 Regional map showing Quaternary faults of the central Walker Lane and epicenter of the Parker Butte earthquake
(yellow star; coordinates: 39.168°N, 119.024°W). White stars are historic earthquakes. Major named faults (bold black lines)
and other faults (thin black lines) from USGS Quaternary fault and fold database. Yellow dotted lines are named lineaments
(Wal, Wabuska Lineament; CL, Carson Lineament) and red lines are historic surface ruptures. GF, Genoa fault; AVF, Antelope
Valley fault; RCF, Robinson Creek fault; MLF, Mono Lake fault; SVF, Smith Valley fault; SRF, Singatse Range fault; WF, Wassuk
Range fault; APF, Agai Pah fault; GHF, Gumdrop Hills fault; IHF, Indian Head fault; BSF, Benton Springs fault; RF, Rattlesnake
fault; EF, Excelsior fault; CF, Candelaria fault; CoF, Coaldale fault; HVF, Huntoon Valley fault. Inset shows regional tectonic
setting and extent of map (black box). NWL, northern Walker Lane; CWL, central Walker Lane; SWL, southern Walker Lane;
ECSZ, Eastern California Shear Zone; SAF, San Andreas fault.

aftershocks (Figure 2a). Nearly 300 aftershocks were
recorded in the first three days after the mainshock,
including 20 aftershocks of magnitude > M3, mostly
along the inferred rupture plane and also beneath the
northern Wassuk Range extending south-southeast of
the main rupture plane (detailed analysis in Bogolub
et al., 2025) (Figure 2b).

The Nevada Geodetic Laboratory operates sev-
eral continuously and semi-continuously recording
GPS stations in the Mobile Array of GPS for Nevada
Transtension network (MAGNET) near the epicenter;
NSF EarthScope operates two continuous stations for
the Geodetic Facility for the Advancement of Geo-
science (GAGE), and the Northern Nevada Cooperative
Real Time Network operates a station in Yerington
(Figure 2a). Preliminary assessment of the geodetic
signal indicated that stations on either side of the earth-
quake moved about 1 cm, with displacement azimuths
consistent with left-lateral slip. The NBMG launched
an event page on the Nevada Earthquake Clear-
inghouse (https://nevada-earthquake-clearinghouse-
nbmg.hub.arcgis.com/pages/parker-butte-earthquake) to

support field operations, inform local news outlets, and
archive geospatial data and photographs of the field
surveys.

3.2 Field reconnaissance observations
The observations of surface fractures and secondary
shaking effects are the result of rapid reconnaissance of
the earthquake and are not comprehensive. Although
the observed geologic effects are typical of a moder-
ate earthquake, we acknowledge that additional sur-
face fracturing could have occurred in areas not exam-
ined and thatminor secondary shaking effects are likely
more widespread than we observed. The locations of
field observations colored by type are shown on Figure
2c. All GPS coordinates reported herein are in the for-
mat of latitude and longitude, referenced to theWGS84
coordinate system.

3.3 Surface rupture/fracturing
We did not identify surficial displacements or ground
cracking in the area of the NE-trending aftershock zone
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Figure 2 Maps of the epicentral area of the Parker Butte earthquake. (a) Region physiography and geography, temporary
seismic stations (green triangles), GPS stations (blue squares, MAGNET; red diamonds, continuous), and relative crustal ve-
locities (red arrows). (b) Lidar hillshade map showing the spatial distribution of aftershock seismicity color coded by depth.
(c) Lidar hillshademap showing locations of field observations colored by type. White line indicates extent of surface fracture
array. (d) Stacked unwrapped InSAR phase derived from four Sentinel-1 descending interferograms, 2024/11/03-2014/12/21,
2024/11/15-2014/12/21, 2024/11/27-2014/12/21, 2024/12/09-2014/12/21, processed by NSL. Locations of the NW- and NE-
trending lineaments indicated. Bold black arrows are satellite flight (long) and look direction (short). Earthquake epicenter
(yellow star and focal mechanism) and highstand elevation of pluvial Lake Lahontan indicated in all panels. Base map in (a)
from opentopomap.org based on World Geodetic System 1984 ensemble (EPSG:6326). Bare earth lidar hillshades in panels
(b) and (c) from US Geological Survey (2023), 1-m resolution.

(inferred mainshock plane) suggesting that the earth-
quake rupture did not reach the surface. There was a
complete absence of aligned or recent surface cracks
in the epicentral area, and no widespread crack arrays
were observed in our field surveys made on the 10th,
12th, and 14th of December. Additionally, we observed
no tectonic geomorphic features (i.e., scarps) in the

field or in USGS 1m lidar crossing alluvial fans and la-
custrine deposits along the aftershock zonebetween the
Walker River and the epicenter, consistent with a long
period of tectonic quiescence on the mainshock fault
(Fig. 2b; discussed further in Section: Older Faulting).

Sentinal-1 InSAR interferograms of the epicentral
area became available on 16 December (ascending)
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and 21 December (descending), the earliest flyovers
following the earthquake. We generated InSAR inter-
ferograms (Figure 2d), consistent to those calculated
and provided by other colleagues (methods described
in Shea and Barnhart, 2022) (William Barnhart, per-
sonal communication), which helped focus our search
for surface deformation on 17 December. The images
showed the presence of two linear discontinuities in
the interferograms, potentially related to groundmove-
ment, including an ∼2-km-long ENE-trending linea-
ment about 2.5 km south of the epicenter and east of the
Walker River, and an ∼11-km-long NW-trending linea-
ment along the western side of Campbell Valley (Figure
2d).
Surface evidence of ground disturbance was not ob-

served along several walking transects across the ENE-
trending InSAR lineament (Figures 2c and 2d), which
aligns with the aftershocks and the interpreted buried
rupture (Figure 2b). However, a continuous ∼1.5-km-
long surface fracture arraywas identified along theNW-
trending InSAR lineament extending between coordi-
nates 39.0905, -118.9866 and 39.1006, -118.9960 (Figure
3). Field photos of the fractures are shown in Figure 4.
The geometric pattern is consistent with NNW-striking
opening-mode fractures accommodating overall right-
lateral displacement across the NW-trending zone. The
fracture array trace trends 315° and is characterized by
left-stepping en echelon and overlapping extensional-
dextral fractures oriented 340° (Figures 4a-4c). Indi-
vidual fractures range in length from 10 to 20 m and
are separated by 1- to 3-m-wide steps. Short subsidiary
fractures trending 000°–350° occur within the steps.
The fractures diminish in length and opening widths
at the ends of the fracture array. Similar surface frac-
ture patterns have been produced in moderate mag-
nitude earthquakes by seismic slip (e.g. 2020 Monte
Cristo; Koehler et al., 2021) and triggered creep (e.g.
2004 Parkfield; Rymer et al., 2006). Although the offset
across individual fractures was variable and predom-
inantly characterized by ∼1-cm-wide openings, right-
lateral displacements of 2–5 cm were observed in sev-
eral locations (Figure 4a). Similar fractureswere not ob-
served along several additional transects to the south-
east along the NW-trending lineament revealed by the
InSAR. Fractures tapered to undetectable at the NWend
of the mapped zone (Figures 2c and 3), so we ended
our exploration there, however, we cannot preclude the
presence of additional fractures to the NW. As a result,
we constrain a minimum length of the surface fracture
array of 1.5 km.
Aerial photographs were acquired along the surface

fracture array observed in thefield (1.205 km2 coverage)
using a DJI Phantom 4 Pro UAS flown with side and for-
ward image overlap of 70% and 80%, respectively. The
mission altitude was 50m above the ground surface, re-
sulting in a spatial resolution of 1.86 cm/pixel with the
20megapixel camera. Pix4d Structure fromMotion soft-
ware was used to produce a georeferenced digital sur-
face model and an orthophoto mosaic (Figure 4c; Sup-
plemental Section S1).
The orthophoto mosaic (Figure 4c) provides some

aerial documentation of the left-stepping and anasto-

mosing pattern of the fractures observed in the field.
We found that the individual fractures were gener-
ally not observable on the digital surface model (DSM)
due to the small size of the extensional opening mode
cracks. Fractures extending through clusters of sage-
brush were not observable on the DSM and the or-
thophoto mosaic. In several locations where direct ob-
servations were made in the field, fractures could be
confidently identified on the orthophoto mosaic (Fig-
ure 4c) primarily where the fractures were&2 cm-wide,
which represents the detection limit at this resolution.
It is also possible that several rain events that occurred
after the earthquake and prior to our aerial survey di-
minished the sharpness of the fracturemargins, further
inhibiting their detection on the image.

3.4 Secondary effects of earthquake shaking

We observed bank failures, lateral spread, and
liquefaction-related sand blows along the Walker
River, as well as isolated mass-wasting features (soil
and rock topples and falls, and debris talus cones)
along steep bluffs, quarry exposures, and channel
margins (Figure 2c). These features are interpreted
to be secondary effects of earthquake shaking that
occurred coseismically because they buried living
vegetation and have sharp geomorphic expression.
Numerous boulders and cobbles embedded in a polyg-
onally cracked silt playa surface near the epicenter
displayed no evidence of displacement (toppling or
flipping over; c.f. Zuckerman et al., 2020), (Figure 2c,
39.1690, -119.0357), suggesting that the vertical ground
acceleration was of insufficient amplitude or duration
to induce upward acceleration of cobbles.
The displacement of fragile geologic features is sen-

sitive to both the strength and the frequency content of
the ground motion (e.g. Purvance et al., 2008), which
can limit the toppling efficiency in the near field of
a moderate earthquake, where the shaking is concen-
trated at relatively high frequencies (Trugman et al.,
2023). We calculated themedian expected PGA and PGV
for each of the observation points shown on Figure 2c
(Supplemental Section S2) based on the distance to the
rupture plane, assuming a near-surface site condition
of 560 m/s (site class C, very dense soil / soft rock). For
these calculations, we use a logarithmic average of the
four “active crustal” ground motion models (Abraham-
son et al., 2014; Boore et al., 2014; Campbell and Bozorg-
nia, 2014; Chiou andYoungs, 2014) used in hazardmaps
for the western US (see Moschetti et al., 2024, for an
overview). In general, the results indicate that the sites
closest to the rupture experienced ground motions up
to 0.4 g and 23 cm/s.
We observed several examples of fresh block collapse

of bluffs and riverbanks above the dense aftershock
zone. The largest mass wasting feature observed was
an approximately 8 by 16 m topple block that shook
off the top of a ∼40-m-high bluff of late Pleistocene la-
custrine deposits (Figure 5a). Most of the debris con-
sists of intact soil blocks up to 2 m in diameter and
smaller rubble and was deposited on the upper half of
the talus slope; however, numerous soil blocks up to 1m

5
SEISMICA | volume 4.2 | 2025



SEISMICA | RESEARCH ARTICLE | December 9 2025 Parker Butte, Nevada earthquake

Figure 3 Map of tectonic geomorphic features along the observed surface fracture array including (a) 1-meter bare earth
lidar (USGS 3DEP GeoDawn dataset, US Geological Survey, 2023) and (b) aerial imagery (National Agriculture Imagery Pro-
gram, NAIP, U.S. Department of Agriculture, Farm Services Agency, 2020). Feature abbreviations contained in legend. Red
circles are field observation points. White dashed line is generalized trace of surface fracture array that was continuously
walked. Black dashed line is possible fault line scarp in bedrock. The aligned features project towards the Wassuk Range
fault to the south and a suspected fault observed in a bluff exposure to the north (Figures 2c and 5a). Extent of both panels
shown on Figure 2c.

in diameter rolled to the base of the slope burying sage
brush and grasses. The largest riverbank failure ob-
served was an approximately 2-m-high by 4-m-long by
0.5-m-wide bank collapse along anoutermeander of the
Walker River, where the river has cut a Holocene river
terrace (Figure 5b). The terrace sediments consisted of
weakly consolidated latest Pleistocene lacustrine sedi-
ment. The entire height of the bank collapsed, and de-
bris (10s-cm-wide blocks) was deposited at the base of
the bank, aswell as on frazil ice (collection of loose, ran-
domly oriented ice crystals) anchored along the edge of
the river (Figure 5c). Some debris blocks partially broke
through the frazil ice, consistentwith soft ice conditions
at the time of the earthquake (late afternoon), resulting
in radiating horizontal ice needles up to 7 cm long form-
ing around the block margins overnight (Figure 5c).

Numerous small earth falls were observed along bor-
row pit walls in lacustrine sediments and were at-
tributed to earthquake shaking based on burial of accu-
mulated tumbleweeds and living sagebrush (Figure 2c).
Indications of where the failures were sourced from the
walls was recognized by fresh, loose, and locally damp

surfaces as opposed to the 2-mm-thick crust formed by
dried rain-washed silt that coats themajority ofmost ex-
posures of the late Pleistocene lake sediments. These
mass failures were typically 0.5–2 m in height, and the
debris consisted of intact blocks ofweakly coherent sed-
iment up to 30 x 30 cm and rubble piles at the base of
steep faces. Small fresh sand and gravel debris fan de-
posits were also observed along talus slopes in the bor-
row pits. These fans were sourced from loose latest
Pleistocene beach deposits at the top of the exposures
and are inferred to have occurred due to shaking be-
cause they bury silt-encrusted talus.

Several isolated cobbles on gently-sloping to flat sur-
faces were moved less than 1 cm from their preserved
footprints in weakly indurated soil; however, themajor-
ity of rocks (pebbles, cobbles, and boulders) on the sur-
face showed no signs of movement. One boulder ap-
proximately 1.2 m x 0.75 m (Figure 5d) in the vicinity
of the epicenter toppled out of the stream bank; how-
ever, the soil line on its base indicated that it was only
embedded ∼25 cm into the bank and was thus precar-
ious and particularly susceptible to toppling. All other
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Figure 4 Field photos of surface fractures along the NW-
trending InSAR lineament in western Campbell Valley in-
cluding (a) Right-lateral displacement of about 5 cm along
surface fracture striking 340° (39.0940, -118.9892). Folding
ruler is 18 cm long. Large arrows and small arrows show
right-lateral and extensional opening components, respec-
tively. (b) Left-stepping surface fractures striking 340° (tip
of small arrows) within overall 315° striking fracture array
(large arrows). View to north (39.0962, -118.9916). Approx-
imate scale of photo in foreground is 2.5 m wide. (c) Or-
thophotomosaic generated from the drone survey showing
left stepping surface fractures (red lines) (coordinates of yel-
low circle: 39.0940, -118.9892). See Supplemental Section
S1 for full extent of photomosaic.

boulders observed protruding out of the stream bank,
as well as on the adjacent Holocene alluvial fan surface
observed during our 0.5-km-long walking transect near
the epicenter, did not move.
Sand blows and vented sand along opening-mode

cracks developed during lateral spreading were ob-
served along the Walker River. Lateral spreading was
observed along ∼30 m of the riverbank where the bank
was about 1–1.5 m above current river level (Figure 6a).
The crackswere sub-parallel to the river andmanifested
as wedge-shaped open cracks 2–6 cm wide and up to 25
cm deep in clean, fine sand, with pure opening mode
displacement. Cracks were present but poorly devel-
oped in muddy sand and gravels. The longest crack
measured was approximately 30 m. Cracks at this site
trend 220°. Most cracks are not associated with ejected
sand, but some patchy sand deposits were observed

within and adjacent to the widest crack (Figure 6a). The
ejected sand deposit covered the layer of cottonwood
leaves blanketing the ground around the river.
We observed sand blows 35–75 cm long and ∼15 cm

high at three locations close to the river on cut terraces
within 2mof the river elevation but at varying distances
to the active channel (generally within 50 m). The sand
deposits are circular to elliptical in map view and over-
lie the blanket of fallen cottonwood leaves and grasses
on the riverbanks (Figure 6b). Some had preserved 3–5
cmdeep craters at their apexes. Fine tomediummoder-
ately well-sorted sand was the dominant liquefied sed-
iment, but in sand blows found nearer to the epicen-
ter, some 0.5–3 cm angular blocks of indurated lami-
nated mud were entrained in the sand blows. The sand
blows were sometimes found in clusters of >10 blows a
few meters apart, and also found in curvilinear arrays,
∼75 m long and sub-parallel to the river. In this case,
their distribution may be controlled by sandy source
sediments concentrated in∼1m-wide scroll bars buried
in the floodplain. Given that our reconnaissance sur-
veys were not comprehensive, we infer that sand blows
were likely common along other low terraces along the
Walker River.
In all three locations where fresh sand blows were

observed, we also noted deposits of older sand blows,
including several examples where newer sand blows
erupted through and on top of old deposits, suggesting
reactivation of the same source pathways. The older
sand blowswere distinguished byweathering, thinmud
drapes, thick rain crusts, and sometimes plants grow-
ing directly in the craters or through the edges of the
deposits. The fresh sand blows overtopped and buried
small forbs and grasses, were brighter in color, and
had soft loose surfaces with grains easily mobilized by
the breeze, without any rain crusts. It is not known
whether the older generation of sand blows might have
formed during the closest known historical earthquake
(Wabuska >M6, 1933; Slemmons et al., 1965), in an ear-
lier event in the immediate vicinity, or a larger, more
distal earthquake, but the repetition indicates favorable
conditions for liquefaction along theWalkerRiverflood-
plain.

3.5 Evidence of older faulting

We observed evidence of potential older faulting in
the high bluff whose face is approximately perpendic-
ular to the ENE-striking aftershock zone and inferred
mainshock rupture plane of the 9 December earth-
quake, which experienced block collapse due to shak-
ing (Figure 5a). The bluff exposure consists of pluvial
Lake Lahontan sediments that are shallowly dipping on
the north side of the exposure and sharply juxtaposed
against more steeply dipping deposits on the south side
(Figure 5a), suggesting the possible presence of a fault
at a high angle to the bluff. However, slope debris, in-
cluding talus aswell as landslide debris generatedby the
earthquake, prevented direct observation of the con-
tact, and its orientation is unknown. The dip discon-
tinuity in the old lake deposits is overlain by a well-
developed soil that is not displaced and is buried by
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Figure 5 Field photos of secondary shaking effects. (a)West facing bluffwithin the aftershock zonewest of epicenter. Block
fall debris mantles the center of the slope (white polygon). Relatively flat-lying lacustrine beds on the left and dipping beds
on the right (black lines) suggest a possible fault along strike of the aftershock pattern (39.1576, -119.0422). (b) Bank failure
debris along the Walker River (center left, white polygon). Toe of debris broke through ice suggesting that the ice was soft in
the late afternoon at the time of the earthquake (39.1598, -119.0778). (c) Close-up view of debris blocks partially embedded
in frazil ice along the margin of the river at photo in (b). (d) Toppled basalt boulder shaken out of a wash margin east of the
epicenter. Soil line (beige color) along right side of boulder indicates shallow burial depth (39.1832, -119.0170).

un-faulted, latest Pleistocene lacustrine deposits. If the
interpretation of the discontinuity as a fault is correct
(and not a channel fill in the lake deposits), the obser-
vations are consistent with the lack of surficial geomor-
phologic indicators of faulting (i.e., themost recent sur-
face displacement on this fault pre-dates the un-faulted
latest Pleistocene deposits). The relations may repre-
sent Pleistocene surface displacement on the same or
similar fault that ruptured only at depth on 9 December.
Another possibility is that this could be a NW-striking
fault coincident with the InSAR discontinuity (Figure
2d). In either case, the relations suggest a period of qui-
escence on the order of ∼10s ka or longer. Observa-
tions in the bluff exposure of older convolute bedding
and slump folds in lakebedsburiedby conformable lake
strata also indicate that significant local seismic shaking
occurred during Lake Lahontan time (>15.5 cal. YBP).

3.6 Geotechnical and infrastructure observa-
tions

A bridge across the Walker River along a power line
maintenance road with concrete abutments buried in
fill was observed to have minor settlement and crack-
ing along the abutment/fill interface, but no cracking
was observed in the concrete (Figure 6c). The alignment
of power line transmission towers extending north and
south of the bridge did not appear to be affected. The
cracks align along the boundary between the concrete
abutments and the fill, which consists of poorly consol-
idated sedimentary material locally sourced from the
river terraces. Separations are only opening mode and
0.5–3 cm wide along the edges of the sediment where
it contacts the abutments. The cracks terminate less
than a meter away from the abutment corners. The
cracks were freshwhen observed on 10 December as in-
dicated by dangling thin living roots of grasses, sharp
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corners with 1–3 mm-thick dry soil crust on the top of
the soil dangling over the open cracks. To the south of
the bridge, an open crack up to 2 cm wide runs down
the center of the road from the end of the abutment for
approximately 40 m. We noted no indication of damage
or instability to the bridge abutments themselves, with
the cracking confined to the unconsolidated fill along
the abutment interface. The cracks are inferred to be
related to cyclic lateral movements of the abutments
and/or consolidation settlement of the fill material.
Beneath the bridge on the south side, we observed

slumping of the riverbank within the fill prism against
the abutment, extending ∼5 m to the west within river
terrace deposits (Figure 6d). The slumping was associ-
ated with bank-parallel opening mode cracks up to 15
cm wide cutting dry sediment, frozen sediment, and
floating river ice. Water froze into the cracks with long,
crack-spanning bladed crystals, suggesting rapid freez-
ing overnight following the late afternoon failure. The
slumping may have also contributed towards the crack-
ing at the abutment fill interface upslope by reducing
basal support of the fill prism.
The Wabuska geothermal system resides in a struc-

turally complex displacement transfer zone (Faulds
et al., 2021) within the epicentral region of the Parker
Butte earthquake. The Wabuska Geothermal Power
Plant (see Figure 1 for location), currently operated by
OpenMountain Energy, is a binary facility with a name-
plate capacity of 6.4 MWe (Jowitt et al., 2024) located
about 13 km due west of the epicenter. No significant
impacts were observed to the geothermal resource and
peak ground accelerations were low (∼0.1 g) (Julian
Lane site, Supplementary Section S2, Table S2-1). The
plant had been offline for brief periods before and fol-
lowing the earthquake, so somewell data collectionwas
disrupted, making it challenging to identify any poten-
tial subtle changes in pressure, temperature, or fluid
flow that may have occurred in response to the earth-
quake. The plant experienced negligible impacts to sur-
face equipment, and operations at the plant have con-
tinued as they were prior to the earthquake (Casteel, J.
personal communication, December 12, 2024).

3.7 Temperature and ice observations

In earlyDecember, theMasonValleywas dry, sunny and
cold during the days, with temperatures dropping be-
low freezing overnight. These weather conditions re-
sulted in the potential for delicate deformation features
caused by seismic shaking to be temporarily preserved
in ice,whichwereobservedduringfield reconnaissance
on the morning after the earthquake. On the day of
the mainshock, the high temperature was 8°C about an
hour before the mainshock at 15:08, and the temper-
ature fell to the overnight low of -8°C at 07:00 on 10
December, while the Walker River discharge reduced
slightly overnight (from 58 to 47 cfs).
Cracked and disturbed ice was observed in several

agricultural ditches (Figure 6e) and the Walker River
(Figures 5b and 5c). Crack patterns and surficial ice
characteristics suggest partialmelting and refreezing of
the ice after the earthquake. An irrigation channel ori-

ented subparallel to the mainshock plane (trend ∼260°)
contained bank-parallel longitudinal cracks, healed
with ridges of frozen frazil slush (slush made from an-
gular millimetric to centimetric shards of ice formed
in fast moving water), which could have been formed
by surface waves disturbing the floating ice sheet or
by cracking of the frozen surface in response to low-
ering of the river level downstream during the night.
A branch channel oriented at about 45° to the main-
shock plane contained cracks trending ∼260° as well
as bank-parallel cracks trending toward 315°. These
cracks were healed with long (5–15 cm) bladed ice crys-
tals rather than frazil slush, consistent with still water
underneath the frozen surface in the tributary chan-
nel. The two orientations may differentiate the mech-
anism of cracking: the channel-parallel set (315°) due
towater level changes and the rupture-parallel set (260°)
caused by surfacewaves from the earthquake. A similar
suggestion of cracking reflecting seismic wave propaga-
tion fields arose from observations of coseismic crack-
ing and subsequent healing of lake ice in twoM∼6 2002
earthquakes in Türkiye (Yürür et al., 2003).

4 Discussion and Conclusions
The Parker Butte earthquake occurred along a pre-
viously unmapped ENE-trending fault in the central
Walker Lane and was not observed to be associated
with surface rupture. However, a NW-trending linea-
ment south of the mainshock was identified in InSAR
interferograms 8 days after themainshock andwas con-
firmedbyfieldobservation tobe associatedwith surface
displacement. The presence of this surface displace-
ment is unexpected given the distributed, low-density
aftershock pattern along the lineament and lack of sur-
face rupture associated with the mainshock. These fea-
tures indicate shallow slip along a fault orthogonal to
the main rupture, either co-seismically, or during post-
seismic slip/creep.
Although the mechanism responsible for the left-

stepping en echelon fractures observed along the NW-
trending InSAR lineament was not evident during the
post-event field surveys, subsequent fault modeling of
the event based on geodetic inversions and Coulomb
stress changes indicates that slip on the NE-SW-striking
main fault promoted failure at depth and aseismic
slip (or afterslip) on the NW-SE-striking plane (Bogolub
et al., 2025). The geometric pattern and cm-scale open-
ings of the fractures observed on the surface are consis-
tent with right-lateral slip and similar to fractures gen-
erated in other moderate magnitude strike-slip earth-
quakes. Although this type of deformation has been as-
sociated with coseismic surface fault rupture (e.g. 2020
Monte Cristo, Koehler et al., 2021), a variety of other
mechanisms including afterslip and creep can generate
similar features. Creepmeter array analyses of the 2004
Parkfield (M6.0) earthquake along the SanAndreas fault
indicated that coseismic slip was <0.2 cm with 3-6 cm
of afterslip occuring in the first 24 hours (Lienkaemper
et al., 2006). This slip was expressed as left-stepping en
echelon fractures as observed in field surveys (Rymer
et al., 2006). Based on orthophoto mosaics and 3-D to-
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Figure 6 Field photos of secondary shaking effects. (a)
Zone of lateral spreading along the bank of the Walker
River. Pockets of sand ejecta (bottom right) bury leaf lit-
ter (39.1560, -119.0863). (b) Liquefaction-related sand boil
along bank of Walker River. Collapsed vent is in the cen-
ter of the deposit. Sand cleared away on left to demon-
strate leaf litter buried by the sand (39.1571, -119.0864). (c)
Power line road bridge over the Walker River. Cracking and
separation (up to 3 cm) of fill from south concrete abut-
ment. (39.1587, -119.0515). (d) Riverbank slump in terrace
deposits below south abutment of power line road bridge
(39.1585, -119.0517). (e) Cracked and healed ice in frozen
drainage ditch (39.1514, -119.1042).

pographic differencing, Scott et al. (2020) mapped left-
stepping en echelon fractures along the Parkfield sec-
tion of the San Andreas fault at Dry Lake Valley. Scott
et al. (2020) estimated that the fractures accommodated
∼2.2 cm/yr of right slip and attributed their forma-
tion and preservation to creep during dry conditions
(drought between 2012 and 2014). Creep is further sub-
stantiated in this area by upward splaying clay shear
bands that extend to the surface and cm-scale filled
fissures exposed in paleoseismic trenches (Toké et al.,
2006; Toké and Arrowsmith, 2015).
Neither the mainshock (ENE-trending vertical fault)

nor the NW-trending surface fracture trace are well-
aligned with any previously mapped faults, although
similarly oriented active faults are known from the ad-
jacent range fronts (Figure 1). Inspection of lidar hill-
shades and satellite imagery show subtle geomorphic
features indicative of fault offset along the trace of the
NW-trending lineament including uphill facing scarps,
beheaded channels, fault line scarps in bedrock, vege-

tation lineaments, and possible stream deflections (Fig-
ure 3). Additionally, the lineament projects to the sus-
pected fault observed in the bluff exposure to the north
(Figures 2c and 5a). The observed surface fracture array
is entirely below the elevation of the highstand of plu-
vial Lake Lahontan, which may have buried or eroded
evidence of prior surface displacements. Although this
fault has not been recognized in previous mapping ef-
forts, it is subparallel to several faults mapped in the
valley and along strike with the northern continuation
of the Wassuk Range fault (Figure 1). Whether the
slip which caused the surface fractures occurred on
the buried continuation of theWassuk Range fault, and
whether it can independently rupture in earthquakes,
are unresolved questions.
The Parker Butte earthquake and its aftershock pat-

tern, as well as the high-angle orientation of the sur-
face fracture trace to the mainshock fault plane, are
similar to other previous earthquake pairs in the region
and may represent a significant mechanism of strain
release in the central Walker Lane. Co-seismic rup-
ture along faults that intersect at high angles (∼80-90°)
has been observed in nearly every moderate to strong
earthquake sequence in the Walker Lane over the last
45 years. These include the 1980 Long Valley, 1984 M5.9
Round Valley, 1986 M6.3 Chalfant, 1994 Mw5.8 Dou-
ble Spring Flat, 2016 Mw5.4-5.6 Nine Mile Ranch, 2019
Mw7.1 and Mw6.4 Ridgecrest, and 2020 Mw6.5 Monte
Cristo Range earthquake sequences (Hill, 2006; Smith
and Priestly, 1993, 2000; Ichinose et al., 1998; Ponti
et al., 2020; Koehler et al., 2021; Hatch-Ibarra et al.,
2022). These earthquakes all involved rupture on inter-
secting left- and right-lateral strike-slip faults and have
typically been referred to as conjugate ruptures, cross-
fault ruptures, and/or orthogonal ruptures in the liter-
ature. Additionally, possible orthogonal faulting has
been inferred from paleoseismic records from the Dog
Valley and Polaris faults north of Lake Tahoe (Pierce
and Koehler, 2023). The relatively common occurrence
of orthogonal ruptures in the Walker Lane has raised
awareness of the potential for static stress changes
that could result in triggering larger earthquakes. This
process is analogous to the 2019 Ridgecrest, Califor-
nia earthquakes where the July 4th Mw6.4 northeast-
striking left-lateral rupture (foreshock) occurred ∼34
hours prior to the July 5th Mw7.1 northwest-striking
right-lateral rupture (Ponti et al., 2020; DuRoss et al.,
2020). Static stress change analysis of these events
showed that the foreshock sequence systematically pro-
moted slip at the Mw7.1 hypocenter suggesting that
static stress changes play an important role in the gen-
esis of cross-fault ruptures (Barnhart et al., 2019).
Post-event field reconnaissance provides essential

on-the-ground observations of surface displacement
and secondary effects that serve to validate and com-
plement geodetic remote sensing and seismological ob-
servations. Remote observation techniques such as
post-event lidar, InSAR, and pixel correlation on satel-
lite imagery, as well as a better understanding of the
field evidence of surface rupture in moderate earth-
quakes and creep events, have enhanced the ability
to locate and measure small (cm-scale) surface defor-
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mation. As these technologies have evolved, observa-
tions of surface rupture and/or fracturing in moderate
magnitude earthquakes (< M6) have become increas-
ingly recognized. For example, the 2020 Mw5.1 Sparta
earthquake in North Carolina generated a 2-km-long
zone of traceable reverse displacements averaging 8-
10-cm-high that were first recognized in the field and
subsequently mapped in detail using post-event lidar
(Figueiredo et al., 2022). InSAR interferograms were
instrumental in locating 5-20 cm lateral displacements
up to 10 km west of the epicenter in the 2020 Mw 6.5
Monte Cristo Range, Nevada earthquake (Koehler et al.,
2021); however,many InSARdiscontinuities interpreted
in the office as possible ruptures showed no signs of de-
formation in the field (some possibly related to slough-
ing of terrace riser escarpments, and other processes).
Furthermore, the detailed field mapping of the Monte
Cristo ruptures provedmore effective than the InSAR at
recognizing wide zones (up to 800-m-wide) comprised
of hundreds of centimeter scale extensional fractures
(Koehler et al., 2021; Dee et al., 2021). In the case of
the Parker Butte earthquake, the recognition of surface
fracturing was entirely attributable to the InSAR obser-
vations, which motivated expanding the area of field
reconnaissance outside the zone of concentrated after-
shocks. Notably, and similar to the Monte Cristo exam-
ple, we only observed surface deformation onone of the
two InSARdiscontinuities. Additionally, wewere able to
measure the scale of the displacements in the field at a
level of detail that the InSARcouldnot. Thus, in both the
Monte Cristo and Parker Butte earthquake surveys, the
combination of rapid field deployment and quick avail-
ability of the InSAR scenes led to comprehensive doc-
umentation of perishable displacement features, rein-
forcing the need for multidisciplinary responses in fu-
ture earthquakes. This also holds true for large magni-
tude events such as the 2023 Kahramanmaras, Türkiye
earthquakes where carefully planned field reconnais-
sance was able to resolve surface displacements and
rupture geometry complexities in areas with obscured
and/or low resolution remote data (DuRoss et al., 2025).
The minor fracturing documented in the Parker

Butte earthquake contributes to global surface rupture
datasets that are the basis for scaling relationships of
displacement vs. magnitude used in seismic hazards as-
sessments, which like ourwork has benefited from joint
analysis of field and satellite radar observations (Breng-
man et al., 2019). Of the 421 events (strike slip, normal,
and reverse) used by Wells and Coppersmith (1994),
only 70 events were of amagnitudeM<6 and themajor-
ity of these events were not associated with measure-
ments of surface displacement. In more recent eval-
uations of scaling relationships, Anderson et al. (2021)
considered 55 strike-slip earthquakes, with only two of
whichbeing ofmagnitudeM<6, and Stirling et al. (2024)
restricted their database to earthquakes M>7. Thus,
documenting surface rupture in moderate earthquakes
contributes to global datasets and is important for fu-
ture refinements of scaling relationships. However, the
scaling relationship may break down at lower magni-
tudes where the surface displacement will bemore sen-
sitive to the depth of maximum slip.

Our efforts also highlight the importance of multi-
disciplinary responses to earthquakes, including geol-
ogy, seismology, remote sensing, and public awareness.
The secondary shaking effects documented in our re-
connaissance surveys are typical features expected for
an earthquake of this size. Although the effectswere rel-
ativelyminor in size anddistribution, the perishable na-
ture of these features makes rapid documentation im-
perative. The knowledge gained from documenting the
earthquake effects contributes to a better understand-
ing of potential effects related to futuremoderate earth-
quakes and has implications for engineering geologic
practice and public safety. The documentation of tran-
sient shaking damage features in river ice is, as far aswe
know, novel and dependent on specific weather condi-
tions, butwithbetter understanding, thismay represent
a new line of potential evidence for revealing shaking
effects from earthquakes.
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