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Abstract o0ne of most universal statistical properties of earthquakes is the tendency to cluster in space
and time. Yet while clustering is pervasive, individual earthquake sequences can vary markedly in duration,
spatial extent, and time evolution. In July 2014, a prolific earthquake sequence initiated within the Sheldon
Wildlife Refuge in northwest Nevada, USA. The sequence produced 26 M4 earthquakes and several hundred
M3s from 2014 through 2018, with no clear mainshock or obvious driving force. Here we combine a suite of
seismological analysis techniques to better characterize this unusual earthquake sequence. High-precision
relocations reveal a clear, east-dipping normal fault as the dominant structure that intersects with a sec-
ondary, subvertical cross fault. Seismicity occurs in bursts of activity along these two structures before mi-
grating down-dip and eventually transitioning to shallower structures to the east. Inversion of nearly one
hundred moment tensors constrain the overall normal faulting stress regime. Source spectral analysis sug-
gests that the stress drops and rupture properties of these events are typical for tectonic earthquakes in the
western US. While station coverage is sparse in this remote study region, the timely installation of a tempo-
rary seismometer allows us to detect nearly 70,000 earthquakes over a 40-month time period when the seismic
activity is highest. Such immense productivity is difficult to reconcile with current understanding of crustal
deformation in the region and may be facilitated by local hydrothermal processes and earthquake triggering
at the transitional intersection of subparallel fault systems.

Non-technical summary Itis sometimes said that earthquakes huntin packs, and there is perhaps
no clearer example of this phenomena than a recent earthquake sequence within the Sheldon Wildlife Refuge
in the northwest corner of Nevada, USA. Over a three-year time period, we detected more nearly 70,000 earth-
quakes occurring over a spatial footprint of ~5km x 5km. This article uses advanced seismological techniques
to examine the Sheldon sequence in great detail to better understand the factors driving it. Earthquakes are a
regular facet of life in western Nevada and California, so an improved understanding of seismicity and earth-
quake processes can help mitigate risks posed to communities near active fault systems.

1 Introduction
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sis of the Sheldon sequence informed by a diverse array

A remarkable sequence of earthquakes occurred in the
far northwest corner of Nevada within the Sheldon Na-
tional Wildlife Refuge. The sequence began in July of
2014 and featured high seismicity rates through 2016,
producing 262 earthquakes with local magnitude M; 3
and greater, and 26 larger than My 4, with the largest
event of My, 4.73 (November 9, 2015, 13:55 UTC). Of
these, ~100 well-constrained moment tensors were gen-
erated by the Nevada Seismological Laboratory (NSL),
with the vast majority of solutions showing normal
faulting in a WNW directed extension direction (T-axis)
with a small oblique component. The spatiotemporal
evolution of the sequence is complex, featuring several
distinct periods of activity, each including several M4
events with no clear mainshock throughout. The objec-
tive of this article is to provide a comprehensive analy-

*Corresponding author: dtrugman@unr.edu

of seismological techniques, including high-precision
earthquake locations, detection of small earthquakes
using machine learning algorithms, moment tensor
inversions, and source spectral analysis. As we will
demonstrate, the Sheldon sequence has unique char-
acteristics but is representative of a broader pattern
of highly productive earthquake sequences throughout
the Walker Lane in recent years (Hatch-Ibarra et al,,
2022; Ross et al., 2019; Ruhl et al., 2016a,b, 2021; Trug-
man et al., 2023; Trugman and Shearer, 2017b).

Earthquake locations for events early in the sequence
are poor due to the sparse seismic station coverage in a
remote region of northwest Nevada. Stations from part-
ner networks in California (NC and BK), Oregon (UQO),
and Washington (UW) were incorporated into routine
NSL processing and provided key coverage throughout
the Sheldon sequence (Figure 1). Overall, 7966 earth-
quakes could be located. As activity rates and event
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magnitudes increased, by November 18, 2014, the NSL
had installed a 6-channel (broadband and strong mo-
tion) portable station, COLR, on private land at a dis-
tance of approximately 16 km from the central part
of the sequence and with reliable cellular communica-
tions to Adel, Oregon (about 30 km to the northwest).
Access to the Sheldon National Wildlife Reserve wilder-
ness study area was restricted. Temporary station COLR
provided high signal quality for body wave phase identi-
fication critical to developing high-precision event loca-
tions and machine learning detections for the remain-
der of the sequence. The site operated through Febru-
ary 6, 2018, contributing more than three years of con-
tinuous recordings.

Geologically, the Sheldon sequence occurred directly
east of a series of 16.5 and 15.5 Ma, mid-Miocene sili-
cic centers, the High Rock Caldera Complex (HRCC),
and associated flood basalts (Coble and Mahood, 2016).
These volcanics, along with McDermitt Caldera com-
plex to the east, have been considered the initiation of
the NE trending Snake River Plain-Yellowstone hot-spot
system (Henry et al., 2017; Pierce and Morgan, 1992).
Flood basalts aged 15 Ma and younger east of the HRCC
(Coble and Mahood, 2016) cover the source area of the
Sheldon sequence. Faulting within the basaltic table-
lands is most likely much older and definitive extensive
Quaternary faulting has not been identified.

Current Basin and Range extensional faulting is con-
centrated along the eastern Warner Range in Surprise
Valley about 50 km west of the Sheldon sequence (Lerch
et al., 2010, Figure 1). Slip rates for the Surprise Valley
fault have been estimated to be 1 mm/yr and larger. Po-
tential geothermal resources in Surprise Valley have re-
sulted in several studies. The paleoseismic transect of
northwest Nevada presented by Personius et al. (2017)
did not establish significant post-15Ka extensional fault-
ing comparable to Surprise Valley deformation near the
Sheldon source area. It did, however, speculate on
minor potential structures within Long Valley, a basin
in northwest Nevada that borders Miocene tablelands
and escarpments adjacent to the Sheldon sequence (Fig-
ure 1). There is nothing in the post Miocene geology that
may represent deformation events associated with Shel-
don sequence. However, the Long Valley feature within
the basaltic volcanic terrain extends for approximately
150 km north-south and includes the 1968 Adel, Oregon
earthquake sequence (described below).

The most notable recent earthquake activity in the
vicinity of the Sheldon sequence in occurred at Adel, in
southeast Oregon in 1968 (Schaff, 1976, Figure 1). The
largest earthquake of the 1968 sequence was an My, 5.1
on May 30 and caused structural damage in the com-
munity of Adel. The nascent NSL at the time deployed
a local telemetered 4-station analog portable seismic
array and was able to constrain a north striking left-
lateral oblique short period focal mechanism for the
mainshock with as many as 200 events recorded per day
during the aftershock sequence. Nearly fifty years later,
an equally notable sequence occurred less than 40 km
to the southeast in the Sheldon Wildlife Refuge. This ar-
ticle is a report on what unfolded.

2

2 Data and Methods

In the following sections, we overview the data acqui-
sition, processing, and analysis steps we used to char-
acterize the Sheldon sequence. Derived datasets pro-
duced as part of this study, along with the velocity model
used in the location analysis, are archived on Zenodo
(see Data and code availability section).

2.1 Catalog and Waveform Data

For the purpose of earthquake monitoring in the state
of Nevada, the NSL maintains an Antelope Datascope
database of phase arrivals, associated events, and con-
tinuous waveforms from regional stations operated by
the NSL and partner networks. All phase arrivals (at
public stations) and earthquake origins determined by
the NSL are also submitted to the US Geological Survey
Comprehensive Catalog (ComCat) for public dissemina-
tion. For each reviewed and cataloged event in the Shel-
don study region (Figure 1), we extract P and § arrival
times from the database, as well as segments of wave-
form data (and metadata) encompassing these phases,
from all recording stations within 250 km. Station cov-
erage is generally sparse in this region, rendering focal
mechanism determination through first motion polar-
ity analysis unviable. Station COLR is the closest (~16
km) broadband sensor by a considerable distance (BK
station MOD is ~56 km), so we also compile continu-
ous data waveform from this station for its entire oper-
ating period (November 2014 to February 2018) for the
purposes of small earthquake single-station detections.
Moment tensor inversions may benefit from recordings
at greater distances than are archived routinely by the
NSL, and thus the waveform data and metadata used
for that purpose is downloaded as a separate process
(Beyreuther et al., 2010; Owens et al., 2004).

2.2 Earthquake Locations

We begin our analysis by working to refine the earth-
quake locations of reviewed events in the NSL database.
Our two-step procedure involves both absolute loca-
tion estimates based on analyst phase arrival picks and
relative relocation refinements informed by waveform
cross-correlation. In the first step, we estimate absolute
locations by applying the NonLinLoc algorithm (Lomax
etal., 2000, 2001) to the NSL phase arrival bulletin and a
1D velocity model. The NonLinLoc algorithm explicitly
accounts for station elevations when computing travel
time grids, but there can still be systematic station-
specific misfits due to unmodeled subsurface velocity
structure. To account for this, we first do an initial run
of NonLinLoc to estimate the correction term for each
station-phase combination, and then rerun the location
algorithm after applying the correction term to the ar-
rival time data to achieve the final solution.

We next refine the absolute locations obtained by
NonLinLoc using GrowClust3D.jl (Trugman et al., 2022),
a relative relocation technique that leverages pre-
cise differential travel times measured from waveform
cross-correlation of pairs of events recorded at com-
mon stations. For these measurements, we focus on
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Figurel Overview map of the study region and its position within the western US (inset). Earthquakes concentrate within
the Sheldon Wildlife Refuge, marked in red. Regional stations used in location analysis are marked as gold triangles. A nor-
malized Kostrov (1974) summation of Sheldon moment tensors (red mechanism) demonstrates that normal faulting predom-
inates during the sequence. The location of the 1968 Adel earthquake sequence, as well as the Surprise Valley (SV) and Long

Valley (LV) fault zones are marked for reference.

a subset of events with My, 1.0 and greater. We iden-
tify all pairs of nearby events within 5 km distance, and
cross-correlate separately both P and S waveform win-
dows at all stations recording both events. We band-
pass filter the waveforms from 1-12 Hz and measure
P and S differential times using 1.5 s and 2.5 s win-
dows, respectively (Trugman et al., 2020); start times for
time windows are determined at stations without listed
phase arrivals through use of theoretical arrival times,
which are later refined by cross-correlation (Trugman
and Shearer, 2017a). Differential travel times are mea-
sured from the peaks of each cross-correlation func-
tion by applying a spline interpolation approach with
subsample precision; measurements are discarded if
the peak sidelobe is within 0.10 units of absolute am-
plitude of the peak value. The differential travel time
database is then used as input to the GrowClust3D.jl
software package, which uses a clustering algorithm
to perform relative event relocations using the same
station-specific travel time grids generated by NonLin-
Loc. For quality-control purposes, we use only differen-
tial times with cross-correlation value of 0.65 or greater
and require at least 8 qualifying differential times to re-
tain an event pair. With this workflow and quality con-
trol, we relocate 3811 of 6533 events with My, 1.0 and
greater. We use the events with refined positions as the

3

basis for the structural interpretation of the sequence.

2.3 Moment Tensor Inversions

Because sparse azimuthal station coverage precludes
reliable focal mechanism estimates, moment tensor in-
versions provide the most robust means of obtaining
information about the style of faulting for earthquakes
in the Sheldon sequence. To this end, we use MTINV
(Ichinose et al., 1998), a time-domain inversion algo-
rithm applied to long-period surface waves recorded at
regional distances. Three-component waveforms are
downloaded from all available stations with HH and BH
channels within a search radius that depends on the
earthquake size (generally 300 - 500 km) from regional
data centers. Moment tensor inversions of this form are
generally feasible for earthquakes of mid-magnitude 3
and greater; smaller earthquakes do not produce suffi-
cient long-period energy. Because of the extreme pro-
ductivity of the Sheldon sequence, we are able to com-
plete more than 100 such inversions, and use a quality-
controlled subset of 93 moment tensor solutions with
variance reduction >40% for our seismotectonic analy-
sis.
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2.4 Earthquake Detections at Station COLR

The earthquakes listed in NSL and ComCat event
databases are those that are well-recorded enough at re-
gional distances to produce a viable location estimate.
Because relatively few stations are located within 100
km of the Sheldon sequence, this database only includes
events that are large enough to be clearly seen at these
distances. If we instead focus on the problem of de-
tection rather than location, it is possible to compile a
much more complete listing of events and their approx-
imate size through detailed analysis of the COLR sta-
tion, which is the closest to the source region and whose
broadband sensor can record small earthquakes with
high fidelity. In this way we recover a detailed time his-
tory of the sequence at very small magnitudes, signif-
icantly below the network detection threshold for this
station distribution geometry. The key assumption here
is that nearly all of the arrivals observed at COLR that
are not seen at more distant stations (and hence miss-
ing from the analyst arrival database) are in fact com-
ing from the Sheldon sequence and not from another
source. This s plausible, given the low background seis-
micity and extreme event rates near Sheldon during this
deployment, and can be confirmed if the detections ex-
hibit short S-minus-P times indicative of a local source.

We apply the open-source SeisBench package (Wool-
lam et al., 2022) to detect P and S arrivals on continu-
ous, three-component waveforms at station COLR from
November 2014 through February 2016. We use the EQ-
Transformer model architecture (Mousavi et al., 2020)
trained on the Stanford Earthquake Dataset (Mousavi
et al., 2019), saving all arrivals with detection probabil-
ities >0.1. We remove duplicate arrivals and those with
unusually low signal-to-noise, and group the remaining
arrivals into events using a simple temporal clustering
algorithms (typical S minus P times at this distance are
<3 s and thus are simple to associate). For each detected
event, we also measure the equivalent Wood-Anderson
displacement A, (in millimeters) and use that to cal-
culate a single-station local magnitude estimate consis-
tent with the definition used for other NSL events:

My, =logyy Amm + Ao(R) (1)

where Ag(R) is a nonparametric distance-correction
term (Richter, 1935). Each detected event thus comes
with an origin time and magnitude estimate, assuming
an approximate distance of 16 km from to station COLR.
This is a reasonable approximation given the sequence’s
spatial footprint of ~5 km x 5 km, over which the dis-
tance correction to the magnitude scale varies by about
0.1 magnitude unit.

2.5 Source Spectral Analysis

Earthquake source spectra can provide useful insight
into the rupture characteristics of individual earth-
quakes. Source spectral measurements are often in-
terpreted in relation to a theoretical model in which
the low-frequency asymptote € of the displacement
source spectra is proportional to seismic moment, and
the corner frequency f, that marks the transition to
high-frequency spectral decay is inversely proportional

4

to the characteristic source duration of the earthquake
(Boatwright, 1980; Brune, 1970; Madariaga, 1976; Sato
and Hirasawa, 1973). A key challenge in the analysis of
source spectra is the need to correct for path and site ef-
fects to isolate the source contribution to the recorded
spectrum (Abercrombie, 2021; Anderson and Hough,
1984; Hanks, 1982; Hough, 1996). This problem is par-
ticularly acute for the Sheldon sequence, where most
of the stations used in the earthquake locations are at
distances greater than 100 km, where the spectrum at
moderate and high frequencies is severely attenuated.

Station COLR is a notable exception, with high-quality
recordings of thousands of moderate and large events
at a distance less than 20 km. There have been few nor-
mal faulting Walker Lane sequences, and none with this
range of magnitudes, to begin to assess regional nor-
mal faulting source processes. For these reasons, we fo-
cus our analysis on the spectra recorded at COLR. Such
single-station measurements should be treated with ap-
propriate caution, as they inevitably neglect variations
in spectral amplitude across the focal sphere that are
caused by radiation pattern and directivity effects. De-
spite this concern, any assessment of the source spec-
tral properties of these earthquakes has the potential to
provide useful insight into the rupture characteristics
of these earthquakes that complements well the other
techniques used in this study.

The S-wave spectra of earthquakes recorded on the
broadband seismometer at COLR generally exhibit good
signal-to-noise (SNR) ratios for earthquakes of My, 2.0
and greater within the 0.5-20.0 Hz frequency band. For
each such earthquake, we estimate S-wave spectra from
the vector summation of both horizontal components
using the multitaper technique of Prieto et al. (2009).
Time windows for the spectral estimates are magnitude-
dependent and increase from 6.0 s at My 2.0 to 16.0
s at My 4.5. Note that these relatively long time win-
dows may include some of the S-wave coda, which could
suppress directivity effects (which we neglect in this
work). Spectra are converted in the frequency domain
into units of displacement and resampled with 75 log-
arithmically spaced data points from the 0.2 - 20 Hz.
We exclude from analysis individual frequencies points
with SNR <3 and discard all spectra in which 20% or
greater of frequency points qualify as low SNR by this
criterion.

We perform two types of analyses on this dataset
of COLR spectra. First, for each event (regardless of
size) we measure the spectral moment (), from the low-
frequency asymptote and use this to estimate the seis-
mic moment M, of the earthquake, after correcting for
distance (R), radiation pattern (Uy,), and surface am-
plification effects (F):

_ 4mpcd RO,

My
FUgp

(2)
where p and c are the density and wavespeed (e.g., Aki
and Richards, 2002).

This allows us to calibrate an M, - My relation for
this dataset that is useful in quantifying the total mo-
ment release of the sequence. Second, for a subset of
42 large events (M, 3.5 and greater recorded by COLR),
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we identify nearby smaller events (M, 2-3) as empirical
Green's functions (EGFs) and form spectral ratios with
the EGFs to correct for path and site effects (e.g., Hough,
1997). Candidate EGFs in this magnitude range are se-
lected based on their spatial proximity (<3 km distance
laterally and vertically) and cross-correlation with the
larger target event. Here we select EGFs with correla-
tion values greater than 0.75 in a frequency band 0.5 -
1.25 Hz, which is above the low-frequency noise band
at COLR and below the corner frequency of ~ My, 3.5
target events (Abercrombie, 2015; Abercrombie et al.,
2017; Ruhl et al., 2017); we would not expect even high-
quality EGFs to correlate with the targets above their
corner frequency.

We input each such spectral ratio associated with
a target event into a Bayesian inference algorithm in
which the primary objective is to measure the target
event corner frequency and its uncertainty (Trugman,
2022). For this work, we assume a Brune (1970) spectral
model of the form:

Qo
Si(f) = T+ (/)2 (3)

each event (EGF and target), which yields a spectral ratio
model of the form:

Qo 1+ (f/ fe))?

BilD) = G T+ (7] o 2

(4)

where the indices i and j denote target and EGF events
respectively.

Bayesian inference is implemented through the
PyMC software package (Salvatier et al., 2016), which
uses the No U-Turns formulation of the Hamiltonian
Monte Carlo algorithm (Hoffman and Gelman, 2011) to
draw samples from the posterior distribution. The like-
lihood function that connects model parameters to ob-
servations is T-distributed, which helps to account for
outlier data points common in spectral ratios (Trugman,
2022). Prior distributions for the moment ratio and tar-
get and EGF corner frequencies are weakly informa-
tive and magnitude-dependent (Trugman, 2022), scaling
self-similarly with a median stress drop of 5.0 MPa. The
results are not sensitive to the detailed parameteriza-
tions of the prior distributions, since each target event
inversion is constrained by tens to hundreds of EGFs,
and thus the data carries the dominant weight in the
posterior parameter estimates (Trugman, 2022). We fo-
cus our analysis on the corner frequencies of the target
events and not the EGFs, since the latter have large un-
certainties as they are each constrained by a single spec-
tral ratio. One advantage of this Bayesian framework is
the inherent stability of the prior distributions imposed
on EGF source parameters, which work to mitigate the
potential for biasing mainshock source parameter es-
timates when EGF parameters are poorly constrained
from lack of data (Shearer et al., 2019).

5

3 Results

3.1 Earthquake Locations and Sequence
Time Evolution

As may be anticipated by the sparse station coverage,
the initial absolute locations from NonLinLoc are highly
scattered and uncertain, without any discernable struc-
ture (Figure 2a). These results are comparable to the lo-
cations from the ComCat database, which use the same
phase arrival inputs but a slightly different velocity
model suitable for statewide monitoring purposes. Af-
ter applying GrowClust3D.jl however, the picture sharp-
ens dramatically (Figure 2b). In map view, there is a
dominant structure trending NNE and dipping to the
east, and a secondary branch arcing NNW. These struc-
tures are presently unmapped, positioned several kilo-
meters to the east of the Warner Valley fault, a west-
dipping system listed in the USGS Quaternary Faults and
Folds Database (USGS and CGS, 2006). The secondary
NNW branch aligns particularly well with visible fea-
tures of the surface topography. There is also another
shallower cluster of seismicity to the east, closer to the
mapped Guano Valley fault system.

The geometry of sequence is best seen in cross sec-
tion (Figure 2c) or visualized in 3D (Movie S1). Here
the eastward dip of the main fault is readily distin-
guished (dip angle ~67°), with the secondary NNW-
trending cross structure at a steeper, subvertical an-
gle. Earthquake locations for this sequence are best
resolved from November 2014 through February 2018
when station COLR was operational, which captures the
bulk of the sequence but misses the initial few months.

The spatiotemporal evolution during this time pe-
riod is quite complex and again is best visualized in
animated form (Movie S2). The seismicity exhibits no
systematic migration or diffusion pattern, but instead
features multiple waves of activity separated by times
of near quiescence (Figure 3). The most notable such
instance occurs in May 2015, where seismicity nearly
shuts off before a second burst of events, including sev-
eral My 4 earthquakes, occurs in July 2015. During the
first year of the sequence, most earthquakes occur on
either the primary, east-dipping fault or the steeply dip-
ping secondary NNW striking cross-fault. The shallow
cluster of events to the east of these structures initiates
later in the sequence, starting in December 2015. There
is also a general tendency for events occurring later in
the sequence to occur deeper on the main structures
than in the early part of the sequence, perhaps indicat-
ing a down-dip migration. Following this overall evo-
lution of the sequence, the primary structures’ activity
rates decline and the sequence is essentially over.

3.2 Moment Tensor and Source Spectral
Analysis

With its plethora of moderate magnitude events, the
Sheldon sequence is particularly amenable to moment
tensor inversions, and we analyze 93 quality-controlled
solutions as part of this study. We display the re-
sults in map view (Figure 4a), color-coding each mech-
anism by the mean horizontal strain €,,; implied by the
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Figure2 Relocation of the Sheldon sequence. (a) Initial epicentral locations in map view output by NonLinLoc, with faults
from the USGS Quaternary faults database marked in white. (b) Refined locations of these events after applying Grow-
Clust3D.jl. (c) Cross-sections of relocated seismicity, with AA’, BB’, and CC’ defined in panel (b).

moment tensor components in geographic coordinates
(e.g. Becker et al., 2018):
__ €EE T ENN

M= (5)

Here negative values indicate horizontal compres-
sion (thrust faulting), while positive values indicate ex-
tension (normal faulting). Most are normal faulting
events, though several that align with the secondary
cross-structure are strike-slip. The spatial density of
high-quality moment tensor measurements also allows
us to constrain the regional stress orientation under
the assumption that on average, slip vectors are aligned
with the shear direction resolved on individual fault
planes (Angelier et al., 1982; Gephart and Forsyth, 1984;
Michael, 1984, 1987). Here we adapt the iterative ap-
proach proposed by Vavrycuk (2014) that applies a
Coulomb instability criterion to identify the active fault
plane of each mechanism, which is a-priori ambiguous
due to the symmetry of the seismic radiation pattern.
We do not seek to resolve spatial or temporal variations
in the stress field (Hardebeck and Michael, 2006), just its

average value and uncertainty in our study region. We
estimate the orientations of the three principal stresses
(81, S2, and S3) and the shape ratio of principal stress
magnitudes:

5 -5,

R= S1— 83

(6)

that best fits our dataset, with uncertainties obtained
from bootstrap resampling. As expected, the stress
orientations are consistent with an extensional regime
(Personius et al., 2017) with a modest oblique compo-
nent (Figure 4b): S is subvertical (plunge of 71°) with
azimuth of 18°, while S5 is subhorizontal (plunge of 19°)
with an azimuth of 194°.

Through our spectral ratio analysis, we obtain corner
frequency measurements for 42 M 3.5 and greater tar-
get events recorded by COLR (Figure 5). The primary
outcome of this analysis are measurements of corner
frequency which we can then translate to a stress drop
value under the assumption of a circular source:
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Figure 3 Time evolution of the Sheldon sequence during the most active period (2014-2016). (a) Relocated seismicity in
map view, color-coded by occurrence time. (b) Local magnitude M, versus time, with colorscale consistent to (a). The start

date of COLR recordings is marked for reference.

VNN

Ac = 16Mﬂ (kﬁ) (7)
In this relation, 3is the shear wavespeed at the source
(avalue we obtain from the velocity model) and k is a nu-
merical constant that depends on the spectral model;
here we use 0.26, appropriate for S-wave spectra with
rupture velocities of 0.8-0.9 3 (Kaneko and Shearer,
2014). The distribution of stress drop values (~0.5 -
20 MPa) obtained from this analysis is typical for tec-
tonic earthquakes in California and Nevada (Abercrom-
bie, 2013; Hatch et al., 2018; Ruhl et al., 2017; Shearer
et al., 2022; Trugman, 2022; Trugman et al., 2023; Trug-
man and Shearer, 2017a), suggesting there is nothing
particularly unusual about the rupture properties of the
Sheldon events. Itis worth emphasizing again that these
results should be treated with some caution as they are

obtained from a single, albeit high-quality, station.

3.3 Event-detection and
Magnitude Statistics

The magnitudes reported by the NSL are local magni-
tudes My, obtained from equivalent Wood-Anderson dis-
placements and corrected for distance (Richter, 1935).
These values provide a useful measure of earthquake
size, especially for small events, but do not allow one to
assess the total moment released by the sequence. Mo-
ment tensors are available for most (but not all) of the

Frequency-

7

larger events and none of the smaller events, so there
is a need to be able to approximate My in a consistent
manner. To do this, we examine the moment measure-
ments obtained through the spectral analysis at station
COLR. The values are tightly correlated with indepen-
dent measurements obtained in the moment tensor in-
versions (Figure 6a) and thus provide some confidence
in their application.

Through least-squares regression analysis, we find a
consistent scaling of the form:

My = 1.16 + 0.67M, ®8)

for smaller earthquakes (My, <3.5), above which the scal-
ing appears nearly unity (Figure 6b). This break in scal-
ing is well understood in terms of a transition point of
the corner frequency of the earthquake with respect
to the dominant frequencies of a Wood-Anderson mea-
surement (Hanks and Boore, 1984; Munafo et al., 2016;
Uhrhammer et al., 1996). We can use this piecewise lin-
ear relation to estimate My for all events without mo-
ment tensors, and then compute the total moment re-
leased during the sequence. This equates to about My
5.6, with the greatest contributions coming from the
bursts of seismicity starting in November 2014 and July
2015 (Figure 6c).

While they do not contribute much to this overall mo-
ment budget, very small earthquakes (M;, <1) can be de-
tected on station COLR. After quality-control, our ma-
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chine learning approach detects nearly 70,000 earth-
quakes during the time period in which the station is
active, more than an order of magnitude greater than
the number listed in the catalog during this time pe-
riod. To confirm that these events are real and not false
detections, we created a separate Antelope Datascope
database to visualize the detected arrivals alongside ex-
isting analyst picks (Figure 7a). Manual scans of sev-
eral active days confirm the quality of these detections,
which identify nearly all of the analyst picks (Figure 7b;
97% have a machine learning arrival within 0.2s) along
with more than 60,000 newly detected events. Short S-
minus-P times for the detections confirm that these are
local to the Sheldon area and not recordings of remote
events. The time evolution of these detections (Fig-
ure 8a) is consistent with what is observed in the orig-
inal monitoring catalog, including the bursts of seis-
micity interspersed with quiescent time periods noted
above.

Through augmentation with our machine learning
catalog, we are able to reduce the magnitude of com-
pleteness (for detected earthquakes) from 1.4t0 0.2 (Fig-
ure 7c). Using the “b-positive” estimator designed by
van der Elst (2021) for robustness to potential changes
in magnitude of completeness, we obtain a b-value for

the detection-augmented catalog of 0.74 (95% confi-
dence interval of 0.730-0.754 via bootstrap resampling).
This value is fairly typical for a tectonic earthquake se-
quence, if slightly on the low side, indicating a relative
prevalence of large magnitude events compared to a se-
quence with a canonical b-value of 1.0 (Gutenberg and
Richter, 1944). Note however that this b-value measure-
ment corresponds to the local magnitude scale My. If
we instead use equation (8) to convert the local magni-
tudes of small events to approximate moment magni-
tude, the b-value measurement would increase accord-
ingly to ~1.1.

We also explore temporal variations in b-value by
applying the b-positive estimator to sliding 1000-event
windows (Figure 8), with uncertainties again obtained
through bootstrap resampling. The initial part of the
sequence captured by station COLR is characterized by
relatively low b-values, with temporal fluctuations asso-
ciated with bursts of seismicity. During the main part
of the sequence (2014 - 2016), b-values remain mostly
within the 0.65-0.85 range to within the uncertainties.
From late onward, the b-value steadily increased to
~0.95, as large magnitude events became less frequent.
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4 Discussion

Our detailed analysis of the Sheldon earthquakes char-
acterizes a highly productive sequence that initiated
abruptly in the northwest corner of Nevada but does not
provide any direct explanation for the physical forces
that drive it. Seismicity in the Sheldon sequence is po-
sitioned at the intersection of the Warner Valley and
Guano Valley fault systems listed in the Quaternary
Faults and Folds Database (USGS and CGS, 2006), both
of which have relatively low reported slip rates (<0.2
mmy/yr). Most of the Sheldon earthquakes do not oc-
cur directly on either of these mapped faults, which dip
mostly to the west and are geographically offset from
the hypocentral positions. There likely exist other faults
in between the Warner Valley and Guano Valley fault
systems that are not in the USGS database that are ei-
ther discernible in the local geomorphology or listed
in older local geologic maps (Dohrenwend and Moring,
1991). Whether or not the Sheldon earthquakes lie on
these liminal structures or ones that are completely in-
visible from their surface expression, the sequence is
clearly positioned in the transitional zone of deforma-
tion between larger mapped systems.

The Sheldon sequence is by far the most promi-
nent recent seismic activity in the northernmost Walker
Lane (Figure 1), which is the tectonic province that
marks the transition between strike-slip faulting in
western California and extension in the Basin and
Range (Busby, 2013; Faulds et al., 2005; Faulds and
Henry, 2008; Hearn and Humphreys, 1998; Wesnousky,
2005). Sequences like Mogul (Anderson et al., 2009;
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Bell et al.,, 2012; Ruhl et al., 2016a, 2017), Nine Mile
Ranch (Hatch-Ibarra et al., 2022), Ridgecrest (Barnhart
et al., 2020; Ross et al., 2019; Trugman et al., 2020), Lone
Pine (Hauksson et al., 2020), Monte Cristo (Kariche,
2022; Ruhl et al., 2021; Sethanant et al., 2023; Zheng
et al., 2020), and Antelope Valley (Pollitz et al., 2022;
Trugman et al., 2023; Wang et al., 2023) exhibit high
seismicity rates and aftershock productivity along com-
plex and sometimes incipient fault structures, many
of which were not well-mapped in advance of the se-
quence. Throughout most of the Walker Lane, transten-
sional crustal deformation is accommodated by an intri-
cate tapestry of strike-slip and normal faults. The diver-
sity of these sequences reflects this transtension, with
some earthquakes occurring dominantly on strike-slip
structures (e.g., Mogul, Nine Mile Ranch, Monte Cristo)
and others dominantly on normal faulting structures
(e.g., Lone Pine and Antelope Valley). Strike-slip fault-
ing is the primary mode of deformation on northern
Walker Lane faults (Chupik et al., 2021; Faulds et al.,
2005; Gold et al., 2014; Koehler, 2019), but the Shel-
don sequence is far enough north (past the Mendocino
triple junction, for example) that it may well be clas-
sified as outside of the Walker Lane altogether. The
dominant structure in this region along the northern
California-Nevada border is the Surprise Valley fault
(Figure 1), a classic Basin and Range normal faulting
range front, striking north and accommodating down-
to-the-east slip in an east-west extensional environment
generally consistent with deformation in the Sheldon
sequence. East of the Surprise Valley fault and south-
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west of the Sheldon sequence, the Long Valley fault sys-
tem (Figure 1) has produced earthquakes as large as
M7.0 over the past 15 ka (Personius et al., 2017). The
Sheldon sequence is subparallel to the complex network
of faults confined within Long Valley and may fit within
its broader deformation footprint.

The complex spatiotemporal evolution of the Sheldon
sequence defies an easy description. Clearly, Sheldon
is not a typical mainshock-aftershock sequence with a
classic Omori (1894) decay in seismicity rate. The se-
quence is swarm-like in its persistent activity for several
years duration (e.g., Hainzl, 2004; Hill, 1977; Mogi, 1963;
Sykes, 1970), but its space-time progression shows no
clear evidence of simple diffusion or migration patterns
that could be readily linked to fluid injection or flow
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(e.g., Ross et al., 2020; Shapiro et al., 1997) or aseismic
slip (e.g., Sadeghi Chorsi et al., 2022; Koper et al., 2018;
Lohman and McGuire, 2007) as the dominant driving
force. No geodetic transients can be clearly observed in
InSAR or regional permanent and campaign GPS mea-
surements (Blewitt et al., 2018), which is perhaps un-
surprising given the depth of seismicity and cumula-
tive moment release equivalent to a mid M,, 5 earth-
quake. The 2016-2019 Cahuilla swarm, another long-
lived sequence in southern California (Cochran et al.,
2023; Hauksson et al., 2019; Ross et al., 2020) provides a
useful comparison to illustrate this point. While both
sequences feature elevated seismicity rates over the
course of several years, the Cahuilla swarm was char-
acterized by a clear, radial migration pattern from a
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deep source point before triggering a My, 4 mainshock
and subsequent seismicity (Ross et al., 2020). The Shel-
don sequence, in contrast, did not exhibit such beauti-
ful simplicity, with dozens of M4 events repeatedly trig-
gered in a somewhat chaotic fashion.

The Sheldon sequence features several distinct waves
of intense seismicity, each with several bursts of activ-
ity associated with one or more My, 4+ events, indicating
the importance of earthquake triggering in sustaining,
if not initiating, the sequence. In terms of spatial evo-
lution, these phases include (i) an initiation of seismic-
ity on the main NNE striking, E-dipping normal fault-
ing structure, (ii) a subsequent illumination and com-
plex migration patterns along an NNW trending, near-
vertical cross fault, (iii) eventual migration down-dip to
the east, and (iv) initiation of seismicity on shallower
structures coincident with the Guano Valley faults. The
overall productivity of the Sheldon sequence is truly
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immense, featuring 26 M 4+ and 262 Mj 3+ events.
For comparison, the 2008 Mogul, NV sequence (main-
shock My, 4.9) produced two M, 4+ events and 38 My,
3+ events in total. Although several studies have asso-
ciated earthquake swarm activity with relatively high b-
values (e.g., Holtkamp and Brudzinski, 2011; von Seg-
gern et al., 2008), relatively low b-values we observe
here (0.65 - 0.85) are consistent with other swarms in
extensional tectonic settings within the shallow con-
tinental crust (Ruhl et al., 2016a; Ibs-von Seht et al.,
2008). The gradual increase in b-value observed over
time may indicate a relaxation in differential stress as
the sequence progresses and eventually dissipates (e.g.,
Scholz, 1968, 2015). This trend is also reminiscent of
the 2014 Long Valley Caldera swarm, where Shelly et al.
(2016) interpret the b-value evolution in terms of a tran-
sition in fluid confinement, with earthquakes initially
localized to select larger faults (lower b-value) before
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eventually diffusing outward in three dimensions and
sampling additional, smaller faults (higher b-value). In
the Sheldon sequence, the b-value is lower during the
most active part of the sequence, where seismicity is
confined to the two primary structures, and increases
significantly in 2017 as these structures deactivate.

While there is no obvious signature of the driving
force for the Sheldon sequence, its position in a tran-
sitional zone of deformation within a volcanic geo-
logic context provides a viable explanation. Earthquake
swarms are commonly associated with hydrothermal
activity throughout the western United States (Chen and
Shearer, 2011; Hauksson et al., 2013, 2019; Li et al., 2021,
Lohman and McGuire, 2007, Mesimeri et al., 2021; Ross
et al., 2020; Ross and Cochran, 2021, Shelly and Harde-
beck, 2019; Vidale and Shearer, 2006) and globally (Cox,
2016; Hainzl, 2002, 2004; Ibs-von Seht et al., 2008), and
often occur at the intersection of active faults or within
otherwise transitional deformation zones (Hill, 1977
Sibson, 1987). The Sheldon sequence fits this paradigm
well, positioned between the Warner and Guano Valley
faults in a weak crustal zone associated with volcanic
terrains. Seismic activity within the Sheldon sequence
appears to be most intense at the intersection of the
east-dipping normal fault and north-northwest-striking
cross-fault, somewhat reminiscent of fracture mesh
structures (Sibson, 1996) observed in several other stud-
ies of earthquake swarms and hydrothermal systems in
the western US (Ross et al., 2017; Shelly et al., 2023). The
complex patterns of seismicity we observe could per-
haps be explained by the interaction of fluid movement
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and earthquake-earthquake triggering, releasing elastic
stresses built up progressively over time in this transi-
tional deformation zone. While the remoteness of the
Sheldon sequence makes it a challenging case study in
providing the in-situ observations necessary to resolve
the fine-scaled details of earthquake swarm dynamics,
its occurrence is a useful reminder that such natural
and violent swarm complexity can occur even in unex-
pected places in Nevada.

5 Conclusions

We characterize a highly active earthquake sequence
beneath the Sheldon Wildlife Refuge in northwest
Nevada using a broad set of seismological techniques.
High-precision earthquake locations highlight a pri-
mary fault structure dipping to the east and a subverti-
cal cross-fault striking north-northwest. Moment ten-
sor and stress field analyses show results consistent
with an overall normal faulting regime. The spatiotem-
poral progression of the sequence comprises repeated
bursts of seismicity on these structures separated by
quiescent periods. By leveraging machine learning al-
gorithms, we detect nearly 70,000 events from 2014
- 2016. The physical factors driving the immense pro-
ductivity of this sequence remain to be explained in full
but are broadly consistent with models of earthquake
swarms within transitional deformation zones and may
combine both hydrothermal and earthquake triggering
processes.
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