
Production Editor:
Gareth Funning
Handling Editor:

Yen Joe Tan
Copy & Layout Editor:

Sarah Jaye Oliva, Kirsty
Bayliss

Received:
April 12, 2024

Accepted:
July 24, 2024
Published:

September 3, 2024

doi:10.26443/seismica.v3i2.1354

Imagingmicroearthquake rupture processes using a
dense array in Oklahoma

Harrison J. Burnett � ∗ 1, Wenyuan Fan � 1

1Scripps Institution of Oceanography, UC San Diego, La Jolla, California, USA

Author contributions: Conceptualization: Harrison J. Burnett, Wenyuan Fan. Formal Analysis: Harrison J. Burnett, Wenyuan Fan. Investigation: Harrison J.
Burnett, Wenyuan Fan. Writing - Original draft: Harrison J. Burnett. Writing - Review & Editing: Wenyuan Fan, Harrison J. Burnett. Visualization: Harrison J.
Burnett. Supervision: Wenyuan Fan. Funding acquisition: Wenyuan Fan.

Abstract Both large and small earthquakes rupture in complex ways. However, microearthquakes are
often simplified as point sources and their rupture properties are challenging to resolve. We leverage seismic
wavefields recordedbyadensearray inOklahoma to imagemicroearthquake ruptureprocesses. Weconstruct
machine-learning enabled catalogs and identify four spatially disconnected seismic clusters. These clusters
likely delineate near-vertical strike-slip faults. We develop a new approach to use themaximum absolute SH-
wave amplitude distributions (S-wave wavefields) to compare microearthquake rupture processes. We focus
on one cluster with earthquakes that are located beneath the dense array and have a local magnitude range
of -1.3 to 2.3. The S-wave wavefields of single earthquakes are generally coherent but differ slightly between
the low-frequency (≤12Hz) andhigh-frequency (≥12Hz)bands. TheS-wavewavefields are coherentbetween
different earthquakes at low frequencieswith average correlation coefficients greater than 0.95. However, the
wavefieldcoherencedecreaseswith increasing frequency fordifferentearthquakes. This reducedcoherence is
likely due to the rupture differences among individual earthquakes. Our results suggest that earthquake slip
of the microearthquakes dominates the radiated S-wave wavefields at both low and high frequencies. Our
method suggests a new direction in resolving small earthquake source attributes using dense seismic arrays
without assuming a rupture model.

Non-technical summary The earthquake rupture process and source parameters exhibit key con-
trols on the distribution of ground shaking. Both large and small earthquakes can rupture in complex ways.
While large earthquakes occur infrequently, studying abundant small earthquakes may provide a unique op-
portunity to investigate earthquake rupture physics and identify similarities and differences between large
and small earthquakes. Specifically, resolving earthquake rupture processes, and their complexity, is vital for
hazardassessmentsand riskmanagement. Here,wedevelopanewapproach tousegroundmotions recorded
at hundredsof stations fromsmall earthquakes to resolve their ruptureprocesses. We find that groundmotion
distributionsarecontrolledby theearthquakeslipatboth low-andhigh-frequencybands. Thehigh-frequency
groundmotion appears to vary betweendifferent earthquakes, whichmay have been caused by different rup-
tureprocessesof theseearthquakes. Our results show thatusingdense seismic arrayobservations can resolve
small earthquake rupture processes, suggesting future research opportunities.

1 Introduction
Understanding rupture processes of small magnitude
earthquakes can help inform earthquake physics, fault
zone conditions, and fault stress states because of
their frequent occurrence and their relatively-uniform
spatial distributions (e.g. Thatcher and Hanks, 1973;
Kanamori and Rivera, 2004; Allmann and Shearer,
2007). Small earthquakes are often evaluated as sim-
ple sources because of observational limits and mod-
eling challenges (Abercrombie, 2021). However, when
examined in detail, small to moderate earthquakes of-
ten show surprising rupture complexities (McGuire,
2004; Dreger et al., 2007; Abercrombie et al., 2017; Wu
et al., 2019; Meng and Fan, 2021; Pennington et al.,
2023). Their key rupture parameters are primarily esti-
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mated using seismic observations (Abercrombie, 2021).
For example, spectral fitting methods measure the cor-
ner frequency of the source spectrum in the frequency
domain and use pre-assumed rupture models to infer
the earthquake rupture extent (e.g., Abercrombie, 1995;
Prieto et al., 2004; Trugman and Shearer, 2017b; Shearer
et al., 2022). In the time domain, the second-degree
seismic moments can be used to image moderate to
small earthquake rupture processes (McGuire, 2004;
McGuire and Kaneko, 2018; Fan and McGuire, 2018).
These simple source models approximate the true rup-
ture processes of events, and themodel uncertainty and
resolution are often challenging to quantify (Abercrom-
bie, 2021; Pennington et al., 2023).

Conventional approaches rely on aggregating mea-
surements from individual seismic records, and the
spatial patterns of the measurements are rarely exam-
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Figure 1 Seismicity in the study region. Squares show the nodal stations arranged in three cross-wise lines, orange trian-
gles show the broadband stations, and blue inverted triangles show fluid injection sites. Grey circles depict existing regional
earthquake catalogwithmarker size scaled bymagnitude (Park et al., 2022). Focalmechanism solution is for theM 2.3 earth-
quake analyzed in Fan andMcGuire (2018). Black line shows orientation ofmaximumprincipal stressmeasured fromdrilling-
induced tensile fractures (Alt and Zoback, 2017; Heidbach et al., 2010). Right inset shows the 1D velocity model used in the
location procedure. Left inset shows the location of the study region in Oklahoma.

ined to infer the earthquake ruptures, often limited by
instrumental coverage. Large-N nodal arrays provide
an opportunity to image earthquakes and fault zone
structures at a high spatial resolution (e.g., Ben-Zion
et al., 2015; Meng and Ben-Zion, 2018; Sweet et al., 2018;
Dougherty et al., 2019; Yang et al., 2021). For exam-
ple, such arrays have been used to illuminate complex
networks of basement faults near wastewater injection
sites (e.g., Wang et al., 2020), investigate the physical
cause of near-source high-frequency ground motions
(e.g., Trugman et al., 2021), and study local site effects
and the shallow velocity structures (Johnson et al., 2020;
Chang et al., 2023).

The 2016 Incorporated Research Institutions for Seis-
mology (IRIS) CommunityWavefieldDemonstrationEx-
periment in Oklahoma installed 381 seismographs in a
geologically uniform area (Sweet et al., 2018). Here, we
use the experiment data to develop a new data-driven
method to observe microearthquake sources that re-
quires few assumptions. We construct new catalogs
for the study site to investigate the faulting complexi-
ties. Wemeasure the distribution ofmaximumSH-wave
amplitudes (S-wave wavefields) at varying frequencies.
We identify four earthquake clusters and find that mi-
croearthquake wavefields can be used to distinguish
small earthquake rupture complexities.

2 Data
The IRIS Community Wavefield Demonstration Experi-
ment deployed a dense array of all-in-one nodal, broad-
band, and infrasound stations in northern Oklahoma in
2016 to evaluate the scientific potential of nodal arrays
(Sweet et al., 2018). There are 227 nodal stations, de-
ployed in three crosswise lines with one trending east-
west (E-W) and two trending north-south (N-S). TheN-W
trending lines are 4.8 km in length and the E-Wtrending
line is 12.9 km in extent (Fig. 1). There are 18 broad-
band stations surrounding the three lines which are de-
ployed in a Golay array configuration. We analyze four
months of the continuous broadband records from July
to October and one-month continuous nodal records in
June/July, overlapping the start of the broadband de-
ployment. Thenodal stationshave an inter-station spac-
ing of 100 m along the three lines with densification at
intersection points.

3 Earthquake Catalog
We apply a machine-learning-enabled workflow to de-
tect, associate, locate, and re-locate earthquakes (Gong
et al., 2023). The broadband and nodal arrays have dif-
ferent deployment periods, and we generate two cata-
logs separately. The 18 broadband stations result in a
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Figure 2 Map view of (a) Catalog-18 over 120 days and (b) Catalog-57 over 27 days. Legends are similar to those in Fig. 1
with open and solid squares and triangles as seismic stations. Stations shownas solid black symbols are used to generate the
catalogs. Four seismicity clusters, ok1 to ok4, are highlighted in different colors and unclustered seismicity is in grey. Circle
size denotesmagnitude and eventswith nomagnitude are plotted asM -1.5 for visual purposes. Colored lines show the strike
estimates of the corresponding clusters and the black line shows themaximumprincipal stress of the region (Alt and Zoback,
2017; Heidbach et al., 2010). Top-left insets show a zoom-in view of seismicity at the ok1 location for the catalogs.

four-month catalog between July 1st to October 28th,
2016, named as Catalog-18. We combine the 18 broad-
band stations with 39 nodal stations to generate a sec-
ond, one-month catalog (June 21st to July 18th), named
as Catalog-57. The nodal stations are selected to provide
an even coverage of the region, with an average inter-
station spacing of 564 m (Fig. 2).
We first resample the records to 100 Hz, detrend

the data, and fill data gaps with zeros. We then apply
PhaseNet (Zhu and Beroza, 2018), a machine-learning
phase picker, to detect P- and S-wave arrivals at each sta-
tion independently. We use a probability threshold of
0.3 to select successful phase picks, leading to 252,127
and 254,913 P and S picks, respectively, for Catalog-18
and 588,275 and 481,602 for Catalog-57. The phase picks
are associated using GaMMA (Zhu et al., 2022), leading
to 10,522 and 14,798 candidate earthquakes for Catalog-
18 and Catalog-57, respectively. The GaMMA algorithm
assumes a uniform half-space for the association exer-
cise, and we set a P wave velocity as 6 km/s and a VP /VS

ratio of 1.75 for the procedure.
With the associated candidates, we locate earth-

quakes using COMPLOC (Lin and Shearer, 2006) and the
same 1D velocitymodel used in Fan andMcGuire (2018)
(Fig. 1). The 1D velocity model is constructed based
on the velocity model used in Schoenball and Ellsworth
(2017b) and by the Oklahoma Geological Survey (OGS;

Darold et al., 2015) with the top of basement set as
2270m. TheCOMPLOCmethoduses the Source Specific
Station Term (SSST) method to reduce the structure-
induced location error. We iterate the location proce-
dure ten times, and remove events within depths less
than 0.1 km (Gong et al., 2023). We locate the earth-
quakes in Catalog-18 and Catalog-57 simultaneously to
assure the SSST terms are consistent for the 18 broad-
band stations. The resulting catalogs agree well, lead-
ing to 8,031 and 7,325 earthquakes for Catalog-18 and
Catalog-57 respectively.
We further refine the earthquake locations using dif-

ferential arrival times between earthquake pairs and
the GrowClust method (Trugman and Shearer, 2017a).
We cross-correlate both P- and S-waves to obtain dif-
ferential travel times for the nearest 100 earthquakes,
and we remove measurements with cross-correlation
values less than 0.6 from further analysis (Gong et al.,
2022). Given the array configuration, we discard earth-
quakes located beyond 9.4 km from the center of the ar-
ray (36.617◦/-97.671◦ in latitude and longitude). The fi-
nal relocated catalogs have 5,996 and 5,885 earthquakes
for Catalog-18 and Catalog-57, respectively.
Following Gong et al. (2022), we calculate local mag-

nitudes (ML) for both relocated catalogs using three-
component displacement waveforms. We remove the
instrument response andbandpass filter the records be-
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Figure 3 Vertical cross section of seismicity for Catalog-18. Circular markers show earthquakes and their sizes are scaled
by magnitude and events with no magnitude are plotted as M -1.5 for visual purposes. (a) strike-orthogonal (74◦ azimuth
as the positive direction) projection of the seismicity. Black dashed line shows the inferred dip of the shallow cluster in ok2.
Seismicity is colored according to the cluster. (b) strike-parallel projection of the seismicity. (c,d) seismicity color-codedwith
their occurrence time as days in 2016.

tween 4 to 12 Hz. We compute a signal to noise ratio
(SNR) for each station as the maximum-amplitude ra-
tio between the signal and noise windows. The noise
window is defined as 5 s to 2 s preceding the P wave ar-
rival, and the signal window is 1 s before to 5 s after the
S wave arrival. Waveforms with SNR greater than 5 are
used to compute local magnitudes, and the final ML as-
signed to an earthquake is the median value if there are
more than three magnitude measurements at different
stations. In the OGS catalog, one of the largest earth-
quakes in our catalog is reportedwith amagnitudeof 2.3
(Fan and McGuire, 2018; Walter et al., 2019). We com-
pute the magnitude difference, and use that to empiri-
cally correct all our magnitude values.
Because of our strict quality control procedure, there

are approximately 60% and 40% of events with local
magnitudes in Catalog-18 and Catalog-57, respectively.
Following Goebel et al. (2017b), we calculate the mag-
nitude of completeness (Mc) and Gutenberg-Richter
parameters (Aki, 1965; Goebel et al., 2017b; Clauset
et al., 2009). We obtain Mc values of 0.3 and 0.6 for
Catalog-18 and Catalog-57, respectively. Their associ-
ated Gutenberg-Richter b values are 0.92 and 0.96 for
Catalog-18 and Catalog-57, respectively. The two cata-
logshave similar b values,whileCatalog-57has a greater
Mc. This Mc difference results from our strict quality
criteria, and the majority of the events in Catalog-57
do not have magnitude assignments. The b-value esti-

mates of Oklahoma earthquakes span a wide range of
values from 0.6 to 1.4 (e.g., Langenbruch and Zoback,
2016; Gable and Huang, 2024). These estimates may de-
pendon themagnitudeof completeness, dynamic range
of the instruments, and the calculation method (e.g.,
van der Elst, 2021; Geffers et al., 2022). Our estimates
are within the range of previously reported values, and
are similar to those of tectonic earthquakes (Hardebeck,
2013).

4 Spatiotemporal Behaviors of the
Seismicity

Both Catalog-18 and Catalog-57 have approximately
6,000 relocated earthquakes (Fig. 2). These earthquakes
cluster in space, and we apply a density-based cluster-
ing algorithm to group these events with respect to lat-
itude and longitude, requiring a minimum cluster size
of 100 earthquakes and a neighbourhood of 0.003 de-
grees. In Catalog-18, the four largest clusters within the
array footprint are named ok1, ok2, ok3, and ok4 with
227, 1176, 407, and 230 earthquakes, respectively. Some
earthquakes in ok1, ok3 and ok4 are also observed in
Catalog-57, while ok2 is absent in Catalog-57. The loca-
tions of these clusters alignwell for both catalogs. These
four clusters are spatially disconnected and form linear
features that are parallel to the NEE direction (Fig. 2a).
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Figure 4 Temporal evolution of seismicity in (a) ok1, (b) ok2, (c) ok3 and (d) ok4. Grey histogram shows daily seismicity
rate. Circular markers show earthquakes and their sizes are scaled by magnitude and events with no magnitude are plotted
as M -1.5 for visual purposes. Horizontal and vertical axes show the occurrence time and the along-strike distance to the
cluster centroid location. Horizontal bars denote the span of bursts in each cluster and the number indicates the normalized
time of the largest event in the burst.

Further, it appears all four clusters were located in Park
et al. (2022), however, the locations differ slightly which
may be due to the different station configuration and lo-
cation procedure.
To measure the strike of the seismicity clusters, we

solve a linear regression to obtain the best fitting line
through the horizontal location of each cluster. The
four clusters share a similar strike direction. Given
the regional earthquakes have left-lateral strike-slip fo-
cal mechanisms (Fan and McGuire, 2018; Schoenball
and Ellsworth, 2017b; Herrmann et al., 2011; McNa-
mara et al., 2015), the strikes of these clusters are likely
around 254◦. These strikes agreewellwith fault features
determined in other studies (Schoenball and Ellsworth,
2017a; Park et al., 2022), orienting approximately clock-
wise 15◦ from the maximal principal stress direction
of the region (Alt and Zoback, 2017; Heidbach et al.,
2010). These angles are smaller than the optimal an-
gle of 25–30◦ predicted from Byerlee’s law for a fric-
tion coefficient of 0.6–0.8 (Fialko and Jin, 2021), sug-
gesting that these faults are not optimally orientated or
have been rotated. Other regional earthquakes also oc-
cur on similarly orientated faults throughout Oklahoma
(Schoenball and Ellsworth, 2017a; Park et al., 2022),
which could be due to high pore pressure reactivation of
such faults from wastewater injection (Qin et al., 2019).
Pore pressures are likely elevated in our study region
due to the close proximity between the faults and injec-

tion wells. Moreover, Goebel et al. (2017a) finds that the
2016Mw 5.1 Prague earthquake strikes at approximately
15-20◦ towhere the coulomb stress ismaximized and re-
port large differences in the strike of its nearby faults,
suggesting that a locally heterogeneous stress field con-
trols the fault network. Lastly, pairs of conjugate strike-
slip faults with a dihedral angle of 50◦ are well docu-
mented in Oklahoma (e.g., Schoenball and Ellsworth,
2017a) and the smaller angles we observe may be com-
pensated by larger dihedral angles on the conjugate
fault.
We focus on Catalog-18 to analyze the spatiotemporal

behaviors of the earthquakes because of its longer dura-
tion. Earthquakes in ok1, ok3, and ok4 spread near ver-
tically. These features likely represent a strike-slip fault-
ing style (Figs. 1 and3), as beingobserved in the regional
seismicity (Schoenball and Ellsworth, 2017b; Park et al.,
2022). These three faults extend approximately 1 km
along strike and less than 1 km along dip. The ok1
cluster has an average depth of 3.60 km, right beneath
the top of the basement at 2.27 km (Fan and McGuire,
2018). The ok3 and ok4 clusters are away from the sta-
tions, and their earthquake depths are less well con-
strained. The ok2 cluster appears to comprise a shal-
lower 73◦ dipping fault plane (visual interpretation in
Fig. 3a) and a deeper, vertically-dippingplane. The shal-
lower fault planemay permit dip slipmotion (Fig. 3a,c),
and the high dipping angle suggests that it is likely a nor-
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Figure 5 SHwave record sections for the M 2.3 event along the E-W trending line of the nodal stations. Records are filtered
in the (a) 3–6 Hz, (b) 6–12 Hz, (c) 12–24 Hz, and (d) 24–48 Hz bands. Records are normalized by the maximum amplitude of
the respective frequency band. Red box shows the position of themaximumamplitude for each frequency band, which shifts
with varying frequency bands.

mal fault. Earthquakes in the four clusters appear shal-
lower in depth than the regional earthquakes (Schoen-
ball and Ellsworth, 2017b), which most commonly oc-
cur around 4.5 km beneath the top of the basement.
There are numerous wastewater injection sites in the
study region (Fig. 1), and the four clusters are all within
four kilometers of these sites. The close spatial proxim-
ity indicates that the seismicity and their locations may
correlate with the wastewater injection activities (e.g.,
Ellsworth, 2013; Keranen et al., 2013, 2014; Weingarten
et al., 2015; Walsh and Zoback, 2015).
The four clusters all include episodic bursts of seis-

micity but with varying temporal behaviours (Fig. 4).
There are one, four, and three episodes in ok1, ok3
and ok4, respectively, which are short-lived and have
few earthquakes between the episodes. These episodes
occur within a 1 km stretch of the fault zone. Seis-
micity in these three clusters appears to be confined
within a small footprint without clear migratory be-
haviors. In contrast, ok2 appears to experience con-
tinuous seismicity, spanning the observational period,
and there are two intense episodes of seismicity where
earthquakes occur at the shallower dipping fault and
the deeper vertical fault, respectively. Following Vi-
dale and Shearer (2006), we calculate the average du-
ration of each sequence as the mean of the time lags
of the events after the burst initiation, and normalize
the occurrence time of the largest event within each
burst with the average duration. If this normalized time

is less than 0.15, indicating that the largest magnitude
event is close to the start of the sequence, we consider
the burst as a mainshock-aftershock sequence. Other-
wise, we categorize the bursts as swarms because the
largest event occurs later in the sequence. In total, four
mainshock-aftershock sequences and six swarms are
identified in the four clusters. The shallower anddeeper
bursts of ok2display different behaviourwith the largest
events having normalized times of 2.4 and 0.13, respec-
tively, suggesting the shallow burst was a swarm while
the deeper burst was amainshock-aftershock sequence.
Additionally, there are four and one swarms in ok3 and
ok4, respectively. These swarm-like sequences might
represent fault-fluid interaction due to the nearby injec-
tion wells (Vidale and Shearer, 2006; Chen and Shearer,
2011; Horton, 2012; Goebel et al., 2016), and ok3 is lo-
cated in close proximity to two injection wells with all
its bursts as swarms. We also use the coefficient of vari-
ation of interevent time (Cv) to evaluate the temporal
clustering behaviour of each of the ten bursts (Cochran
et al., 2018; Kagan and Jackson, 1991). TheCv is the ratio
of the standard deviation of the interevent time to the
average interevent time of the bursts (Kagan and Jack-
son, 1991). A Cv value of 1 represents a random Poisso-
nian earthquake sequence, a value less than 1 suggests
a quasi-periodic occurrence, and a value greater than 1
indicates temporal clustering of seismicity. The Cv val-
ues of the ten bursts are between 1.26 and 3.16, which
are similar to those observed in Cochran et al. (2018),
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Figure 6 SH wavefield for the M 2.3 event. (a) predicted radiation pattern using a strike as 237.3◦, dip as 86.1◦, and rake
as -10◦ from Fan and McGuire (2018). (b–e) observed SH wavefield in the (b) 3–6 Hz, (c) 6–12 Hz, (d) 12–24 Hz, (e) 24–48 Hz
frequency bands. Stations with SNR≥4 are plotted.

suggesting all sequencesdisplay temporal clusteringbe-
haviors, for example, in both swarms and main-shock
aftershock sequences.

5 Wavefield Analysis

5.1 SHWavefield

We use a cluster of 204 earthquakes in Catalog-57
(Fig. 2b) to explore the spatial variation in the SH ve-
locity wavefield using the 245 nodal and broadband sta-
tions deployed between June and July 2016. P-waves in
the region have complex signals with long-lasting coda
waves that are likely reverberationsdue to the sediment,
and are omitted from this study (Fan and McGuire,
2018). We focus on the SHwaves of the Catalog-57 earth-
quakes that occur below the array. These events are
the best resolved and have a good azimuthal coverage.
To select the candidate earthquakes, we apply the same
density-based clustering algorithm that is used to group
earthquakes in Catalog-18 and identify events located
within the ok1 cluster footprint. The selected 204 earth-
quakes have a local magnitude range of -1.3 to 2.3.
For each earthquake, wemeasure the peak ground ve-

locity (PGV) of SH waves at different frequency bands
from the transverse component records. We rotate
the two horizontal components to obtain the radial
and transverse components for each earthquake-station
pair, and both the broadband and nodal stations are
used in this analysis. To ensure measurement consis-
tency, we remove the instrument response from the
broadband traces and then convolve them with the
nodal station instrument response. Further, we deci-
mate the nodal data to 100Hz as the sampling frequency
of the broadband data. We apply an 8th-order Butter-
worth bandpass filter to the data and use seven one-
octave filters with filter bands from 3–6 Hz to 24–48 Hz
(e.g., Fig. 5). We focus on discussing results from four
non-overlapping frequency bands, 3–6 Hz, 6–12 Hz,
12–24 Hz, and 24–48 Hz.

For each record in each frequency band, we define
a signal window as 0.5 s before to 0.5 s after the pre-
dicted S wave arrival and a noise window as 3 s to 2 s
before the predicted P-wave arrival using the same 1D
velocity model from the location procedure. We mea-
sure the largest absolute S-wave amplitude in this sig-
nal window as the SH PGV. We compute a SNR as the
ratio of the root-mean-square value of the signal win-
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Figure 7 Intra-event correlations for 17 earthquakes at the ok1 location. For each event, we take the wavefield recorded
in the (a) 3–6 Hz (b) 6–12 Hz (c) 12–24 Hz and (d) 24–48 Hz band and correlate it with wavefields, for the same event, at all
seven frequency bands. Grey lines show correlation values, for each event, as a function of frequency (we plot the midpoint
frequency of each band). Black line shows the geometric mean of the grey lines. Note that the correlation coefficients are
unity where the band is correlated with itself.

dow to that of the noise window. If the SNR is less than
four, the PGV measurement is discarded from further
analysis. We further limit our comparisons between
wavefields by enforcing aminimumof 100 common sta-
tions between them. Out of the 204 earthquake cluster,
59 events are qualified for further analyses all of which
have assignedmagnitudes. Before correlating thewave-
fields, we apply a spatial moving average with a radius
of 0.0027◦ (a total of ∼ 5 nodal stations on average). The
nodal stations are deployed at the surface with varying
degrees of coupling to the ground (Sweet et al., 2018). As
this experimentwas one of the first few to explore nodal
array campaign experiments, a few deployment strate-
gies were used, which can impact the observed wave-
field amplitudes in this study (Sweet et al., 2018). As
the station spacing is around 100 m on average, spatial
coherence between adjacent stations is expected due to
the simple geological structure of the region. We have
tested a variety of radii, ranging from0.00135 to 0.0054◦,
and the wavefield results are about the same (Supple-
mental Fig. S1). We optwith a radius threshold of 0.0027
to balance smaller scale features and the wavefield co-
herence between adjacent stations. With the quali-
fied measurements, we obtain a collection of SH wave-
field functions for each earthquake in seven frequency
bands, which describe the frequency-dependent, spa-
tial distribution of the SH-wave peak ground velocity.
We repeat this process for all frequency bands and all

earthquakes in the cluster.

5.2 Wavefield Comparisons

Figure 6 shows the wavefields of an M 2.3 event at the
four example frequency bands. This M 2.3 earthquake
is the largest event in the target cluster. At low frequen-
cies (e.g., 3–6 Hz), the associated wavefields show struc-
tured spatial patterns that vary azimuthallywith respect
to the earthquake epicenter. As expected, themeasured
PGV amplitudes decay with increasing distance from
the epicenter. These structured patterns are highly
similar to the SH wave radiation pattern for the M 2.3
(Kwiatek and Ben-Zion, 2013) that is predicted using a
left-lateral strike-slip focalmechanism solution (Fig. 6a;
Fan and McGuire, 2018). At higher frequencies (e.g.,
above 12 Hz), small-scale heterogeneities are present in
the wavefields, which become more pronounced with
increasing frequency. Visually, we observe some vari-
ations between the low and high frequency wavefields
but as we discuss quantitatively later, the correlation
values are high.
To quantitatively explore the pattern variations as a

function of frequency, we compute the correlation val-
ues of the wavefields at different frequencies for the
same earthquake (Fig. 7) as the normalized dot prod-
uct between twowavefields. Weuse qualifiedwavefields
from 17 earthquakes. In Figure 7, we include results
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Figure 8 Wavefield functions for 100 example events recorded along the E-W trending line at (a) 3–6 Hz , (b) 8–16 Hz, (c)
16–32 Hz and (d) 24–48 Hz. Red line shows the wavefield function of the M 2.3 earthquake. For visual purpose, we plot all
qualified data points including events with less than 100 stations.

from all seven frequency bands in this analysis. For a
wavefield at a given frequency band, we compute the
correlation values with wavefields from the other fre-
quency bands for the same event (e.g., Fig. 7a). We fur-
ther compute the geometricmeanof the correlation val-
ues from these events to obtain an average estimate of
the pattern variations across different frequencies. The
3–6 Hz wavefields of the earthquakes are strongly cor-
related with the 4–8 Hz bands with an average correla-
tion coefficients of 0.986 (Fig. 7a). The correlation coef-
ficients decrease gradually with increasing frequency,
and the average correlation coefficient is 0.9 between
the wavefields at the 3–6 Hz and 24–48 Hz bands. We
observe a similar behaviour when using wavefield func-
tions in other frequency bands as references, and the
correlation coefficients decrease with increasing fre-
quency separations. We find that despite the frequency
dependence, the intra-event correlation coefficients re-
main above 0.839 for all frequency band pairs indicat-
ing a general similarity between thewavefields at all fre-
quencies for the same earthquakes.
We further compare the SH wavefields of different

earthquakes in the same frequency bands (Fig. 8). Visu-
ally, the wavefields are highly coherent, showing little
variability at low frequencies (e.g., 3–6 Hz). We corre-
late the wavefields of 59 different earthquakes for four
frequency bands (Fig. 9), following the same method
as applied to obtain the intra-event correlation values.
We perform 1505 inter-event correlations using quali-
fied wavefield functions for each frequency band, and

we only correlate wavefield pairs which are qualified
at all four frequency bands. The inter-event correla-
tion values have a mean of 0.965 at the 3–6 Hz band.
At higher frequencies, the wavefield functions show
more variability (Fig. 9). For the 24–48 Hz band, the
mean correlation value is 0.918, and the standard devi-
ation of the correlation values double that of the 3–6 Hz
band (Fig. 9). The inter-event distance also appears
to inversely scale with the wavefield correlation value
(Figs. 9e-h). However, we note that the wavefield spa-
tial features remain broadly consistent between differ-
ent earthquakes as shown in Figure 8. Similar to the
intra-event comparisons, themeancorrelation values of
the inter-event pairs are above 0.918 for all four frequen-
cies. These observations show that wavefields of differ-
ent earthquakes share similar structured patterns and
they likely have the same focal mechanisms. In con-
junction with the similarity between the predicted SH
wave radiation pattern and the observed SH wavefield
functions, the overall high intra-event and inter-event
correlation values suggest that the observed SH wave-
fields at multiple frequency bands are primarily caused
by the fault slip instead of fault zone elastic collisions
(Tsai and Hirth, 2020; Trugman et al., 2021).

5.3 Wavefield Ratios

The empirical Green’s functions (eGf) method seeks
to use records of small earthquakes as proxies of the
Green’s function to isolate the source time functions or
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Figure 9 Inter-event SH wavefield correlations for 59 earthquakes at the ok1 location. (a–d) Grey histogram show the pair-
wise SH wavefield correlations for the qualified wavefield functions. (e–h) Contour plot of correlation values as a function of
inter-event distance. Colors correspond to the measurement density with a minimum value of 10 data points.

source spectra of a larger target event (e.g. Mori and
Frankel, 1990; Abercrombie, 2021). Here, we assimi-
late this approach in the time domain by computing
the wavefield ratios between earthquake pairs (Fig. 10).
This approach is similar to the method for obtaining
source spectral estimate used in Al-Ismail et al. (2023).
For a target event, we select appropriate eGf events in
the same cluster with magnitudes between 0.7 and 1.5
units smaller than the target event. We require the eGf
events to havemore than 100 common and qualified sta-
tions with the target earthquake at all four frequency
bands. We then point-wisely divide the target earth-
quake wavefield by that of an eGf event at every fre-
quency band. We further compute a geometric mean
to stack the wavefield ratios observed at each station
for a given target earthquakes, and stations with less
than five ratio measurements are removed from the fi-
nal stack results. The ok1 cluster contains five qual-
ified target earthquakes with magnitude greater than
one and their wavefield ratios with the associated eGfs
are analyzed in this study (Figs. 10 and S3).

6 Discussion
The agreement between the 3–6 Hz SH wavefield and
radiation pattern of the M 2.3 earthquake in Figure 6
suggests that the low-frequency wavefield is modulated
by its focal mechanism. Similar results have been ob-
served in other wavefield experiments (Trugman et al.,
2021), albeit using the P-wave wavefields. The general

similarity between the low- and high-frequency wave-
fields for the same earthquakes in this study suggests
that their high-frequency groundmotions remain being
controlled by the earthquake focal mechanism, there-
fore, fault slip. These observations differ from the re-
sults showing that the fault slip (double-couple compo-
nents of themoment tensor) can only be observed in the
SH wavefield at low frequencies (e.g., Takenaka et al.,
2003; Satoh, 2002; Takemura et al., 2009; Castro, 2006).
The low frequency limit could be related to mixing of

the SH and SV waves due to subsurface structural het-
erogeneities (e.g., Kennett, 1986; Takenaka et al., 2003)
or the earthquake source (Tsai and Hirth, 2020). Fur-
ther, the frequency limits may be related to hypocen-
tral distance. For example, using peak SH velocity mea-
surements for events with hypocentral distances be-
tween 4.9–20 km, Takenaka et al. (2003) observe a limit
of 2 Hz, while Vidale (1989) study the peak accelera-
tion data of two earthquakes, both with depths greater
than 10 km, and find the fault slip is most observable
in the 3-6 Hz limit. In contrast, Trugman et al. (2021)
use P wave wavefields of the LASSO array in Oklahoma
(Dougherty et al., 2019), with hypocentral distances be-
tween ∼3–35 km, and find that high frequency wave-
fields become more isotropic with a higher transition
frequency limit of 15 Hz and the median double couple
component is approximately 70% at the 25–35 Hz band.
Given the similar hypocentral distances, the higher fre-
quency limit in Trugman et al. (2021) might be due to
that P waves have more high frequency signals than SH
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Figure 10 SHwavefield ratios. (a–c) wavefield ratio of the M 2.3 wavefield to that of one eGf event at (a) 3–6 Hz, (b) 6–12 Hz
and (c) 12–24 Hz. Beach ball shows the M 2.3 event focal mechanisms. (d–f) geometric stack of wavefield ratios of the M 2.3
earthquake. (g–i) geometric stack of wavefield ratios of an example M 1.5 target earthquake. Grey circles show eGf events.

waves. However, we observe SH high-frequency wave-
fields retain a structure pattern similar to the SH radia-
tion pattern up to 24–48 Hz for events in ok1 that have
a median hypocentral distance of 3.95 km and a maxi-
mum of 9.43 km.
Aswe focus on examining SHwavefields of co-located

earthquakes within 1 km beneath the nodal array, their
path and site effects are likely the same, indicating that
the variations in the wavefield functions are solely re-
lated to variation in the earthquake sources. The agree-
ment between low frequency wavefields (Fig. 8) sug-
gests that these earthquakes likely share a similar focal
mechanism. The wavefields become increasingly vari-
able at higher frequencies, and this variationmay relate
to the faulting and rupture complexities of individual
earthquakes (Fig. 9). For example, the stackedwavefield
ratios of theM2.3 event (Figs. 10d–f) alignswellwith the
up-dip rupturemodel fromFan andMcGuire (2018) that
higher corner frequencies and short apparent-source-
time-function durations are observed at stations where
we observe large wavefield ratios. This agreement indi-
cates that our approach can also delineate rupture di-
rectivity effects for small earthquakes. Moreover, wave-
field ratios of the other target events (Fig. 10 and S3) ap-
pear to have different spatial patterns. These distinct
wavefield ratio patterns may relate to different rupture
processes between the earthquakes.
Our reportedwavefield patterns could be from site ef-

fects that are not linked to source effects (e.g., Chang
et al., 2023). To quantify the effects of this potential bias,
we follow Ibs-von Seht and Wohlenberg (1999) to com-

pute the horizontal to vertical (H/V) amplitude spectral
ratio of 80 minute-long noise time series. The noise
time series are randomly selected as 1-min long seg-
ments during a 10 day period from 1st to 10th of July.
These H/V spectral ratios are used to infer spatial vari-
ations in site amplification for the nodal stations. Fig-
ure 11 shows the spatial distribution of the maximum
spectral ratio in the 2–20 Hz range and the correspond-
ing peak frequency. We observe that the spectral-ratio
estimates are relatively uniform across the array, and
the peak frequencies are higher towards the west. The
uniform spectral-ratio distribution suggests that site ef-
fects do not bias our wavefield and wavefield-ratio re-
sults much, and the peak frequency variation may re-
late to the local shallow structure complexities (e.g.,
Zhong and Zhan, 2020). We experiment with removing
sites with spectral ratio amplitudes deviating two stan-
darddeviations from themean for the intra-event, inter-
event, and wavefield ratio analyses, and find the results
do not change very much.

7 Conclusions

Wedevelop two earthquake catalogs using the 2016 IRIS
Wavefield Experiment data and apply a new data-driven
method to evaluate microearthquake source properties
using their SH wavefield functions. We find four earth-
quake clusters that have episodic seismicity bursts, in-
cluding one cluster beneath the nodal array. The SH
wavefields of this cluster are modulated by the earth-
quake focal mechanism and their wavefields at high
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Figure11 Quantifying site effects in the study region. (a) geometricmeanofpeak frequencies for theH/V ratios. Inset shows
the peak frequency histogramwith amean of 7.484 Hz and a standard deviation of 2.364 Hz. (b) geometric mean of H/V ratio
that corresponds to the peak frequency. Inset shows the H/V ratio histogram with a mean of 7.094 and a standard deviation
of 3.187. Nomoving average is applied.

frequencies are also impacted by the earthquake rup-
ture complexities. These complexitiesmay have caused
reduced coherence in wavefields at higher frequen-
cies for the group of earthquakes. Our results suggest
that wavefield observations can be used to probe mi-
croearthquake source properties. Given its simplicity,
this wavefield approach can be applied to new observa-
tions, such as distributed acoustic sensing, to infer mi-
croearthquake rupture processes.
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