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Abstract

An unusual earthquake swarm began in December 2021 between the towns of Elgin
and Lugoff in South Carolina, United States. This area is characterized by historically
low seismicity, but by April 2024 it has experienced 97 small earthquakes listed in the
United States Geological Survey (USGS) catalog, presenting a unique opportunity to
investigate the dynamics of earthquake swarms in stable continental regions. These
events are located in a north—south diffuse trend, cross-cutting the Eastern Piedmont
Fault System, a Late Paleozoic dextral strike-slip fault, however, the location uncer-
tainties were too large to reveal any obvious structure. Starting from October 2022, we
deployed 86 Smartsolo 5-Hz 3-component seismic nodes for four months in the direct
vicinity of the Elgin swarm. By using a combination of deep learning and match filter
techniques for event detection, and double-difference relocation method for precise
earthquake locations, we obtain up to 100 high-resolution microearthquake locations,
as compared with 4 events listed in the USGS catalog for the deployment period. In
our improved catalog, we report significantly smaller magnitudes in comparison to
those listed in the USGS catalog, with a local magnitude ranging from -2.17 to 2.54
and achieving a magnitude of completeness at -0.20. The relocated catalog outlined
a single fault plane of nearly north—south strike and west-dipping, inconsistent with
either known fault strikes or the magnetic anomalies in this region. We also determine
focal mechanism solutions for selected events in this swarm sequence, which shows
mainly strike-slip faulting with nodal planes aligning with the north—south striking
seismic cluster. Our relocated catalog can be used to constrain the location of other
swarm events outside the nodal recording period and praside a robust benchmark

dataset for further analysis of the swarm sequence.
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Introduction

Earthquake swarms are defined as sequences of seismic events closely clustered in both space and time, distinguished by
the absence of a single outstanding mainshock (Mogi, 1963). Unlike the mainshock-aftershock sequences which typically
follow a power-law decay in the number of seismic events over time (Utsu, 1957), earthquake swarms exhibit an increase in
seismic occurrence rate, where the initial event magnitude does not significantly exceed the magnitudes of subsequent large
events. They occur worldwide in regions such as volcanic areas, geothermal regions, mid-ocean ridges, and continental rifts
(Benoit and McNutt, 1996; Ibs-von Seht et al., 2008; Fischer et al., 2014; Holtkamp and Brudzinski, 2014), and are thought to
be primarily driven by external forces such as fluid migrations (Chen et al., 2012; Shelly et al., 2016; Ross et al., 2019, 2020),
aseismic slip (Lohman and McGuire, 2007), or dike propagation in volcanic settings (Hill, 1977; Toda et al., 2002), rather than
a cascading stress transfer. In complicated models, fluids, aseismic slip or cascade stress triggering may coexist as the driving
factors of an earthquake swarm (Fischer and Horalek, 2005; Vidale and Shearer, 2006; Fischer et al., 2014; Danré et al., 2022,
2024).

Intraplate earthquake swarms are distinctive phenomena, and have been observed in several well-known intraplate
zones, such as West Bohemia/Vogtland, Canada, Norway, and Greenland (Gregersen, 1979; Atakan et al., 1994; Spiéék and
Horalek, 2001; Waite and Smith, 2002; Horalek and Fischer, 2008). Additional intraplate earthquake swarm zones influ-
enced by Quaternary volcanism include the French Massif Central, Long Valley in California, the Tengchong volcanic field
in Southwestern China, and the Yellowstone volcanic field, which is one of the most seismically active regions in the western
U.S (Mazabraud et al., 2005; Vidale and Shearer, 2006; Horéalek et al., 2015; Liu et al., 2024; Shelly et al., 2016; Farrell et al.,
2009). However, earthquake swarms are rare in the Southeast United States where the background seismicity is generally low.
The last time that the southeast U.S. saw an intensive swarm, generating significant public awareness was likely the Norris
Lake earthquake swarm about 30 km East of Atlanta, Georgia during the summer of 1993 (Long et al., 1994). Another swarm
occurred in Greene County, Alabama in 2014, although the possibility of it being triggered by human activities cannot be
completely ruled out (Chen and Wolf, 2018). The causes of intraplate swarms in these regions are often linked to fluid-related
processes. One explanation involves the interaction of fluids with regional tectonic stress, which activates pre-existing faults
and fractures that are favorably oriented (Spi¢ak, 2000). Another involves fault weakening mechanisms, where chemical and

hydrothermal fluid-rock interactions erode fracture walls (Heinicke et al., 2009; Vavry¢uk and Hrubcova, 2017).
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At present, our understanding of earthquake swarms is still incomplete, due to our limited capability in detecting/locating
microearthquakes and imaging high-resolution fault zone structures, and heterogeneity that play important roles in control-
ling the fluid pathway and fault slip behaviors (Ross et al., 2020; Liu et al., 2024). Previous studies on swarms are primarily
based on standard or relocated earthquake catalogs from seismic network centers (Vidale and Shearer, 2006). However,
earthquake catalogs are incomplete and do not include all small earthquakes, especially during large aftershock sequences
or intensive earthquake swarms (Kagan, 2004; Peng et al., 2006). Several recent studies on earthquake swarms have utilized
either template matching (Peng and Zhao, 2009; Chamberlain et al., 2018; Beaucé et al., 2018), deep-learning techniques
(Ross et al., 2018; Zhu et al., 2019; Zhu and Beroza, 2019; Mousavi et al., 2020), or a combination of both (Neves et al., 2024),
to detect additional smaller earthquakes that were not listed in standard earthquake catalogs (Shelly et al., 2016; Hotovec-Ellis
et al., 2018; Ross et al., 2020). These newly detected/relocated events provide much better constraints on the fault structures
and physical processes that drive earthquake swarms.

Starting from December 27, 2021, a prolonged intraplate swarm sequence began with a magnitude 3.3 earthquake between
Elgin and Lugoff in South Carolina (Figure 1). In this work, we define this swarm as Elgin or Elgin-Lugoff and use the terms
interchangeably throughout the text. South Carolina has experienced similar swarms in the past, such as those related to the
impoundment of Lake Monticello in the 1970s, with the largest event being ~M2.9 (Secor Jr et al., 1982). Additional swarm-
like events occurred near the lake between 1996 — 1999, and from October to early November 2021 (Chen and Talwani, 2001;
Howard et al., 2022). However, what distinguishes the Elgin swarm sequence is its unique location and the occurrence of
larger earthquake magnitudes compared to previous swarms in South Carolina (Howard et al., 2022). As of April 2024, 97
microearthquakes were compiled from the United States Geological Survey (USGS) catalog for the Elgin-Lugoff region, with
the largest magnitude of 3.6 occurring on June 29, 2022. Similar to other several moderate-sized intraplate earthquakes on
the United States East Coast such as the 2011 magnitude 5.8 Virginia earthquake (Chapman, 2013; Meng et al., 2018), the
2014 magnitude 4.1 Edgefield earthquake (Daniels et al., 2019), and the 2020 magnitude 5.2 Sparta earthquake (Figueiredo
et al., 2022; Neves et al., 2024), the Elgin-Lugoff swarm occurred in the region surrounding the East Piedmont Fault System
(EPFS). This fault system, situated within the United States South Appalachian Piedmont province, is a wide network of
ancient faults, characterized by changes in fault styles, inherited structures, and reactivation over time (Howard et al., 2022).
Associated with magnetic anomalies that align with the north-east to south-west regional Appalachian trend, the EPFS
consists of linear shear zones that have undergone multiple deformation phases, resulting in variable thickness and dip
(Hatcher et al., 1977). Specifically, the Elgin-Lugoff swarm is confined within the Modoc Fault Zone of the EPFS, which is
a nearly ductile shear zone ranging from 1 to 5 kilometers in thickness (Shah et al., 2023). The shear criteria indicate that it
has mainly experienced Alleghanian dextral strike-slip displacement (Hatcher et al., 1977).

Despite being situated within the East Piedmont Fault System, on closer examination, most events in the Elgin-Lugoff

swarm sequence appeared to occur in a diffuse zone at a high angle to the known faults rather than along the East Piedmont
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Fault System itself (Howard et al., 2022). The intriguing nature of the swarm sequence presents challenges for interpreting the
tectonic structures hosting this sequence due to the small magnitudes of the events, the relatively sparse seismic network, and
the poorly defined local seismic structure. Additionally, the interpretation may be affected by a potential bias in the cataloged
event locations arising from a generic seismic velocity model used in this region. Unlike the Summerville/Charleston region
farther south of Elgin, which hosts the Middleton Summerville Seismic Zone and lies within the Outer Coastal Plain, the
Elgin swarm resides within the Carolina Sandhills and thus represents significantly different geologic and seismic structures,
with a fault system that is not connected to any faults near the Summerville/Charleston region.

Although the Elgin earthquake sequence has not caused significant damage or injuries, it serves as a reminder that earth-
quakes can occur in unexpected places. Unlike regions such as the Summerville/Charleston area of South Carolina, where
historically large earthquakes have occurred in the past, or near Lake Monticello with ongoing swarm-like activities, resi-
dents in the Elgin and Lugoff region were unfamiliar with earthquake shaking. This swarm sequence hence provides a rare
window of opportunity to study the physical mechanisms of swarms in intraplate regions. It also offers a unique teachable
moment to raise earthquake awareness in this region.

In October 2022, 86 SmartSolo nodes (Figure 1) were deployed in Elgin, South Carolina, to record the swarm sequence
(Peng et al., 2023). This passive source experiment aims to address several critical questions: What is causing this swarm in
an otherwise tectonically quiet region? Is the zone of seismicity as diffuse as it appears, and what is the state of seismic stress
in Elgin? In this study, we present the network geometry, and observations of waveforms and other metrics in comparison
with nearby broadband recordings. In addition, we apply a combination of machine-learning phase-picking and matched-
filter detection to enhance the event detection using up to 4 months of continuous waveform data. We also determine the
magnitudes of newly detected events and relocate them with a double difference method to obtain a high-resolution catalog
during this period. This experiment seeks to improve the spatial and temporal resolution of the swarm, enabling a deeper

understanding of its origins.

Data and Methods

Instrument Deployment and Data Quality

Each node had a 15-day internal battery and was connected to a ~100-day external battery pack, allowing them to record
continuously for up to 4 months. Such a long duration was extremely valuable since the seismicity rate of the swarm sequence
had already decreased by the time of the deployment. The instrument gain was set to 24 dB, and the sampling rate was
250 Hz. In addition to the 86 nodes, South Carolina Seismic Network (SCSN, network code CO) staff deployed a broadband
seismometer JKYD, co-located ~1ft with the seismic node station GT086. They previously deployed the strong motion station
BARN following the first event in December 2021, just south of the swarm, which has proven to be valuable for recording
the subsequent episodes in May and June 2022. Seismic data from both JKYD and BARN can be accessed in real-time from

EarthScope Data Management Center (https://ds.iris.edu/mda/C0/). Asopposed to the JKYD and BARN stations,
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Figure 1: Spatial distribution of the 86 SmartSolo nodes, stations in the South Carolina Seismic Network (SCSN), Central
and Eastern US Network (CEUSN, network code N4), and ~ 85 swarm events recorded by the USGS from December 27, 2021
to January 20, 2023. (a) The geologic map of South Carolina (Horton et al., 2017), showing the NE-SW structural features
of the East Piedmont Fault System in black. Red triangles correspond to SCSN and CEUSN stations, and the study region is
denoted by the blue square (Figure 1b). Inset map displays seismicity in the southeastern United States over the past 20 years.
(b) Map of the study region showing the location of the deployed nodal sensors (black triangles) and the event locations. Blue
circles represent the events identified in the USGS catalog and the brown circles indicate our ~ 4 months of relocated events,
which will be discussed further in the subsequent sections.
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Figure 2: (a) Seismograms comparing recordings between the deployed seismic node stations and regional stations. (b)
Normalized vertical component waveforms from all the seismic node stations, plotted by increasing distance from the relo-
cated coordinates. (c) Normalized vertical component waveforms recorded at GT086 and co-located JKYD station after
flipping the polarity of the nodal data. (c) Normalized spectra for the vertical components.

the seismic nodes were deployed at shallow, near-surface depths with minimal external protection. One station GT006 was
destroyed by a lawnmower shortly after the initial deployment. The remaining 85 nodal seismic stations were retrieved in
early February 2023. The total volume of data recovered was about 2 Terabytes.

Figure 2a shows a comparison of waveforms of a magnitude 2.5 event on October 31, 2022 recorded by two nodal seismic
stations (GT001 and GT086), two local stations (JKYD and BARN), and by four regional stations. A zoom-in plot of all the
seismic node recordings (Figure 2b) shows clear P and S arrivals and possible changes in the relative amplitudes between
P and S waves, which can be used to constrain their focal mechanisms. As expected, the waveforms from the co-located
GT086 and JKYD station match very well, after we manually flip the polarity of the seismic node recordings (Figure 2c). The
reason for such a polarity flip is that for the seismic node recordings, its positive is downward, rather than upwards as in most
broadband recordings. As per manufacturer specification, this polarity flip is not present at frequencies below 1-Hz, due to
the instrument response of the nodal geophones. In addition, their normalized spectra for this event also match well (Figure

2d), except that the spectrum of the nodal recording goes to 125 Hz, since the nodal data is recorded at 250 sample/s. We
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noticed that a portion of the nodal recordings clipped slightly (Figure 2c), likely because the event was relatively shallow, and
the gain of the nodal recording was set as 24, the highest value for the nodal sensor recordings. Nonetheless, this demonstrates
the similarity between these nodes and the broadband recordings when resolving small earthquakes and shows the quality
of this data. We also compared background noise levels using probabilistic power spectral density (PPSD) analysis (Peterson
et al., 1993) of signals recorded by our Smart-solo 3C nodal sensors against reference data from JKYD. For our study, the
computation of PPSD was carried out for one-month data. The PPSD of background noise recorded at both JKYD and the
nearby seismic node station GT086 for all three components (Figure 3, Figure S1), indicate that the frequency response of
the noise and amplitude is consistent with the broadband station down to 0.1 Hz. However, at frequencies below 0.1Hz, the
seismic nodes exhibit high noise levels. In addition to the inherent sensitivity of the seismic nodes, their shallow deployment
depths likely contribute to this increased noise at low frequencies, as they are more exposed to surface disturbances such as
wind and human activity. The PPSD results suggest that seismic node stations are not well-suited for accurately recording
long-period seismic waves. Nonetheless, given this study’s focus on local earthquakes, which are characterized by higher

frequencies, these stations prove highly effective for data acquisition and good data quality.

1D Velocity Structure Inversion

To construct the 1D velocity model, we used a combination of historical seismicity in the southeastern US observed at the
SCSN and CEUSN stations (Figure 1a), and events from during the swarm recorded at both the SCSN and CEUSN stations,
and the nodal array. For the historical seismicity, we used the USGS reported pick times while for the swarm events we
manually re-picked the data to identify the P- and S-wave arrival times. Overall, we used 89 events from the swarm.

We inverted for the 1-D velocity structure using VELEST (Kissling et al., 1994). As our initial model, we used that of
Charleston, South Carolina, which has 9 velocity layers including a 700 m upper sediment layer. We fixed the Vp/Vs ratio
to 1.73 and varied the interface depths manually, while allowing the inversion to fit the velocities. Acknowledging that the
historical seismicity generally included earthquakes at greater distances from the stations while the swarm events included
earthquakes only at shorter distances, we first inverted for the upper 3 layers of the model using the swarm events alone, then
fixed these layers and inverted for the deeper structure using the historical seismicity. The initial and final 1-D velocity model
can be found in Tables S1 & S2. As expected, we find that the data are best fit by a velocity model with a thinner sediment

layer than the initial Charleston model, with higher basement velocities beneath.

Event Detection & Location

In this part of the study, we followed the steps outlined in (Neves et al., 2024) to perform earthquake detection and relocation.
First, we picked P and S arrivals from continuous waveforms of the seismic nodes with the EQtransformer deep learning
model (Mousavi et al., 2020), which has been pre-trained on the STanford Earthquake Dataset (Mousavi et al., 2019) within

the Seisbench (Woollam et al., 2022) deep learning toolbox. EQtransformer generates three key predictions: the probability
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Figure 3: (a) The probabilistic power spectral density (PPSD) of background noise recorded at the (a) broadband seismometer
JKYD and (b) GT086. The low and high noise models from (Peterson et al., 1993) are shown as gray curves for reference. The
PPSD is computed for the vertical component of the station’s recordings.

of event detection and the arrival times of P and S waves within a specific time window. The detected P and S phases (Figure
4a) were grouped as part of an event when the absolute differences in P-wave arrival times between station pairs were 0.7
seconds or less, and the event was detected across at least seven stations. Subsequently, the detected S-waves corresponding to
those events were recorded. This criteria helped to eliminate false positives and was easily implemented due to the relatively
low number of detections from EQtransformer. Subsequently, phase arrivals that EQTransformer failed to detect at certain
stations within the detection window were manually identified and picked.

Thereafter, we utilized the match filter technique, also known as template matching, to detect additional events, employ-

ing those identified through the deep learning approach and the existing 4 USGS recorded events as templates. Template
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matching (Gibbons and Ringdal, 2006; Shelly et al., 2007; Peng and Zhao, 2009; Yang et al., 2009; Meng et al., 2012; Skoumal
et al., 2015; Ross et al., 2019; Neves et al., 2024) involves cross-correlating template waveforms with daily continuous data
to identify similar events with high correlation values. After scanning waveforms across all stations and channels, the cor-
relation traces are stacked to calculate the mean cross-correlation (CC) values. Then, detection thresholds are set using the
median absolute deviation (MAD), with events selected when the mean CC values exceed a specified multiple of the MAD.
This tunable MAD parameter helps distinguish events from background noise, and when multiple events are detected, the
one with the highest correlation is prioritized. In this process, both templates and continuous waveforms were bandpass
filtered within the 1-60 Hz range and downsampled to 120 samples/s. Following this, template waveforms were windowed
at 2.5s around the local events, 0.3s before and 2.2s after the event origin time. We applied the MAD detection threshold of
14 and a mean CC threshold of 0.2 (Figure 4b & c).

To estimate the magnitudes, we first measured the maximum amplitude on the velocity seismogram around the P arrivals
for the vertical and horizontal components in the template and detection events. Next, we calculated the median value of
the resulting amplitudes obtained for the templates and detection on the vertical and horizontal components. The local

Adetection

magnitudes of detected arrivals were computed as Megection = Miemplate + log( ) This follows the assumption that

Atemplate
a tenfold increase in amplitude corresponds to a one-unit increase in the magnitude of the detected event relative to the
template magnitude (Peng and Zhao, 2009; Shelly et al., 2016; Yao et al., 2021; Chen et al., 2023).

Once all events within our specified nodal deployment timeframe had been detected, event phase information directly
from initial absolute location using HYPOINVERSE-2000 (Klein, 2002) was used to derive the catalog differential times for
hypoDD (Waldhauser, 2001), setting a limit of 4 maximum neighboring events and a search radius of 5 km. For waveform
cross-correlation differential times, we employed EQCorrscan (Chamberlain et al., 2018), designed to detect and analyze
repeating or nearly repeating seismic events. Here, we extracted 0.3 seconds around the P & S arrival on both the vertical and
horizontal components. This included 0.1 seconds before the arrival and 0.2 seconds after the arrival, with a shift length of
0.05 seconds. Such a short time window was used to ensure that the correlated arrivals were from similar phases, eliminating
interference from different seismic phases. We cross-correlated every event pair in a 3 km radius, and each event pair must

have at least 3 differential time measurements. The inversion technique used to invert the event locations is the conjugate

gradients method, specifically LSQR (Paige and Saunders, 1982).

Focal Mechanism Solution

To obtain the focal mechanism solutions, we manually picked the first motion polarity measurements on the vertical
components and flipped these polarities on the processed waveforms due to the aforementioned polarity flip caused by
the instrument response. Following this, we computed the S/P amplitude ratio from the displacement seismograms. For

each phase, we measured the full amplitude range of the signal around the arrival by measuring the difference between
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178

179

180

181

182

183

184

185

186

187

Detection (black): 2023-01-17T01:11:59.74 ; Template (red): 2023-1- 20T16:40:32.71
(b) 75.GT017.DPZ

@ 1y 7S.GT018.DPE

75.GT018.DPZ 1.1km

75.GT025.DPZ 1.44 km

e
L

75.GT024.DPZ 1.46 km

7S.GT018.DPN

75.GT023.DPZ 1.5 km

75.GT022.DPZ 1.61 km

e
L

75.GT012.DPZ 1.61 km

7S.GT018.DPZ

Normalized Amplitude

75.GT027.DPZ 1.62 km

75.GT028.DPZ 1.81 km

75.GT021.DPZ

00 15 20 25 30 35 40 45 50 55 0 ‘
Time (s) 75.GT029.0PZ 1.92 km

75.GT020.DPZ

75.GT010.DPZ

_________________________________________ 75.GT004.DPZ 2.2 km

10/31/2022 75.GT019.DPZ 2.25 km

75.GT009.0PZ 2.29 km

75.GT008.DPZ 2.31km

75.GT003.DPZ 2.39km

75.GT002.DPZ 2.42 km

75.GT001.DPZ 2.92 km
T T T T

0 10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 0.0 0.5 1.0 1.5 2.0 2.5
Continuous Time Time (s)

Figure 4: (a) Detection of seismic phase and event using EQTransformer, pre-trained on the STEAD dataset and applied
with Seisbench at station GT078 for a M2.5 earthquake occurring on October 31, 2022 (Mousavi et al., 2019, 2020; Woollam
et al., 2022). The blue gaussian curve indicates the P-wave arrival, the orange gaussian curve signifies the S-wave arrival,
and the green box shape signifies the event detected. Waveforms are ground velocity. (b) Comparison between the ground
velocity continuous waveforms (black) and template waveforms (red) within the 1-60Hz range, demonstrating the detection
of an event using template matching technique with a mean CC value of 0.77 and MAD value of 79.2. (c) Examples of daily
detections from 28 October to 1 November 2022. The dashed line on each plot represents the detection threshold defined by
a MAD > 14 and mean CC value > 0.2.

the maximum and minimum amplitude across all channels, within a time window of -0.01 to 0.5 seconds around the
seismic arrival. We then calculated the Euclidean norm of the amplitudes on the different components for each phase
Apjs =1/ AJZV + AJZE + A%, where N, E and Z are the vertical and horizontal components respectively. Next, the ratio of the
S and P amplitude was determined. Similarly, noise amplitudes were calculated using a window from -0.5 to -0.02 seconds
before the P-wave arrivals.

Then we determined the take-off angles by integrating our regional crustal velocity model (Table S2) and ak135-f (Kennett
et al., 1995) for deeper structures. For focal mechanism inversion, we used the HASH program (Hardebeck and Shearer,
2002, 2003), which takes the polarities, signal displacement amplitude ratios, and take-off angles as input. The criteria set for
the HASH algorithm during the moment tensor inversion includes a minimum of 15 polarity observations, a signal-to-noise
amplitude ratio not less than 2.0, and a grid search of 15° increments for the strike, dip, and rake to find the set of acceptable

focal mechanisms, permitting up to a 20% error in polarity measurements.
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Results

Expanding Seismic Catalog through the Detections by the Seismic Nodes

Using only 4 events recorded by the USGS during the seismic nodes deployment timeframe as templates, we detected 26
new local events in the magnitude range of -0.56 to 1.06 using the single station template matching on the broadband JKYD
station. Following this, when we used EQTransformer on the continuous waveforms from our seismic nodes, we detected 13
additional events that were not detected using only the JKYD station. For these events with unknown magnitudes, we esti-
mated their magnitudes with a linear regression between the known magnitudes and the logarithm of the mean maximum
amplitude of the event after removing the instrument response. Thereafter, we combined the detections of the 39 events as
templates to perform match-filter detection across the ~ 4 month nodal deployment recordings.

This expanded the detections of the seismic node stations to a total of 100 microearthquakes (Figure 5a, Table S4). The
largest event occurred on October 31, 2022, with a M2.54 and was listed in the USGS catalog. Additionally, the majority of
the newly detected events within the swarm display significantly lower magnitudes (M-2.17 to M2.54) than those reported
by the USGS during the duration of the nodal deployment, and over the entire observational period of the swarm (Figure 5a).

According to the Gutenberg-Richter (GR) law (Gutenberg, 1944), earthquake magnitudes within a given area follow an
exponential distribution, presented by the relation, log, N(m) = a — bm. Here, N(m) represents the count of earthquakes
with magnitudes greater or equal to m. Parameters a and b are fixed constants, indicating the overall seismic occurrence
rate and the ratio of small to large earthquakes. By using the Maximum Curvature method (Wiemer and Wyss, 2000) with a
bin width of 0.1 magnitude units, we estimated the earthquake’s magnitude of completeness (M,) of the nodal deployment
as -0.2 and the USGS recorded events over the entire duration of the swarm as 1.90 (Figure 5b), applying a 0.2 correction
increase to obtain both values. Given the critical role of selecting an appropriate M., which can significantly impact other
statistical properties derived from the catalog (Woessner and Wiemer, 2005), we also calculated M, using the goodness-of-
fit method. This involved comparing the observed and synthetic cumulative magnitude frequency distributions at 85% and
90% goodness of fit levels (Wiemer and Wyss, 2000) (Figure 5c). The resulting M, values were -0.5 for the nodal deployment
detected events and 1.7 for the USGS recorded events, similar to the results from the Maximum Curvature method.

Furthermore, using maximum likelihood estimation (Aki, 1965), we determined b-values of 0.66 + 0.09 and 0.92 + 0.12
for the nodal and USGS catalogs, based on the M, values estimated from the Maximum Curvature method. Additionally, we
calculated a mean absolute error of 0.09 and 0.25 between the b-values obtained from bootstrapping the magnitude samples
and our calculated b-values for the seismic node and USGS catalogs respectively. Our analysis indicates a significant presence
of small-magnitude events in the swarm area, suggesting that further investigations are necessary both before and after the
nodal deployment to fully understand the dynamics of the swarm sequence. Although b-values of earthquake swarms are
often assumed to be greater than 1.0, several studies have observed lower values in intraplate settings such as the Yellowstone

earthquake swarms (b-values of 0.6 - 1.5) (Farrell et al., 2009), and intraplate swarms in the West Bohemia/Vogtland region
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(b-values 0f 0.85 - 1.0) (Horalek et al., 2015). Thus, it is not unusual for our swarm observations to show low b-values for both
the USGS and nodal deployment catalog. The b-value of the nodal deployment estimates should be considered preliminary
due to the simplified estimates of magnitude, and the short time frame of detection (Benz et al., 2015). The lower b-value in
our catalog may suggest higher relative stress during our deployment period, as indicated by the larger magnitudes recorded
in the USGS catalog following our nodal deployment (Figure 5a). With the detection and observation of a significant increase
in the swarm events over an extended period, other reliable methods, such as the b-positive approach (van der Elst, 2021),

may be employed to determine the b-value and its temporal evolution.

Seismicity Location and Space-Time Evolution

Using the double-difference technique hypoDD, we obtained and refined the spatial distribution of the 100 swarm events
identified during the seismic nodes deployment timeframe. Compared to a broader swarm area reported in the USGS catalog
for the entire swarm duration, our analysis revealed a more confined seismogenic zone, prominently showing a single and
distinct cluster zone (Figure 1b, Figure 6). The high-resolution of this localized swarm zone is likely a result of the benefit of
deploying densely spaced seismic nodes within the Elgin vicinity, unlike the broader network of regional stations that were
used to locate events recorded by the USGS throughout the swarm. Specifically, this cluster reflects a nearly north-south
trending and steeply west-dipping (72°) seismically active structure (Figure 6¢c & 7a), with the southern portion spatially
aligning and antithetic with one of the magnetic anomalies in the East Piedmont Fault System. The magnetic field data is
upward and downward continued to a constant drape of 100 m over topography and reduced-to-pole (Shah et al., 2023).

Predominantly, the relocated swarm activities concentrate at shallow depths between 1.5 to 3.5 km, which is within the
depth of the highly folded and faulted Modoc zone. The two seismic streaks observed along the strike direction (Figure 7b)
suggest that these are regions on the fault planes where the most prominent stress concentration/asperities reside, at the
intersection with the two other faults delineated from the magnetic anomalies. Similar features have been observed in the
Heyward Fault Zone and the San Andreas Fault on the west coast of the US (Waldhauser et al., 1999; Rubin et al., 1999;
Waldhauser et al., 2004).

Focal mechanism analysis indicates a prevalence of right-lateral strike-slip with minor thrust components, aligning with
the Alleghanian strike-slip structures. (Figure 6b & 7a, Table S3). The nodal planes are oriented northeast-southwest and
northwest-southeast, with the northeast-southwest striking and east-dipping plane chosen as the preferred nodal plane due
to its alignment with the overall orientation of the seismic zone.

Inspired by analyses of other swarms in the Southeastern United States, particularly those in South Carolina and nearby
Georgia (Secor Jr et al., 1982; Long et al., 1994), many of which have been associated with fluid activity, we investigated
whether fluid migration (Figure 7b), could be influencing the swarm. We explored the possibility of identifying a migration

pattern indicative of fluid diffusion (Shapiro et al., 1997). Therefore, we determined the triggering front r(t) = /47 Dt, where
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Figure 5: (a) Magnitudes against time for the ~4 month detection with the seismic nodes, and the USGS catalog for the entire
duration of the swarm. Brown circles with blue border are events detected by both the nodes and recorded by USGS for the
deployment period. (b) GR distribution of the Elgin swarm sequence. The histogram and dashed line represents the discrete
and cumulative magnitude frequency distribution. (c) Goodness of fit (GFT) plot estimating the minimum magnitude of
completeness. Circles represent the fit between the observed and synthetic cumulative magnitude-frequency distributions.
A 95% GFT threshold was not achieved, therefore 90% and 85% were used for the seismic node detections and the USGS
catalog, respectively.

t denotes the time since injection began and D is fluid hydraulic diffusivity, assuming that the fluid-saturated medium is
uniform and isotropic having a specific point source, which influences the variation in pore pressure (Figure 7c). Ideally,
the origin distance and time should be computed relative to the first event that began this swarm sequence, a M3.3 on
December 27, 2021, marking the start of the injection point. However, since this event has not been relocated, its timing and
location remain uncertain. Therefore, we determined the origin distance and time relative to the first nodal recorded event

with a magnitude of 0.45 (MO0.45), recorded on October 21, 2022, at 22:21:25.0. Following this, we adopted the methodology
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Figure 6: (a) Zoomed-out section of the magnetic lineaments within the EPFS highlighting the general fault trends (red lines)
and the placement of swarms within the fault context (Shah et al., 2023). (b) Relocated events identified by the seismic node
stations extend beyond a magnetic lineament structure. Cyan circles represent the USGS events while brown circles depict
our relocated events. (c) Relocated swarm events are color-coded by depth, with beach balls indicating focal mechanisms and
their magnitudes. Preferred nodal planes on focal mechanism solution is highlighted in red. Red arrows depict the maximum
principal stress direction (Levandowski et al., 2018), and the white box represents panel in Figure 7a & b.

described in Amezawa et al. (2021). Specifically, we calculated the 90th percentile distance for moving time bins containing
five events, with a three-event overlap, to define the triggering fronts. To estimate the hydraulic diffusivity (D), we performed
a curve fit, minimizing the sum of squared residuals between the observed and predicted triggering fronts. Since the choice
of the end-time for fitting influences the resulting hydraulic diffusivity (Hummel and Shapiro, 2012; Amezawa et al., 2021),
we limited the end-time for fitting to 50 days. Using this approach, we estimated a hydraulic diffusivity of 0.014 m? /s (Figure
7¢). However, the data can be better modeled with either a linearly increasing distance versus time or a diminishing distance
versus time over this period (Figure 7d). These calculations highlight the challenge of identifying possible driving forces for

the Elgin swarm based only on the 4 months of dense-array observation deployed 10 months after the initiation of the swarm.

Discussion & Conclusion

These initial findings present enhanced detection and relocation techniques, increasing seismic event identification from 4
to 100 events over four months. The enhanced catalog for the detections using the seismic nodes predominantly contains
smaller magnitude events, with a M, of -0.20, compared to a M, of 1.90 of events recorded by the USGS for the entire swarm
period (Figure 5b, Table S5). While the Gutenberg-Richter law provides an initial assessment of the frequency-magnitude
distribution and parameters such as b-value and M., we refrain from heavily relying on it pending a comprehensive detection

analysis throughout the entire swarm’s duration. The relocated swarm sequence reveals a clear north-south striking and west-
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Figure 7: Cross-sectional view of the swarm events and focal mechanisms (Figure 6¢), shown in their original orientation as
viewed toward geographic north illustrating a structurally west dipping seismic zone. (a) Depth and Temporal Cross-section
along the longitudinal axis (A — A”) and (b) latitudinal axis (B - B’). (c) Swarm migration over a short-time period modeled
with hydraulic diffusivity (D). White circles represent the 90th percentile distance of the triggered fronts during the first 50
days. (d) Two alternative lines to fit the seismicity front.
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dipping strike-slip fault structure that hosts the swarm sequence within a confined single cluster, aligning on a conjugate
fault relative to the primary EPFS trend (Hatcher et al., 1977) (Figure 6a). This orientation may be favorable for reactivation
as this conjugate fault is at an angle to the ENE-WSW oriented principal stress direction in the southeastern United States
(Levandowski et al., 2018) (Figure 6¢). Although the relocated swarm is shifted to the left and lies outside the current nodal
deployment network, we plan to expand the subsequent deployment to cover a broader area, including the region where the
relocated events occur. This expansion will incorporate the CO regional stations and use the relocated events to refine the
inversion of shallow velocity structures, providing further constraint on the swarm locations.

Although our estimated diffusivity falls within the expected range (0.01 — 10 m?/s) for swarms observed in other regions
(Okada et al., 2012; Shelly et al., 2013; Scholz, 2019; Minetto et al., 2022), and fluid-driven swarms have been identified in
nearby areas in South Carolina (Secor Jr et al., 1982; Talwani et al., 2007), we cannot definitely conclude that this swarm
is driven by fluid-related processes, as the time-dependent pattern of seismicity during the observed detection timeframe
cannot be explained by the diffusion law (Figure 7c). The rather low b-values also make it unclear if it is fluid-driven. It is
possible that capturing the entire time of the seismic swarm may explain the migration better, or other possible mechanisms
such as aseismic slip or cascade stress triggering could potentially explain the swarm (Vidale and Shearer, 2006; Fischer
et al., 2014; Yoshida et al., 2023). However, we only have approximately four months of seismic data, and testing whether
aseismic slip is driving the region would require the addition of continuous GPS data, which is not available in this study
region as far as we know. In addition, the seismic zone is quite small ~8 km by 6 km according to USGS locations, and even
smaller based on our relocations, which could limit the applicability of remote-sensing techniques such as InSAR. We also
explored the possibility of cascade triggering, often modeled through Coulomb stress transfer. To investigate this, it would
be important to focus on the initial M3.3 event from December 27, 2021, or the largest magnitude event (M3.6) on June 29,
2022. However, due to the potential changes in event locations based on our relocation results, any analysis involving stress
triggering should first consider relocating these events to ensure accuracy before further testing. In summary, the physical
mechanisms driving this swarm sequence are still not clear.

This study provides a first assessment of the Elgin Swarm and highlights the importance of subsequent efforts focusing
on developing a comprehensive catalog for the entire swarm duration combining seismic data from the seismic nodes and
regional stations from the SCSN network. Such a catalog will enhance our understanding of the fault’s extent and contribute
to elucidating the propagation direction and space-time migration, which were not observed during the ~4 months detection
since any potential migration patterns are typically detected at the swarm onset (Peng et al., 2024). Subsequent research
should consider building on these findings by monitoring hydroseismicity not fully captured by the relocated swarm (Figure
7c) and exploring the influence of water on fault planes (Shelly et al., 2013). Considering the proximity of the Wateree River,
fluctuating river discharges and seasonal precipitation may be contributing to the current seismicity (Howard et al., 2022).

Research efforts may also expanded to incorporate declustering methods (Zaliapin and Ben-Zion, 2022; Li et al., 2024) to
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distinguish between the background seismicity and swarm events before analyzing the potential role of fluid migration or
investigating other potential causes of this swarm that have been previously mentioned.

In addition, a resurgence of the swarm sequence has been observed since mid-October 2023 featuring notable seismic
events with duration magnitudes of My 2.2 and M, 2.1 on 22 December 2023 at 08:16:43 UTC and 30 December 2023 at
10:27:41 UTC. In response to this activity, we initiated a further deployment from October 2023 involving twenty stations to
cover a wider spatial area (Figure S3) and continue monitoring seismic activity within the Elgin-Lugoff region for six months.
This expanded data recording and increased area of coverage will contribute to an increase in the number of detections, more

precise relocations, and the development of robust and accurate focal mechanisms.

Data and Resources

The 4 months ~2Tb continuous waveforms used for this study will be accessible through the EarthScope Consortium PH5 Web Services
(https://service.iris.edu)under the 7S (2022-2023) network (Peng and Frost, 2022). Information of stations for the SCSN and
CEUSN used for this research can be accessed with network codes CO and N4, respectively, in the Earthscope Metadata Aggregator
(https://doi.org/10.7914/SN/CO, https://doi.org/10.7914/SN/N4). Focal mechanism solutions, MFT detected and

relocated catalog can be found in Table S3-S5.
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Figure Legends

Figure 1: Spatial distribution of the 86 SmartSolo nodes, stations in the South Carolina Seismic Network (SCSN), Central
and Eastern US Network (CEUSN, network code N4), and ~ 85 swarm events recorded by the USGS from December 27, 2021
to January 20, 2023. (a) The geologic map of South Carolina (Horton et al., 2017), showing the NE-SW structural features
of the East Piedmont Fault System in black. Red triangles correspond to SCSN and CEUSN stations, and the study region is
denoted by the blue square (Figure 1b). Inset map displays seismicity in the southeastern United States over the past 20 years.
(b) Map of the study region showing the location of the deployed nodal sensors (black triangles) and the event locations. Blue
circles represent the events identified in the USGS catalog and the brown circles indicate our ~ 4 months of relocated events,
which will be discussed further in the subsequent sections.

Figure 2: (a) Seismograms comparing recordings between the deployed seismic node stations and regional stations. (b)
Normalized vertical component waveforms from all the seismic node stations, plotted by increasing distance from the relo-
cated coordinates. (c) Normalized vertical component waveforms recorded at GT086 and co-located JKYD station after
flipping the polarity of the nodal data. (c) Normalized spectra for the vertical components.

Figure 3: (a) The probabilistic power spectral density (PPSD) of background noise recorded at the (a) broadband seis-
mometer JKYD and (b) GT086. The low and high noise models from (Peterson et al., 1993) are shown as gray curves for
reference. The PPSD is computed for the vertical component of the station’s recordings.

Figure 4: (a) Detection of seismic phase and event using EQTransformer, pre-trained on the STEAD dataset and applied
with Seisbench at station GT078 for a M2.5 earthquake occurring on October 31, 2022 (Mousavi et al., 2019, 2020; Woollam
et al., 2022). The blue gaussian curve indicates the P-wave arrival, the orange gaussian curve signifies the S-wave arrival,
and the green box shape signifies the event detected. Waveforms are ground velocity. (b) Comparison between the ground
velocity continuous waveforms (black) and template waveforms (red) within the 1-60Hz range, demonstrating the detection
of an event using template matching technique with a mean CC value of 0.77 and MAD value of 79.2. (c) Examples of daily
detections from 28 October to 1 November 2022. The dashed line on each plot represents the detection threshold defined by
a MAD > 14 and mean CC value > 0.2.

Figure 5: (a) Magnitudes against time for the ~4 month detection with the seismic nodes, and the USGS catalog for the
entire duration of the swarm. Brown circles with blue border are events detected by both the nodes and recorded by USGS for
the deployment period. (b) GR distribution of the Elgin swarm sequence. The histogram and dashed line represents the dis-
crete and cumulative magnitude frequency distribution. (c) Goodness of fit (GFT) plot estimating the minimum magnitude of
completeness. Circles represent the fit between the observed and synthetic cumulative magnitude-frequency distributions.
A 95% GFT threshold was not achieved, therefore 90% and 85% were used for the seismic node detections and the USGS

catalog, respectively.
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Figure 6: (a) Zoomed-out section of the magnetic lineaments within the EPFS highlighting the general fault trends (red
lines) and the placement of swarms within the fault context (Shah et al., 2023). (b) Relocated events identified by the seismic
node stations extend beyond a magnetic lineament structure. Cyan circles represent the USGS events while brown circles
depict our relocated events. (c) Relocated swarm events are color-coded by depth, with beach balls indicating focal mecha-
nisms and their magnitudes. Preferred nodal planes on focal mechanism solution is highlighted in red. Red arrows depict
the maximum principal stress direction (Levandowski et al., 2018), and the white box represents panel in Figure 7a & b.

Figure 7: Cross-sectional view of the swarm events and focal mechanisms (Figure 6¢), shown in their original orientation
as viewed toward geographic north illustrating a structurally west dipping seismic zone. (a) Depth and Temporal Cross-
section along the longitudinal axis (A - A’) and (b) latitudinal axis (B - B’). (c) Swarm migration over a short-time period
modeled with hydraulic diffusivity (D). White circles represent the 90th percentile distance of the triggered fronts during the
first 50 days. (d) Two alternative lines to fit the seismicity front.

Figure S1: (a) The probabilistic power spectral density (PPSD) of background noise recorded at the (a) GT086 and (b)
broadband seismometer JKYD. The low and high noise models from (Peterson et al., 1993) are shown as gray curves for
reference. The PPSD is computed for the horizontal component of the station’s recordings.

Figure S2: RMS of differential time residuals for each event (in seconds), along with the associated errors in longitude
(0X), latitude (oY), and depth (0Z) coordinates.

Figure S3: The current locations of seismic nodal deployments from March 19, 2024, aimed at enhancing the monitoring
of the earthquake swarm sequence. Among these, six sensors (LSMS, EGTH, PAHC, LSFJ, BWPC, and SJAD) have been in
operation since October 2023. The red rectangle in the blow-out map depicts the deployment area, and cyan circles represents

the USGS recorded swarm events from December 27, 2021 to March 27, 2024.
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