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Abstract we analyze the background seismicity, initiation, and earliest stages of the Guy-Greenbrier,
Arkansas, earthquake sequence, which was potentially induced by wastewater injection starting in July
2010, during the 3 month time period 1 June to 1 September 2010. High-resolution observations of
low-magnitude seismicity, and the high-quality Arkansas public well database, facilitate detailed analysis
of spatial and temporal correlations between earthquakes, wastewater injection, and hydraulic fracturing.
We detected 14,604 earthquakes, with magnitudes —1.5 < M, < 2.9, using two sensitive, waveform
similarity-based event detection methods in parallel: Fingerprint And Similarity Thresholding, and template
matching. We located the 1,740 largest earthquakes that form 16 spatially compact clusters, using P and S
phases from 3 stations with the double-difference relocation algorithm and an improved velocity model
constrained by the location of quarry blasts. We enhanced the temporal resolution of these event clusters by
assigning smaller unlocated events to a cluster based on waveform similarity. Most clustered earthquakes
during this time were both spatially and temporally correlated with hydraulic fracturing stimulation

at several production wells. For one cluster, microseismicity was correlated with individual stages of
stimulation. Many other wells had no detectable nearby seismicity during stimulation. We found a smaller
number of events located on the Guy-Greenbrier Fault that were likely induced by wastewater injection.
The concurrent presence of seismicity induced by hydraulic fracturing and wastewater injection presents a
challenge for attribution and seismic hazard characterization, but the combination of precision seismology
and high-quality well information allows us to disentangle the effects of these two processes.

Plain Language Summary A magnitude 4.7 earthquake occurred in Arkansas in 2011, after
several months of smaller earthquakes that started in July 2010. Many scientists think that pumping
wastewater (from oil and gas production) deep underground caused these earthquakes. However, hydraulic
fracturing, where high-pressure fluid is pumped underground to break rocks containing oil and gas, is
known to cause small earthquakes in other areas (Ohio, Canada). This area in Arkansas has both hydraulic
fracturing and natural earthquakes, so did these earthquakes happen for other reasons? We found that
hydraulic fracturing caused most of these earthquakes, while a smaller fraction of earthquakes were caused
by wastewater disposal. We reached this conclusion by identifying as many earthquakes as possible—even
the tiniest ones recorded on instruments but are too small for humans to feel. Depending on why the
earthquakes are happening, well operators at oil companies need to take different actions. These
earthquakes were too small to cause damage, as the largest earthquake was magnitude 2.9, but it is
important to monitor small earthquakes early and often. If they are caused by human activity, we advocate
taking early action before a larger, possibly damaging earthquake can happen.

1. Introduction

Since 2009, the central and eastern United States, an intraplate region with historically low levels of seismicity,
has experienced a striking increase in earthquake activity, including several damaging earthquakes greater
than magnitude 5 (Ellsworth, 2013; Rubinstein & Mahani, 2015). Many of these earthquakes, especially the
larger ones, are thought to have been induced by deep injection of large volumes of wastewater produced
by oil and gas operations over several years (Ellsworth, 2013; Rubinstein & Mahani, 2015; Walters et al., 2015).
Increased pore fluid pressure from injection can reduce the effective normal stress across a preexisting fault
close tofailure, unclamping it and allowing it to slip (Healy et al., 1968; Raleigh et al., 1976). The Guy-Greenbrier
area in central Arkansas (Figure 1), where hydraulic fracturing was used to increase natural gas production
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Figure 1. Map of Guy-Greenbrier area in central Arkansas (red box, inset at lower left) with earthquake locations, seismic stations, wastewater injection wells,

and production wells with hydraulic fracturing stimulation during the time period 1 June to 1 September 2010. Profile A-A’ shows only seismicity located within
0.5 km of the Guy-Greenbrier Fault. Profile B-B’, perpendicular to the Guy-Greenbrier Fault, shows all seismicity: circled events are located on the Guy-Greenbrier
Fault, while other seismicity is off the Guy-Greenbrier Fault. The profiles include locations of ANSS catalog events after this time period (small gray dots) to
delineate the location of the Guy-Greenbrier Fault. Later figures zoom in on areas enclosed in red boxes B1-B5 (B1 and B2 in Figure 8, B3 in Figure 13, and B4
and B5 in Figure 14). Blue boxes C14-C16 indicate isolated clusters of seismicity discussed in section 2.7. Fault traces are from Horton (2012).
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in the Fayetteville Shale, experienced several moderate strike-slip earthquakes: M,, 4.0 in October 2010, then
M,, 4.1 on 19 February 2011, and finally the largest earthquake with M,, 4.7 (yellow star) on 27 February 2011
(Horton, 2012). These earthquakes were part of an intense sequence that lasted over a year. They were
reported to start in July 2010 following injection of wastewater at Well 1 (Figure 1, inverted triangle), and
migrated southwest over the next few months, illuminating a previously unknown ~13 km long, near-vertical
fault with strike ~ N30°E, subsequently named the Guy-Greenbrier Fault for the nearby towns (Horton, 2012).
After the M, 4.7 earthquake, injection stopped at the wells nearest the fault in March 2011 on an emergency
order from the Arkansas Oil and Gas Commission (AOGC) (Horton, 2012). The seismicity promptly decreased
but remained higher than the background seismicity rate before the sequence for at least the next 7 months
(Huang & Beroza, 2015).

We perform a retrospective analysis to understand how the Guy-Greenbrier earthquake sequence initiated
and to determine whether it was induced by wastewater injection. Ogwari et al. (2016) detected and located
earthquakes in the first 4 months of the sequence, starting from the onset of wastewater injection at Well 1
on 7 July 2010 to 20 October 2010. Their improved catalog, complete down to M 0.2 and containing events
down to M—0.6, revealed seismicity that started in the shallow (2—-4 km depth) sedimentary formation below
injection Well 1 and migrated southwest and down into the basement (deeper than 4 km) from September
to October 2010. However, Ogwari et al. (2016) found only scattered seismicity without any particular spatial
or temporal characteristics during the time immediately following injection, from 7 July 2010 to the end of
August 2010. We chose to study the 3 month time period from 1 June to 1 September 2010. This includes
the month before injection started at Well 1, which should help us understand background seismicity in the
region, as well as the 2 months right after the start of injection, so that we can characterize the earliest stages of
seismicity occurring in response to injection. The Advanced National Seismic System (ANSS) catalog contains
only 75 events during these 3 months (Data Set S1 in the supporting information), with uncertain locations,
and few of them near the soon-to-be activated Guy-Greenbrier Fault (Figure S1). Similar off-fault locations
were seen for events located with the regional Cooperative New Madrid Seismic Network (CNMSN) during
this time (Horton, 2012). We detect and locate as many small earthquakes as possible from continuous seismic
data for these 3 months using a sparse three-station network (Figure 1, black triangles) then explore spatial
and temporal correlations between the seismicity and unconventional hydrocarbon development.

We also consider the possibility that earthquakes in the Guy-Greenbrier sequence may have been induced by
hydraulic fracturing itself, instead of deep disposal of the by-product wastewater. Hydraulic fracturing injects
fluids at high pressure in order to increase natural gas production at wells that are oriented horizontally within
the target rock formation. This process creates small fractures in the formation, increasing its permeability
and facilitating flow of the natural gas (Davies et al., 2013; Rubinstein & Mahani, 2015). In a process called
stimulation, fluid injection is carried out in stages along different sections on the horizontal section of the
production well, over a period of several days. The first stage is usually located near the toe (farthest point)
of the well and subsequent stages move progressively back to the heel (where the well turns from horizon-
tal to vertical). In each stage, which typically lasts several hours, a slurry containing a mixture of fluid and
solid proppant is injected at a pressure high enough to fracture the rock, overcoming the minimum com-
pressive stress. In hydraulic fracturing, the volume and duration of fluid injection are lower, but the pressure
is much higher, compared to wastewater disposal; therefore, they have different potential risks for inducing
earthquakes (Walters et al., 2015). Hydraulic fracturing is expected to generate microearthquakes with mag-
nitude —3 < M < 0, since the intent is to create fractures restricted to the target formation (Maxwell, 2013;
Rubinstein & Mahani, 2015; Warpinski et al., 2012); however, several studies have reported the occurrence of
M > 1 earthquakes induced by hydraulic fracturing in Oklahoma (Holland, 2013), Ohio (Friberg et al., 2014;
Skoumal et al., 2015a, 2015b), United Kingdom (Clarke et al., 2014), and western Canada, in northeast British
Columbia and northwest Alberta (Atkinson et al., 2016; Bao & Eaton, 2016; British Columbia Oil and Gas Com-
mission (BCOGC), 2012, 2014; Farahbod et al., 2015; Schultz, Mei, et al., 2015; Schultz, Stern, et al., 2015; Schultz
etal, 2016; Wang et al,, 2016), including a M 4.6 event in British Columbia (Atkinson et al., 2016). These events
are likely caused by reactivation of nearby critically stressed faults that are well oriented to slip in the local
stress field (Maxwell, 2013). Ogwari et al. (2016) found a cluster of seismicity west of the Guy-Greenbrier Fault
that was probably induced by hydraulic fracturing from 29 September to 4 October 2010. We search for spa-
tial and temporal correlations between seismicity and the many production wells with hydraulic fracturing
stimulation (Figure 1, small red-orange triangles with black lines) during 1 June to 1 September 2010.
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Figure 2. Schematic illustration of combining FAST similarity matrix output from multiple components at a single station WHAR as sparse matrix addition. Each
square represents a pair of fingerprints (which can be mapped back to waveforms) from two different times in the continuous data. Gray squares with high
similarity indicate times when similar waveforms occur for each component. Black squares indicate times when waveforms are similar on all three components.

2. Methods and Results

2.1. Data

The permanent seismic network in Arkansas is sparse but includes a three-component broadband seismic
station WHAR (Figure 1, black triangle) recording 100 Hz data continuously since May 2010, located close to
the Guy-Greenbrier Fault and in the area being prepared for production (Horton, 2012; Ogwari et al., 2016).
ARK1 and ARK2, two temporary three-component stations that started recording on 11 June 2010, were the
only other available local seismic stations operating during 1 June to 1 September 2010; they are also known
as CH1 and CH2 (Mousavi et al., 2017; Ogwari et al., 2016) or CHKGRS and CHKGUY (Huang et al., 2016), respec-
tively. We first detect earthquakes on the single station WHAR then use data from all three stations to confirm
these detections and to locate and estimate magnitudes of the newly detected earthquakes.

2.2, Earthquake Detection

To characterize fully the beginning stages of the Guy-Greenbrier earthquake sequence, we first detect as many
earthquakes as possible. Huang and Beroza (2015) used single-station template matching on WHAR to detect
up to 100 times more earthquakes than were recorded in the ANSS catalog between June 2010 and Octo-
ber 2011 in this earthquake sequence. Template matching, which cross-correlates known catalog template
waveforms with continuous data to detect previously unknown low-magnitude events, exploits waveform
similarity to improve detection sensitivity, and has often been used to resolve details of induced seismicity
(e.g., Holland, 2013; Friberg et al., 2014; Schultz, Mei, et al., 2015; Schultz, Stern, et al., 2015; Schultz et al., 2016;
Skoumal et al., 2015a, 2015b).

The Fingerprint And Similarity Thresholding (FAST) earthquake detection method (Yoon et al., 2015) adapts
data-mining algorithms to perform a comprehensive search for similar earthquake waveforms within
long-duration continuous seismic data. It is especially useful in situations where template waveforms are not
available or are not representative of all earthquake sources in an area. FAST assumes that every time win-
dow in continuous data is a potential template and searches for time windows with similar waveforms in a
computationally efficient way. FAST trades off speed for accuracy: instead of directly comparing waveforms,
it computes fingerprints that replace waveforms with key discriminative features and compares fingerprints
for similarity in a probabilistic manner.

We use FAST with parameters in Table S1 to detect earthquakes in continuous data from station WHAR,
band-pass filtered from 1 to 20 Hz, during the 3 month study period 1 June to 1 September 2010. First, we
ran the single-channel detection algorithm in Yoon et al. (2015) independently on each component of data
at WHAR. The runtime was about 5 days per component on a single processor. The output of FAST on a single
component, which we can view as a sparse matrix (Figure 2), is a list of pairs of times within the continuous
data with their associated FAST similarity score, where the fingerprints (and therefore waveforms) are similar.
Earthquake signals should maintain similarity in time on all three components, so we expect the FAST similar-
ity to add coherently at times when similar earthquakes occur. We sum the FAST similarity matrix from each
component to get the total three-component FAST similarity, on which we empirically set an event detection
threshold of 0.33 by inspection (Table S1). After removing near-duplicate pairs and events within 4 s (Table S1)
as described in Yoon et al. (2015), we find 28,675 events above this threshold.
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Figure 3. Comparison of earthquakes detected by FAST and template matching during the time period 1 June to 1
September 2010. Both methods detect the same 12,368 events (blue). FAST detects an additional 658 events that
template matching did not find (cyan), while template matching detected 1,578 events that FAST fails to detect
(magenta). We detect a total of 14,604 events using FAST, template matching, or both methods.

FAST also detects nonearthquake signals with similar waveforms, so we need to remove these during post-
processing. This is less of a concern for template matching, which only finds matches to a known earthquake
waveform. Many of the similar nonearthquake signals are extremely narrowband (Figure S2), and we classify
them as noise if they exceed the empirically determined threshold where at least 56% of the total signal power
is within 1.5 Hz of the peak frequency on any one component. After removing 10,738 events classified as nar-
rowband noise, we visually inspect the remaining 17,937 events and retain only the 13,026 events with a clear
earthquake signal (containing P, S, and coda waves), preferably on at least two stations: WHAR and ARK2 or
ARK1 (Figure 1, black triangles).

We compare the detection performance of FAST against that of template matching from Huang and Beroza
(2015) during the 3 month study period. Templates, taken from ANSS catalog event waveforms at WHAR
between May and October 2010, were 4 s long and band-pass filtered from 1 to 20 Hz. These templates were
cross-correlated with continuous data at WHAR every 0.05 s. A different correlation coefficient (CC) thresh-
old was used for each template, and for each hour of data. Event detection for template matching requires
exceeding a CCthreshold of 8 times the median absolute deviation. FAST detects a total of 13,026 events, while
template matching found 13,946 events; most (12,368) events are detected by both methods (Figure 3, blue).
In contrast, the ANSS catalog has only 75 events during this time (Data Set S1). Template matching detected
74 out of 75 catalog events; the remaining catalog event was not detected because it happened during a time
gap in the continuous data at WHAR. FAST detected only 55 out of 75 catalog events, which suggests that the
fingerprints may be less similar for the larger events, emphasizing the value of applying multiple detectors.

Figure 3 shows the local magnitude M, (section 2.3) as a function of time for all 14,604 events detected by
FAST, template matching, or both methods (Data Set S2). These events are microearthquakes, with the largest
magnitude M, < 2.9. FAST detects an additional 658 events that template matching did not find (Figure 3,
cyan), which are lower in magnitude and clustered in time, demonstrating that a comprehensive search for
similar earthquakes in continuous data finds unknown small events that would otherwise be overlooked. On
the other hand, template matching found more (1,578) events that FAST fails to detect (Figure 3, magenta),
which are lower in magnitude than most events but more evenly distributed in time. FAST is unable to detect
every single event because it makes approximations in both representing waveforms and in searching for
similar waveforms, but this trade-off allows us to search thoroughly and efficiently a 3 month continuous
seismic data set and still find 13,026/14,604 ~89% of all detected events. Template matching successfully
captures most small earthquakes (13,946/14,604 ~95% of all detected events) in this data set.
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Figure 4. (a) Three quarry blasts with similar waveforms recorded between 1 June and 1 September 2010. (b) Google Earth satellite imagery from before (23 July
2009) and after (15 September 2010) the three quarry blasts. We infer that the blasting occurred at the circled notch (red), which is present in the postblast
image but absent from the preblast image. This notch location is used as ground truth for the three quarry blasts, allowing us to refine the velocity model.

2.3. Magnitude Estimation

We estimate local magnitude M, for all 14,604 detected events, which ranges from —1.5 to 2.9 (details in
section S1). In order to calibrate the M, estimate, we first calculate the moment magnitude M,, for a selected
group of 54 larger events with high-quality waveforms, located at different distances from station WHAR
(Figure S3a). We obtain M,, by calculating seismic moment in the time domain from displacement wave-
forms at WHAR (Prejean & Ellsworth, 2001). Next, we measure peak amplitudes on horizontal-component
Wood-Anderson seismograms at all 3 stations for these 54 events and invert for the distance correction
parameters in the M, estimate (Figure S3b). Finally, we apply this distance correction to peak Wood-Anderson
amplitudes for all detected events to determine M, (Bormann, 2012). For the ANSS catalog events, the catalog
magnitudes M, computed from the coda duration are reasonably consistent with our M, values (Figure S4a).

2.4. Initial Earthquake Location and Refined Velocity Model

First, we determine absolute locations for 1,229 events with high-quality P and S phase arrivals on all 3 stations
(section S2). We estimate locations with VELEST (Kissling et al., 1994) using the 1-D velocity model from Ogwari
et al. (2016), which was itself derived using VELEST as an improvement over the original 1-D velocity model
for this area (Chiu et al., 1984).

Three of our events, all located near each other, have similar waveforms with high-amplitude surface waves
characteristic of quarry blast sources (Kafka, 1990). They occurred on 24 June, 2 July, and 10 August 2010

YOON ET AL.
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Table 1
New 1-D Velocity Model, Constrained by Quarry Blast Location, Used to Locate All
Earthquakes in This Study

Depth (km) P wave (km/s) S wave (km/s) Vp/Vs
0.0 4.06 2.46 1.650
1.22 5.57 3.22 1.730
2.89 6.12 3.27 1.872
6.23 6.23 3.58 1.740
13.0 6.24 3.71 1.682

(Figure 4a). These events were detected by template matching but missed by FAST because the fingerprints
of their waveforms at WHAR were not highly similar. Google Maps shows that the Greenbrier Quarry, owned
by Rogers Group Inc., is located 1-2 km from our initial locations for these events. Inspection of Google Earth
satellite imagery near the quarry location before (23 July 2009) and after (15 September 2010) the quarry blast
times (Figure 4b) reveals a notch (red circle) in the southeast corner of the quarry in the postblast image that
was not in the preblast image. We therefore infer that all three blasts occurred on the surface (depth 0 km) at
this notch location: 35.2928°N, 92.3973°W.

We use the notch location as ground truth for the three quarry blasts and solve for an updated 1-D velocity
model in VELEST, starting with the Ogwari et al. (2016) velocity model (section S3). Table 1 lists the resulting
improved 1-D velocity model constrained by the quarry blast location; the V,,/V, ratio deviates significantly
from \/§ Figure 5, which compares the new velocity model (solid lines) against the starting Ogwari et al.
(2016) model (dashed lines), shows that the new model is slower at shallow depths where most events are
located. We calculated this new model in order to refine velocity estimates in the shallowest layers within this
small local area. We do not necessarily intend this model to replace the Ogwari et al. (2016) velocity model for
the entire CNMSN.

We use the new velocity model (Table 1) to locate the events again in VELEST, starting with the same initial
hypocenter location for all 1,229 events (1,226 earthquakes and 3 quarry blasts), equally weighting P and S
travel times and completing 50 iterations. Free locations of the three quarry blasts (Figure 1, nearby red circles)
differ from the actual quarry location (Figure 1, red diamond) by as much as 2 km, which indicates a remaining
absolute location error. Using the new quarry-constrained velocity model, the total root-mean-square (RMS)
residual for the 1,229 VELEST-located events is 0.0306, which is lower than the residual of 0.0347 for the Ogwari
et al. (2016) velocity model.

We do not use the Chiu et al. (1984) velocity model for two reasons. First, the total RMS residual from the
resulting earthquake locations is higher than that from the Ogwari et al. (2016) model. Second, earthquake
locations from the Chiu et al. (1984) model at the north end of the Guy-Greenbrier Fault in Box B1 (Figure 1)
are inconsistent with the back azimuth of these events calculated from P wave polarization analysis (Havskov
& Ottemoller, 2010) at station ARK2 (Figure S5).

2.5. High-Precision Earthquake Location

The 1,229 events located by VELEST form several spatially compact clusters (Figure 1). To resolve the internal
structure of each cluster, we use double-difference earthquake relocation (Waldhauser & Ellsworth, 2000),
specifically hypoDD version 2.1b that allows as input the 1-D quarry-constrained velocity model (Table 1) with
variable V,,/V; ratios in different layers.

We first compute differential travel times from both catalog P and S picks and cross correlation for the
1,229 events where we already have initial absolute locations from VELEST (section S4). We then compute
cross-correlation differential times between each of the 1,229 initially located events and the 13,375 remain-
ing unlocated events, which allows us to locate 511 additional events. Although these remaining events lack
enough reliable P and S picks to locate with VELEST, their source locations are near already located events such
that the cross correlation of time windows from the located and unlocated events will yield reliable relative
locations in hypoDD.

We obtain precise relative earthquake locations within each cluster by running hypoDD in LSQR mode with
parameters from Table S3 and weights from Table S4, using 904,354 P and 1,567,757 S cross-correlation
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Figure 5. One-dimensional velocity model comparison. We use the
updated central Arkansas 1-D velocity model from Table 3 in Ogwari et al.
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locate all earthquakes in this study.
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Figure 6. Magnitude-frequency distribution of all 14,604 detected events
(Figure 3): 1,740 located events (blue), 6,508 assigned events (black),

and 6,356 unassigned events (red). Although we were unable to

locate the assigned events, we can categorize them as belonging to
Clusters 1-16 through cross correlation of event waveforms at station
WHAR (section 2.6). The predominantly low magnitude unassigned events
are the remaining detected events from Figure 3 that are too noisy to
either locate or associate with existing clusters. The largest three events
were not located because they occurred before 11 June 2010, when data
were available only at station WHAR.

differential travel times, as well as 72,368 P and 72,310 S catalog differen-
tial travel times. The blue bars in Figure 6 display the magnitude-frequency
distribution of all 1,740 located events, with 1,719 events belonging to
one of 16 spatially compact clusters of earthquakes as defined by the lati-
tude and longitude boundaries listed in Table S5. Figure 1 plots these event
locations as circles sized by relative magnitude and colored by depth. Most
of the events are located on or near the Guy-Greenbrier Fault. Profile A-A’,
a depth slice along the ~ N30°E strike of the Guy-Greenbrier Fault (Horton,
2012; Ogwari et al.,, 2016), shows only events located within 0.5 km of the
fault; most events occur at the northeastern end in distinct clusters with
relatively shallow depth (2-4 km), while there is a deeper (4-6 km depth)
cluster of events to the southwest. In subsequent figures, Boxes B1 and B2
(red rectangles) explore five event clusters along or near the fault in greater
detail. In addition, a significant number of events, many of them in compact
clusters, are located at least 4 km away from the Guy-Greenbrier Fault. Pro-
file B-B’, adepth slice normal to the Guy-Greenbrier Fault, indicates not only
the circled events along the near-vertical Guy-Greenbrier Fault but also sev-
eral event clusters located off the main Guy-Greenbrier Fault. In later figures,
Box B3 (red rectangle) zooms in on five off-fault event clusters to the south-
east, while Boxes B4 and B5 (red rectangles) closely examine three off-fault
event clusters to the northwest. The map in Figure 1 also shows the location
of three isolated earthquake clusters (C14-C16 in blue boxes). To estimate
the relative location error between pairs of closely spaced events, we run
hypoDD in singular value decomposition mode separately for 3 subsets of
events: Cluster 3, Cluster 4, and Cluster 11. The relative location uncertainty
is < 10 m for events within a cluster, which suggests that the structure within
each cluster is real.

2.6. Improving Temporal Resolution of Seismicity

Double-difference relocation significantly improves the spatial resolution
of the 1,740 located earthquakes (Data Set S3). We are unable to locate
the majority (12,864/14,604 ~88%) of the detected events from Figure 3
because we lack quality P and S arrival picks at enough stations; however,
we can improve the temporal resolution of the earthquake sequence by
assigning unlocated events to Clusters 1-16 (Table S5) based on waveform
similarity at station WHAR (Cattaneo et al., 1999). Also, stations ARK1 and
ARK2 did not start operating until 11 June 2010, so we can only assign,
instead of locate, events that occurred before this date. We represent each
cluster with a stack waveform at WHAR, generated by averaging all located
events belonging to that cluster. We then cross-correlate each unlocated
event with the stack waveform from every cluster and assign it to the
cluster with the highest CC. Section S5 has a detailed description of the
assignment procedure.

Figure 7 verifies that the 2,525 unlocated events assigned to Cluster 1 have
similar waveforms to each other and to the 667 located events in this cluster
(shaded orange) at the 3 components of station WHAR. The CC between the
pictured stack waveform (blue) and each of the 2,525 assigned events was at
least 0.5. In all clusters, the high degree of waveform similarity gives us confi-
dence that the assigned events originate from nearly the same source as the
located events and therefore can reliably improve the temporal resolution
of the cluster.

For all clusters, the assigned events provide important information about
the lower magnitude events (Figure 6, black) and their timing within each
cluster. The assigned events comprise (6,508/14,604 ~44%) of the detected
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Figure 7. Representative (top row) stack waveform and (bottom row) normalized waveforms aligned with cross correlation of all 3,192 earthquakes belonging to
Cluster 1, recorded on each component of station WHAR (east: left column; north: middle column; and vertical: right column). We located the 667 largest events
(shaded orange) in Cluster 1. Although we were unable to locate the 2,525 lower magnitude events due to a lack of high-quality picks at stations ARK1 and ARK2,
their waveforms at station WHAR are similar to the located event waveforms, so they can be used to improve the temporal resolution of events in Cluster 1.

events, in addition to the (1,740/14,604 ~12%) located events; however, 6,356 remaining detected events
have waveforms that are too noisy to locate or assign (Figure 6, red), which are predominantly at the lowest
magnitudes. We do not know if they are tiny events belonging to existing clusters, if they are events with
different focal mechanisms in the same cluster, or if they are distinct or more distant earthquake sources that
produce only small events.

2.7. Spatial and Temporal Correlation of Seismicity With Well Data

Most of the 16 earthquake clusters are located near a production well stimulated by hydraulic fracturing
(Figure 1, small red-orange triangles with black lines) or a wastewater injection well (Figure 1, inverted tri-
angles), showing a spatial correlation. There are also many production wells without any nearby seismicity,
although many of these wells are located more than 10 km from WHAR, so we would be less likely to detect
seismicity near these wells, if it exists. We also check for a temporal correlation between seismicity in each clus-
ter and the start date of wastewater injection at disposal wells, as well as the duration of stimulation stages at
all production wells within a 2 km radius of the cluster, considering the absolute event location uncertainty.
2.7.1. Wastewater Injection Wells

Table S7 lists all wastewater disposal wells within the map area in Figure 1 (inverted triangles labeled by well
number) active during the study period 1 June to 1 September 2010. Injection Wells 1 and 5 (colored by depth
in Figure 1), which started injecting during the study period on 7 July 2010 and 16 August 2010, respectively,
are the two injection wells located closest to the Guy-Greenbrier Fault. The magnitude-time plots for located
(blue) and assigned (black) events in each cluster (Figures 8 and 13-15) show the start date of injection at
Wells 1 and 5 as black dashed lines.

2.7.2. Stimulated Production Wells

Table S8 identifies all 53 production wells within the map area in Figure 1 (small triangles with black lines,
colored by their true vertical depth) stimulated during the study period 1 June to 1 September 2010. The tri-
angle indicates the surface location of the well, while the line shows the horizontal well path from heel to toe.
We first queried the public Arkansas Oil and Gas Commission well database (Arkansas Oil and Gas Commis-
sion (AOGC), 2017a) for all production wells in the three counties spanning our map area (Faulkner, Cleburne,
and Van Buren), then retained permit numbers for only the 53 wells inside the map boundaries in Figure 1
that were stimulated during the study period. We then searched the Arkansas Oil and Gas Commission Docu-
ment Imaging Wells File Cabinet (AOGC, 2017b) by permit number for detailed production well data, including
precise horizontal well trajectories and information about perforation and stages of hydraulic fracturing stim-
ulation. The quality of stimulation data available varies widely depending on the company that collected and
submitted the data. Some wells have detailed logs of the exact timing, injection rates, pressures, volumes,
and chemical composition of each fluid injection within every stage of stimulation, while other wells have a
short summary with only the start and end dates of stimulation. If timing information is available for stimula-
tion stages, we convert the stimulation times from local Arkansas time (central daylight time) to UTC time by
adding 5 h, for consistency with the seismic data. The magnitude-time plots for located and assigned events
in each cluster (Figures 8 and 13-15) show the duration of stimulation at all production wells within 2 km of
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Figure 8. Zoomed map view of seismicity in Clusters 1-5 (blue boxes), Boxes 1-2 (red boxes in Figure 1—see legend), and their spatial and temporal
relationship to nearby stimulated production wells (small triangles colored by depth, labeled by permit number from Table S8, listed for each cluster in last
column of Table S5) and wastewater injection wells (inverted triangles colored by depth). Earthquakes on the map are circles colored by depth and sized by
relative magnitude. These events are located on or near the labeled Guy-Greenbrier Fault, with ~ N30°E strike (Horton, 2012; Ogwari et al., 2016). Thick black
arrows indicate the ~ N60°E orientation of maximum horizontal compressive stress in this region (Hurd & Zoback, 2012).

the cluster (listed for each cluster in last column of Table S5) as a purple box, spanning the time from the start
of the first stage to the end of the last stage.

2.7.3. Seismicity Clusters Near the Guy-Greenbrier Fault

Figure 8 focuses on seismicity located on or near the Guy-Greenbrier Fault, within Clusters 1-5 (blue boxes)
in Boxes 1 and 2 from Figure 1, along with nearby production wells (small triangles with horizontal well path
lines) and injection wells (inverted triangles). The magnitude-time plots for located and assigned events in
each cluster explore temporal correlations between injection, stimulation, and the occurrence of seismicity.

Cluster 1, the northernmost cluster in Figure 8 located just northwest of the Guy-Greenbrier Fault, is the largest
cluster with 3,192 total events (667 located and 2,525 assigned, Table S5). Most events in Cluster 1 are shal-
low, with depth 2-3 km. These events locate on three east-west oriented structures, perpendicular to the
north-south horizontal well path orientations of the five nearest production wells overlapping this cluster on
the map. In addition, the magnitude-time plot for Cluster 1 shows an abrupt increase in both located and
assigned seismicity that closely coincides with the timing and duration of stimulation (purple boxes) at the 7
nearest production wells in July 2010 (except for well 42069, which was stimulated in June 2010 and is tem-
porally correlated with some M, < 1 events in Cluster 1), with the seismicity lasting for several weeks after
the end of stimulation before decaying with time. Cluster 1 is also located near injection Well 1 (about 3 km
away), and most events occur after injection began at Well 1 with a time delay of about a week, but the obvi-
ous spatial and temporal correlations with the nearby stimulated production wells lead us to conclude that
Cluster 1 seismicity was likely induced by hydraulic fracturing, rather than by wastewater injection.

Cluster 1 had the highest-quality data, including a large number of earthquake locations, several stimulated
production wells, and comprehensive stimulation data with start and stop times for all stages at each well.
This led us to a more detailed investigation of spatial and temporal correlations between seismicity on dif-
ferent structures within Cluster 1 and each stage of stimulation at the five nearest production wells. Figure 9
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Figure 9. Time evolution of seismicity in Cluster 1 and hydraulic fracturing stimulation at the five nearest production wells (labeled by permit number from
Table S8), near north end of the Guy-Greenbrier Fault. Earthquakes (circles sized by relative magnitude), as well as stimulated sections of the production wells
during each stage of hydraulic fracturing, are colored by time with day 0 defined as 16 July 2010 00:00:00 UTC. (a) Actual seismicity locations, which exhibit an
offset from the well paths. (b) Seismicity locations shifted ~0.7 km southeast relative to the locations from Figure 9a, which makes it easier to see the spatial and
temporal correlations between seismicity and stimulation stages. We display these shifted locations in Figure 10 and Movie S1. The shifted locations, which are
within the 2 km absolute location uncertainty, agree with the back azimuth derived from P wave polarization analysis at station ARK2 (Figure S5).

examines the time evolution of Cluster 1 seismicity and stimulation stages at the five nearest production wells
(permit numbers 42146, 42389, 42262, 43344, and 43343), which are both colored by time with day 0 defined
as 16 July 2010 00:00:00 UTC. The event locations in Figure 9a are slightly offset from the horizontal well paths,
which we attribute to our 2 km absolute location error resulting from the sparse three-station network used
for location. Figure 9b shows the seismicity shifted ~0.7 km southeast relative to the Figure 9a locations, which
now completely overlie the five well paths, making it easier to view the detailed correlations where seismicity
and stimulation stages on particular well sections have matching colors. This is motivated by our knowledge
that relative location errors are much smaller and the geometry of locations is consistent with stimulation. In
addition, the shifted locations in Figure 9b, which are within the 2 km absolute location uncertainty, agree
with the back azimuth derived from P wave polarization analysis at station ARK2 (Figure S5).

Movie S1 displays the cumulative time evolution of Cluster 1 seismicity and stimulation stages at produc-
tion wells 42146, 42389, 42262, 43344, and 43343, both colored by the number of days since 16 July 2010
00:00:00 UTC (defined as day 0); shifted event locations from Figure 9b are plotted. Figures 10a-10d show
seismicity and stages during four different time intervals from Movie S1. The first stimulation stage started
at the toe of the easternmost well 43343, and stages alternated between well 43343 and the adjacent well
43344 moving south during the first 3 days (red) in a zipper frac pattern (Vermylen & Zoback, 2011), with seis-
micity closely following (Figure 10a). Then on day 3 (orange), while stimulation continued on wells 43343 and
43344, stimulation started at the toe of well 42389 to the west, and stages alternated between well 42389 and
the adjacent westernmost well 42146 moving south toward the heel, again in a zipper frac pattern, with seis-
micity also migrating in the same direction (Figures 10b and 10c). On day 10 (cyan), stimulation started at the
toe of the center well 42262, again moving north to south, and the seismicity predictably follows the stages
(Figure 10d). Seismicity persisted at the southeastern corner of Cluster 1 (Figures 10c and 10d) even after stim-
ulations near the heel of wells 43343 and 43344 finished. Figure 10e displays a magnitude-time plot of the
16 day stimulation time period examined in Figures 9 and 10a-10d and Movie S1, with stimulation stages
from each well plotted in a different color. The seismicity rate is higher during or immediately following the
stimulation stages, which have a short duration of a few hours each, while seismicity tapers off during longer
breaks between stimulation (during days 2-3,9-10, and 14-16). Figures 9 and 10 and Movie S1 demonstrate
a compelling spatial and temporal correlation of seismicity in Cluster 1 with individual stages of hydraulic
fracturing stimulation.

Cluster 2 is located about 1 km north of the Guy-Greenbrier Fault, just south of Cluster 1 (Figure 8). It has
a large number of events (1,078 total) located at a depth of 3-4 km. Most events in Cluster 2 are located
on a 0.75 km long, east-west oriented structure similar to those in Cluster 1, which is nearly orthogonal to
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Figure 10. Time evolution of seismicity in Cluster 1 and hydraulic fracturing stimulation at the five nearest production wells (labeled by permit number from
Table S8), near north end of the Guy-Greenbrier Fault. We display the shifted seismicity locations from Figure 9b. In Figures 10a—10d, earthquakes (circles sized
by relative magnitude), as well as stimulated sections of the production wells during each stage of hydraulic fracturing, are colored by time with day 0 defined as
16 July 2010 00:00:00 UTC. This figure shows seismicity and stimulated stages during different time intervals after the start of stimulation: (a) 0 days to 3 days 8 h,
with early stimulations at wells 43343 and 43344; (b) 3 days 8 h to 6 days 8 h, with later stimulations at wells 43343 and 43344 and early stimulations at wells
42146 and 42389; (c) 6 days 8 h to 10 days 6 h, with later stimulations at wells 42146 and 42389; and (d) 10 days 6 h to 16 days, with stimulations at well 42262.
Movie S1 displays cumulative Cluster 1 seismicity and stages of stimulation for the entire 16 day time period. (e) Time evolution of magnitudes for located (blue)
and assigned (black) events during the 16 days of stimulation, with labeled time intervals for Figures 10a—10d. We plot the stimulation duration of all stages from
a particular production well in a different color.

YOON ET AL. INDUCED SEISMICITY IN GUY, ARKANSAS 12



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2017JB014946

a) 35.36'N b)

35.35'N {

Cluster 1

35.34'N 4

Cluster2 °
35.33'N -

S

35
A

35.32'N -

35.31°N

cCaNwAEUON®O
Depth (km)

353N T r T T
92.33'W  9232'W  92.31'W 923'W 9229°'W  9228'W  9227'W

Figure 11. (a) Map view of selected east-west oriented events (colored by depth and sized by relative magnitude) in
Clusters 1, 2, and 3C with first motions represented on composite focal mechanism. Cluster 1 events are shifted ~0.7 km
southeast as in Figure 9b. Nearby stimulated production wells (small triangles colored by depth, labeled by permit
number from Table S8) and wastewater injection wells (inverted triangle colored by depth) are shown. (b) Composite
focal mechanism from first motion polarity (black u: up and red d: down) of selected events in Clusters 1, 2, and 3C, on
lower hemisphere projection. Black lines show nodal planes that best fit the first motion polarity data, assuming a
double-couple source. Thick black arrows indicate the ~N60°E orientation of maximum horizontal compressive stress in
this region (Hurd & Zoback, 2012).

the north-south well paths of the eight nearby production wells. In the magnitude-time plot for Cluster 2,
some earthquakes happen following stimulation at well 42069 in June 2010 (Table S8). In July 2010, a few
events follow the start of injection at Well 1 (located just 1 km away), but the seismicity rate does not expe-
rience a large increase until the end of July, following stimulation at the remaining seven nearby production
wells. Compared to Cluster 1, there is a longer time delay between the onset of stimulation and the rapid
increase in seismicity; most events in Cluster 2 actually occur after stimulation has ended. Such time delays,
longer than a week, have been observed in other cases of hydraulic fracturing induced seismicity (Schultz,
Stern, et al., 2015; Schultz et al., 2016). The location, orientation, and timing of Cluster 2 seismicity sug-
gest that these events were probably induced by hydraulic fracturing, rather than by wastewater injection.
However, we cannot completely exclude the possibility that Cluster 2 was induced by wastewater injection,
due to its depth, timing, and proximity to Well 1.

Most seismicity in Cluster 3, the closest earthquake cluster to injection Well 1, is oriented along the strike of
the Guy-Greenbrier Fault (Figure 8), although there is a small east-west oriented subcluster of events at the
northern boundary of Cluster 3 (Cluster 3C from Table S5). Cluster 4, located farther southwest away from the
production wells, contains fewer events, also located on the Guy-Greenbrier Fault. The magnitude-time plots
show that seismic activity in Clusters 3 and 4 significantly increases following injection at Well 1, after a short
3 day time delay but is not affected much by stimulation later in July. These events have depth 3-4 km and
have lower magnitude (mostly M, < 1) than events in Clusters 1 and 2. The abrupt increase in seismicity start-
ing on 29 August 2010 was reported in Ogwari et al. (2016) as the beginning of the Guy-Greenbrier sequence,
but we see a lower level of microseismicity initiate and persist within a few days of injection. We conclude that
Cluster 3 and 4 events have a stronger spatial and temporal correlation with, and thus are more likely to be
induced by, wastewater injection at Well 1, rather than stimulation.

The presence of distinct east-west trending structures formed by Clusters 1, 2, and 3C motivated us to explore
the source mechanism of these events. We select 300 events from Cluster 1, 159 events from Cluster 2, and 22
events from Cluster 3C (Figure 11a) and plot their first motions (black “u”: up and red “d”: down) on a composite
focal mechanism projected onto the lower hemisphere (Figure 11b). Since we have sparse station coverage,
we assume that all three clusters have the same mechanism. Cluster 1 events are shifted ~0.7 km southeast
as in Figure 9b for the first motion calculation. If we assume a double-couple source mechanism, we can man-
ually fit two nodal planes to the first motion data, one trending ~N75°E and the other oriented ~N15°W
(Figure 11b, black lines). If the ~N75°E nodal plane is the fault plane, which is a reasonable assumption given
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Figure 12. Summary of seismicity located within 0.5 km of the

Guy-Greenbrier Fault, with wastewater injection Wells 1 and 5 (Table S7),
along the southwest to northeast cross-section profile A-A’ (Figure 1).

Earthquakes are circles colored by depth and sized by relative magnitude.

Clusters 1 and 2 (blue boxes labeled as C1 and C2) were likely induced by
hydraulic fracturing stimulation. The remaining events belonging to
Clusters 3-5 were probably induced by wastewater injection at Well 1.
(a) Depth of events as a function of along-strike distance. Later ANSS
catalog event locations (small gray dots), from 1 September 2010 to 31
October 2011, delineate the depth extent of the Guy-Greenbrier Fault.
Magenta section shows the depth of wastewater injection at Wells 1 and
5. Depths for the Fayetteville Shale, Boone Formation/Ozark Aquifer, and
Precambrian basement were obtained from Ogwari et al. (2016). (b) Time
of events and wastewater injection (arrows) as a function of along-strike
distance. We estimate a hydraulic diffusivity of D ~ 1 m2/s for pore
pressure diffusion from injection at Well 1.

the east-west orientation of seismicity, the first motions indicate right-lateral
strike-slip motion along this fault. However, given the regional ~N60°E max-
imum horizontal stress orientation (Hurd & Zoback, 2012), we would expect
left-lateral strike-slip motion along east-west oriented faults. Local hetero-
geneity in the stress orientation is unlikely because the regional ~N60°E
stress orientation is consistent with right-lateral strike-slip motion on the
nearby favorably oriented ~N30°E Guy-Greenbrier Fault (Horton, 2012). This
contradiction between the expected left-lateral slip from the stress orienta-
tion, and the observed right-lateral motion on the focal mechanism, rules
out the possibility that these events in Clusters 1, 2, and 3C are left-lateral
strike-slip earthquakes activated on preexisting east-west faults favorably
oriented in the regional stress field (Maxwell, 2013). Instead, we relax the
double-couple assumption and suggest that these events have a combina-
tion of shear and tensile faulting. Although the sparse data are inconclusive,
the restricted region of dilatational first motions near the center of the
focal sphere (Figure 11b, red d) could be explained by a non-double-couple
mechanism with a volumetric component resulting from opening of small
east-west oriented fractures (Fischer & Guest, 2011; Sileny et al.,, 2009;
Vavrycuk, 2011), which is an intended goal of hydraulic fracturing to facili-
tate flow of hydrocarbons. The east-west seismicity is oriented perpendic-
ular to the well paths, which supports this idea, although there are several
events in Cluster 1 with M; > 2 (Figure 8), which is higher than the expected
—3 < M < 0 magnitude range of microseismicity from opening hydraulic
fractures (Rubinstein & Mahani, 2015; Warpinski et al., 2012). We note that
our interpretation is limited by the lack of first motion data at enough sta-
tions, and it is possible that these three clusters actually have different
mechanisms, contrary to our assumption.

Cluster 5 is located farther to the southwest on the Guy-Greenbrier Fault
(Figure 8), in Box 2 (Figure 1). These events align with the strike of the
Guy-Greenbrier Fault and have depths around 5 km. They are deeper than
events in Clusters 1-4 farther northeast along the fault and were reported
by Ogwari et al. (2016) as the first four events on the southern section of
the fault. Cluster 5 was definitely not induced by injection at nearby Well 5,
because most events occurred before the start of injection. There are two
stimulated production wells near Cluster 5, and most of the events occur
after stimulation at well 43114, so it is possible that Cluster 5 was induced by
stimulation; however, the along-strike orientation, deeper depth, and lower
seismicity rate (compared to Clusters 1 and 2, which were likely induced
by hydraulic fracturing) suggest an alternative explanation that we favor:
Cluster 5 could have been triggered by diffusion of pore pressure from injec-
tion at Well 1, with a longer time delay between the start of injection and
the first event in August 2010.

Figure 12 summarizes all seismicity in Clusters 1-5 with epicenters restricted to within 0.5 km of the
Guy-Greenbrier Fault (Profile A-A’, Figure 1). Figure 12a shows the depth of these events as a function of
along-strike distance (also shown in Figure 1), along with the location and depth (magenta sections) of
wastewater injection Wells 1 and 5. It also displays the depths of the target Fayetteville Shale Formation,
the sedimentary Paleozoic Boone Formation/Ozark Aquifer into where injection occurs, and the crystalline
Precambrian basement below (Ogwari et al., 2016). Since seismicity along the Guy-Greenbrier Fault is located
within the triangular area outlined by the three seismic stations (Figure 1), these event depths should be
reliable. Figure 12b shows the timing of events, as well as the onset of injection at Wells 1 and 5, along the
strike of the Guy-Greenbrier Fault; it is obvious that Cluster 5 events occur before injection started at Well 5.
We separate out the events in Clusters 1 and 2 (blue boxes labeled C1 and C2) because they were likely
induced by hydraulic fracturing stimulation. Ogwari et al. (2016) and Mousavi et al. (2017) report high b values
in these areas later on in September and October 2010, which is also consistent with hydraulic fracturing
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Start date of wastewater injection

Duration of hydraulic fracture stimulation at nearby well (within 2 km radius), start of first stage to end of last stage
Well data source: Arkansas Oil & Gas Commission Database (http://www.aogc.state.ar.us)
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Figure 13. Zoomed map view of seismicity in Clusters 6-10 (blue boxes), Box 3 (red box in Figure 1—see legend), and
their spatial and temporal relationship to nearby stimulated production wells (small triangles colored by depth, labeled

by permit number from Table S8, listed for each cluster in last column of Table S5). Earthquakes on the map are circles

colored by depth and sized by relative magnitude. These events are located off the main Guy-Greenbrier Fault, to the

southeast.
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induced seismicity. The remaining events along the fault, belonging to Clusters 3-5, were probably induced
by wastewater injection at Well 1. We estimate an apparent hydraulic diffusivity of D ~ 1 m?/s, assuming a
homogeneous and isotropic medium (Shapiro & Dinske, 2009; Shapiro et al., 2002):

= VDt (1

Pore pressure diffuses outward from injection at Well 1 and reaches injection Well 5, located r = 5.5 km away,
t = 28 days after injection started at Well 1. In comparison, Ogwari and Horton (2016) used a detailed numer-
ical model and observed seismicity to estimate hydraulic diffusivity along the Guy-Greenbrier Fault during
October and November 2010, when seismicity dramatically increased. They found D ~ 0.2-0.3 m?/s in the
northern and central sections of the fault (near Clusters 3 and 4), while in the southern section (near Cluster
5), their diffusivity was D ~ 1.1 m?/s above 5 km depth and D = 0.02 m?/s below 5 km. Mousavi et al. (2017)
estimated a lower hydraulic diffusivity of D ~ 0.01 m?/s in the northern section of the Guy-Greenbrier Fault,
from fitting equation (1) to a detailed catalog of seismicity from Ogwari et al. (2016) during the time period
from 7 July 2010 to 20 October 2010, following injection at Well 1. The results in Figure 12 foreshadow the
migration of seismicity from northeast to southwest and from the shallower Paleozoic sedimentary forma-
tion into deeper Precambrian basement seen soon afterward in September-October 2010 (Ogwari & Horton,
2016; Ogwari et al., 2016).

2.7.4. Seismicity Clusters off the Guy-Greenbrier Fault

Figure 13 takes a closer look at seismicity located 5-10 km southeast of the Guy-Greenbrier Fault, within
Clusters 6-10 (blue boxes) in Box 3 from Figure 1, and nearby production wells that were stimulated during
1 June to 1 September 2010. Magnitude-time plots for located and assigned events in each cluster examine
temporal correlations between injection at Wells 1 and 5, stimulation, and the occurrence of seismicity. Since
these events are located outside the three-station network, their depth estimates are unreliable. We ended up
with greater (4-8 km) depth estimates than those from ANSS catalog events in this area (Figure S1), although
the depths mostly agree within the large uncertainties in the catalog depths (Figure S4b). Cluster 6 contains
events in an east-west orientation, and there is an obvious temporal correlation between seismicity and the
duration of stimulation at the nearest production well 43043. The first detected and associated (not located)
event starts about 3 h after the onset of the first stage of stimulation, and the seismicity rate remains high until
the end of stimulation, after which the seismicity rate decays rapidly. The stimulation and seismicity began
a day before the start of injection at Well 1, which is too distant (6 km away) to have an immediate effect on
the seismicity in Cluster 6. We therefore conclude that Cluster 6 was likely induced by hydraulic fracturing.
Similarly, Cluster 7 was also likely induced by hydraulic fracturing given the strong spatial and temporal cor-
relation between events in this cluster and stimulation at the nearest production well 43153. For this cluster
the seismicity rate remains high after stimulation has ceased. The depth and orientation of events in Cluster
7 are not as accurate, given the greater distance away from the seismic stations. Cluster 8 is spatially and tem-
porally correlated with hydraulic fracturing stimulation at nearby well 43258 in June 2010. The seismicity rate
is initially high, then decreases after the end of stimulation, but remains at a low level for over a month; how-
ever, there is no seismicity in August 2010, following stimulation at another nearby well 43154. Cluster 8 may
be the same events, detected and located using a temporary seismic network by Horton (2012), which were
reported to lie on an east-west elongated trend near the Morrilton Fault east of injection Well 3.

Cluster 9, which contains only 12 events, is located far from all production and injection wells, and the
magnitude-time plot does not show any temporal correlation with injection at Well 1 or 5, or with stimula-
tion at the nearest well 43154 located 2 km away. Therefore, we interpret these events as natural background
seismicity. The Enola swarms of 1982, with 30,000 earthquakes in 3 years (Chiu et al., 1984), and 2001, which
had 2,500 earthquakes in 2 months with a M 4.4 as the largest event (Rabak et al., 2010), were natural earth-
quake sequences that occurred 2 km south of Box B3, near 35.18°N, 92.2° W. The Enola swarms happened
long before the start of hydraulic fracturing in the Fayetteville Shale (Horton, 2012) or the start of wastewater
injection in 2009 (Table S7).

The events in Cluster 10 could possibly be a result of hydraulic fracturing, but the quality of our results is not
sufficient to be definitive in this case. Event waveforms are noisy, leading to higher location uncertainties.
There are many production wells in the large area defining Cluster 10, which are stimulated during over half
the 3 month time period (Table S8): the magnitude-time plot for Cluster 10 is mostly purple, so although the
most of the high-seismicity time periods overlap with stimulation, this temporal correlation is not informative.
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' Start date of wastewater injection

Duration of hydraulic fracture stimulation at nearby well (within 2 km radius), start of first stage to end of last stage
Well data source: Arkansas Oil & Gas Commission Database (http://www.aogc.state.ar.us)
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Figure 14. Zoomed map view of seismicity in Clusters 11-13 (blue boxes), Boxes 4-5 (red boxes in Figure 1—see
legend), and their spatial and temporal relationship to nearby stimulated production wells (small triangles colored by
depth, labeled by permit number from Table S8, listed for each cluster in last column of Table S5). Earthquakes on the
map are circles colored by depth and sized by relative magnitude. These events are located off the main Guy-Greenbrier
Fault, to the northwest.

Figure 14 closely examines seismicity located 4-8 km northwest of the Guy-Greenbrier Fault, within Clusters
11-13 (blue boxes) in Boxes 4 and 5 (Figure 1), and nearby stimulated production wells. Magnitude-time plots
once again highlight temporal correlations between well activity and events in these clusters. Clusters 11 and
12 are just outside our seismic network, so their depth estimates are probably reliable. In contrast, Cluster 13
is much farther away from the network, so depths for these events are unreliable, and the event waveforms
at WHAR are noisy. The timing of events in Cluster 11, located directly on and oriented almost orthogonal to
the well path of the nearest production well 43439, overlaps closely with the duration of stimulation at well
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Start date of wastewater injection

Duration of hydraulic fracture stimulation at nearby well (within 2 km radius), start of first stage to end of last stage
Well data source: Arkansas Oil & Gas Commission Database (http://www.aogc.state.ar.us)
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Figure 15. Seismicity in Clusters 14-16 (locations in blue boxes, Figure 1) and their temporal relationship to nearby
stimulated production wells (listed for each cluster in last column of Table S5) and wastewater injection wells. These
events are in isolated clusters located off the main Guy-Greenbrier Fault.

43439, with a rapid decay of seismicity after stimulation ends, so Cluster 11 was likely induced by hydraulic
fracturing. Cluster 12, with only 14 events, is located about 1 km away from production well 43433, but the
temporal correlation with stimulation at this well is weak, since there is a long delay between the end of
stimulation and the seismicity. It is possible that these events, with a depth of about 4 km, were triggered
by pore pressure diffusion from injection at the nearest disposal Well 1 with a long time delay; however, we
have no clear evidence to suggest that Cluster 12 events are not natural background seismicity. Cluster 13 was
possibly induced by stimulation at nearby production wells 43254, 43255, and 43256 in late May and early
June of 2010, after which the seismicity rate is very high. After the end of stimulation in early June, seismicity
in Cluster 13 lingers at a low level during the entire 3 month study period, without being affected much by
stimulation at wells 43252 and 43253 in July 2010. Many of the events in Cluster 13 were in the ANSS catalog
(Figure S1).

Figure 15 shows magnitude-time plots for seismicity in Clusters 14-16, in various locations several kilometers
away from the Guy-Greenbrier Fault (blue boxes labeled C14-C16 in Figure 1). As these events are far from the
seismic network, we detected very few events in these clusters, and their locations and depths are uncertain.
Cluster 14 is most likely natural seismicity, since it is located far from any injection or production wells, and the
events occur over the entire 3 month study period at a low background rate. Clusters 15 and 16 are spatially
and temporally correlated with the duration of stimulation at the nearest production wells, 43244 and 43219,
respectively, so they were likely induced by hydraulic fracturing.

3. Discussion

3.1. Microearthquakes Induced by Hydraulic Fracturing Are Common During

the Guy-Greenbrier Sequence

Our analysis reveals that the initial stages of the Guy-Greenbrier earthquake sequence contain a complicated
mixture of microseismicity with M, < 2.9. The vast majority of these earthquakes are spatially and tempo-
rally related to hydraulic fracturing stimulation operations, which suggests that M, > 1 seismicity induced by
hydraulic fracturing is more common than widely appreciated. We identify about 3/4 (56/75) of ANSS catalog
events as induced by hydraulic fracturing. Depending on the well, there is significant variation in the duration
of seismicity after the end of stimulation. About 1/3 (17/53) of the production wells in this area stimulated
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Table 2

Summary of 16 Seismicity Clusters From 1 June to 1 September 2010, Names of Wells Associated
With Each Cluster, and Our Preferred Interpretation of Whether They Are Natural, Induced by
Hydraulic Fracturing Stimulation, or Induced by Wastewater Injection at Well 1

Cluster number Interpretation Associated well names

1 Hydraulic fracturing 42146,42389,42262,43344,43343
2 Hydraulic fracturing 42069, 43375, 43376

3 Wastewater injection Injection Well 1

4 Wastewater injection Injection Well 1

5 Wastewater injection Injection Well 1

6 Hydraulic fracturing 43043

7 Hydraulic fracturing 43153

8 Hydraulic fracturing 43258

9 Natural -

10 Hydraulic fracturing Several wells, but not definitive
11 Hydraulic fracturing 43439

12 Natural =

13 Hydraulic fracturing 43254, 43255, and 43256

14 Natural -

15 Hydraulic fracturing 43244

16 Hydraulic fracturing 43219

during 1 June to 1 September 2010 are associated with seismicity (Table 2). We identify a smaller number
of events, located on the Guy-Greenbrier Fault, which were likely induced by wastewater injection at Well 1
starting on 7 July 2010, and their migration southwest to greater depths anticipates the behavior of intense
seismic activity to come in September and October 2010 (Ogwari et al., 2016). A small fraction of events that
were uncorrelated with hydraulic fracturing or wastewater disposal may be natural background seismicity,
which is known to occur in this area. Table 2 summarizes our preferred interpretation for whether each cluster
of earthquakes was natural, induced by injection, or induced by hydraulic fracturing.

We suggest that much of the microseismicity later in the entire Guy-Greenbrier earthquake sequence from
September 2010 to October 2011, originally attributed to deep wastewater injection (Horton, 2012; Huang
& Beroza, 2015), may instead be a result of hydraulic fracturing stimulation. Since the Guy-Greenbrier area
has a history of natural seismicity from the Enola swarms in 1982 (Chiu et al., 1984) and 2001 (Rabak et al.,
2010), one might consider the background seismicity during June 2010, before the start of injection at Well
1, to be natural tectonic seismicity; however, our study found that most of these “background” events were
spatially and temporally associated with hydraulic fracturing operations. We also found that many events
during July and August 2010, after the start of injection at Well 1, resulted from hydraulic fracturing rather
than wastewater disposal, with some of these events located very close to or on the Guy-Greenbrier Fault.
Ogwari et al. (2016) and Mousavi et al. (2017) reported a cluster of events west of the Guy-Greenbrier Fault
that was likely induced by hydraulic fracturing stimulation from 29 September to 4 October 2010; such events
probably also exist later in the sequence.

The combination of sensitive detection and precise location of microseismicity, and a detailed public database
of disposal wells and production wells with stimulation information, has allowed us to separate events
induced by hydraulic fracturing from events induced by wastewater injection (Figure 12). The presence of
these multiple influences on seismicity poses significant challenges for seismic hazard mitigation, where
different actions would be required for injection-induced seismicity versus hydraulic fracturing-induced seis-
micity (Walters et al., 2015). All events during our study period had M, < 2.9, so they were too small to cause
damage, but they do change the stresses locally. Ogwari and Horton (2016) found that pore pressure changes
less than 0.06 MPa can initiate seismicity on the critically stressed Guy-Greenbrier Fault. We speculate that
the presence of events, such as those in Cluster 1, which are larger than expected for events caused by open-
ing new fractures (Warpinski et al., 2012), could be a useful indicator that care should be taken with plans for
nearby large-scale wastewater injection.
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3.2. Benefits of High-Sensitivity, High-Resolution Seismic Monitoring

We demonstrate that it is possible to extract detailed information on the location and timing of microseismic-
ity with a sparse three-station seismic network recording continuously, with stations spaced 5-10 km apart,
using high-resolution seismological techniques for event detection and location. Methods that use waveform
similarity to detect earthquakes in continuous seismic data, such as template matching, the Repeating Sig-
nal Detector (Skoumal et al., 2016), and FAST (Yoon et al., 2015), can significantly improve the magnitude of
completeness, allowing a statistical analysis of seismicity rate changes over time and their relationship to fluid
injection (Huang & Beroza, 2015) and reveal unknown sources of low-magnitude seismicity, such as the clus-
ters we found to be induced by hydraulic fracturing. Many other studies have used template matching to
identify seismicity induced by hydraulic fracturing (Friberg et al., 2014; Holland, 2013; Skoumal et al., 2015a,
2015b; Schultz, Mei, et al., 2015; Schultz, Stern, et al., 2015; Schultz et al., 2016), as the magnitudes are often
lower than for injection-induced seismicity (Rutqvist et al., 2013). In addition to improved detection, we can
obtain high-precision event locations using double-difference relocation with cross correlation-derived travel
times for similar pairs of events (Waldhauser & Ellsworth, 2000) and subsequently obtain additional tempo-
ral resolution with waveform cross correlation. These types of detection, location, and correlation methods
are well suited for induced seismicity, where many events occur in close proximity as clusters and thus have
similar waveforms when recorded at the same station. Limitations of our study include location uncertainties
due to the minimal three-station network. We have poor depth constraints for events outside the seismic net-
work, and our absolute location uncertainty was 2 km even after improving the velocity model with the quarry
data. Nevertheless, the fortunate combination of a three-station, three-component continuous seismic net-
work located near the seismicity and a high-quality public well database with detailed records of injection and
hydraulic fracturing stimulation allowed us to discern the relationship between microseismicity, wastewater
disposal, and hydraulic fracturing in this area.

In regions where seismic networks are sparse, our study suggests a cost-effective strategy for seismic moni-
toring. A large number of stations are always helpful, but waveform-based detection and location methods
are essential for making the most out of a limited data set. It is preferable for seismic stations to start record-
ing continuously before the beginning of injection or stimulation operations so that background seismicity
can be measured. For example, we can envision running single-station FAST at each station in a widely spaced
permanent network to identify the existing background rate of low-magnitude events. If the seismicity rate or
the maximum magnitude of an earthquake exceeds an acceptable threshold, or otherwise seems anomalous,
a temporary network with additional stations could be deployed to enable more detailed characterization of
the earthquakes, shifting limited resources where they are needed the most. Early awareness of changes in
seismicity can inform timely and informed decision making for operators and regulators about whether to
continue or alter injection and hydraulic fracturing activities, possibly as implemented in traffic light systems
for seismic risk management (Walters et al., 2015).

4. Conclusions

In Guy-Greenbrier, Arkansas, an area of unconventional natural gas production in the Fayetteville Shale,
wastewater injection beginning in July 2010 was widely suspected to have induced a yearlong earthquake
sequence that culminated in a M,, 4.7 earthquake (Horton, 2012; Huang & Beroza, 2015; Ogwari et al., 2016).
We characterized seismicity at a very fine scale during the 3 month time period 1 June to 1 September 2010,
which includes background seismicity, initiation of the Guy-Greenbrier earthquake sequence, and the early
seismic response to wastewater injection, with M, < 2.9 for all events. We used sensitive event detection
methods: FAST (Yoon et al., 2015) and template matching (Huang & Beroza, 2015), to detect 14,604 similar
waveform low-magnitude earthquakes in continuous seismic data at a single station. We followed this with
precise relative double-difference location of nearby earthquakes (Waldhauser & Ellsworth, 2000) at three
stations with an improved quarry blast-constrained velocity model then harnessed waveform similarity to
refine the temporal resolution of located event clusters. Most events during these 3 months were spatially
and temporally correlated with hydraulic fracturing stimulation operations at a small number of nearby
production wells, while we attribute a smaller number of events, located on and starting to outline the
yet-to-be-discovered Guy-Greenbrier Fault, to wastewater injection at Well 1 starting in July 2010. Many stim-
ulated production wells have no nearby detected seismicity. Although this area has hosted swarms of natural
seismicity in the past (Chiu et al., 1984; Rabak et al., 2010), we infer that only a small fraction of events during
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these 3 months are natural in origin. The simultaneous presence of seismicity induced by both hydraulic frac-
turing and wastewater injection, which we speculate is also true later in the earthquake sequence, presents
a challenge for seismic hazard mitigation and operational decision-making with traffic light systems (Walters
et al,, 2015). We demonstrate that given continuous seismic data and a detailed public well database with
injection and stimulation information, it is possible to obtain high-resolution seismological observations even
with a sparse three-station network. We advocate continuous seismic monitoring for anomalous earthquake
activity before starting injection or hydraulic fracturing.
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