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Microseismicity Induced by Deep Wastewater
Injection in Southern Trumbull County, Ohio

by Robert J. Skoumal, Michael R. Brudzinski, and Brian S. Currie

Online Material: Description and figure representing the stra-
tigraphy and construction of the two wastewater disposal wells.

INTRODUCTION

As oil and gas well completions utilizing multistage hydraulic
fracturing have become more commonplace, the potential for
seismicity induced by the deep disposal of frac-related waste-
water and the hydraulic fracturing process itself has become an
increasingly important issue (e.g., National Academy of Science
[NAS], 2012). Although it is rare for a wastewater disposal well
to induce felt seismicity, there have been several cases over the
past half century that identify strong relationships between in-
jected fluids and seismicity (e.g., Healy ez al., 1968; Nicholson
and Wesson, 1990; McGarr et al., 2002; Evans et al., 2012).
Following the 2011 Youngstown earthquake sequence (YES)
near a wastewater disposal well in northeastern Ohio (Fig. 1),
which included hundreds of earthquakes up to an M 4.0 (Ohio
Department of Natural Resources [ODNR], 2012; Kim, 2013;
Skoumal, Brudzinski, Currie, ez 4/, 2014), there has been a
heightened concern over seismicity related to energy technol-
ogies in Ohio. The ODNR is actively setting new regulations
to deal with induced seismicity (ODNR, 2014), which could
serve as a blueprint for other states. Seismic monitors are to be
installed near certain injection wells before commercial injec-
tion begins and will remain there for 12 months afterward. A
number of regional long-standing backbone seismic stations
have been operating for over a decade, and studies of the
YES significantly benefited from early adoption of EarthScope
Transportable Array (TA) stations in western Pennsylvania in
late 2010.

The first earthquake detected by the ODNR and the US.
Geological Survey in the Trumbull County sequence was an
My 2.1 ecarthquake on 31 August 2014 ac 21:34 UTC
(5:34 p.m. local), with only a single felt report. Epicentral lo-
cations placed it within 1 km of the American Water Manage-
ment Services (AWMS) Weathersfield injection well site, near
Warren, Ohio (Fig. 1). There is a shallower well at this site
(AWMS-1) that injects into the Silurian interval, and a deeper
well (AWMS-2) that injects into the Ordovician—Cambrian
interval about 15 m above the Precambrian basement () a
description and Fig. S1 representing the stratigraphy and well
construction are included in the electronic supplement to this
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article). AWMS-2 was approved on 4 March 2014 to inject at
pressures up to 11.6 MPa (1680 psi). AWMS-1 was approved
on 4 March 2014 at 7.1 MPa (1025 psi), which was later raised
to 8.3 MPa (1200 psi) on 11 July 2014. As of 31 August 2014,
>9160 and > 174,000 barrels of wastewater were injected
into AWMS-1 and AWMS-2, respectively.

The ODNR issued a chief’s order on 3 September 2014
suspending operations at both wells. After analyzing data dur-
ing the investigation, the ODNR spokeswoman Bethany
McCorkle said the agency found the shallower of the two wells
was not related to the seismic event. On 18 September 2014,
the company was allowed to resume injection operations at the
shallow well (AWMS-1), while the investigation continued on
the deeper well (AWMS-2). In this study, we use multistation
waveform template matching as an earthquake fingerprint
scanning technique to investigate the potential relationship
between the carthquake and the injection operations.

DATA AND ANALYSIS

Our analysis followed the approach of Skoumal, Brudzinski,
Currie, ¢f al. (2014) that was optimized for the 2011-2014
YES that occurred ~I11.5 km away from the Trumbull
sequence. Regional seismic data were obtained using Incorpo-
rated Research Institutions for Seismology (IRIS) webservices
(http://service.iris.edu; last accessed February 2015) and
mainly consisted of high-quality broadband EarthScope TA
stations recording at 40 samples/s (Fig. 1). The ODNR also
sent a hard disk with seismic recordings from 1 July-30 Sep-
tember 2014 from a local four-station network consisting of
three-component  short-period instruments recording at
200 samples/s (Fig. 1).

Templates using regional data were created for the M7 2.1
and 1.5 events using the same parameters (e.g,, template length,
sampling interval) as in previous work (e.g,, Skoumal, Brudzin-
ski, Currie, e al., 2014). The preliminary analysis used data from
M54A, N54A, and O56A (begun in 6 November 2010), as well
as closer stations M53A and N53A (begun 14 January 2013)
and operated until 14 January 2015. Local network data were
interpolated to a common sampling interval of 100 samples/s
and then band-pass filtered between 1 and 45 Hz. Templates of
6 s length starting 1 s before the P wave were created from the
M7 2.1 and 1.5 earthquakes. Considering the higher resolution
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A Figure 1. Location of the study region (box in the lower inset),
with enlarged views showing seismic stations (black triangles)
and cases of seismicity that are potentially induced by injection
wells (gray) or hydraulic fracturing (white). The white box in the
central map is the location of the upper right inset that shows the
local seismic network deployed by Ohio Department of Natural
Resources (ODNR).

of the local data, an empirical subspace detector was employed to
expand the set of matches (Barrett and Beroza, 2014). With this
approach, the stack of events and the time derivative of the stack
are close approximations of the first two singular vectors. So, for
each of the two template match results (M 2.1 and 1.5), we
created an additional template from the stack of those matches
and a template from the time derivative of the stack. We also
found that using the derivative of the original template wave-
forms detected some additional legitimate events. The matches
from all eight templates were then combined into our final set of
events.

Multistation template matching followed the approach of
previous work (e.g., Skoumal, Brudzinski, Currie, ez al., 2014).
Events were detected if the network normalized cross-correla-
tion coefficient (NNCCC) exceeded an initial threshold of 12
times the median absolute deviation (MAD) of the daily
NNCCC for regional data and 8 x MAD for the local data.
These thresholds were determined after inspecting the quality
of the matched waveforms and the temporal patterns of the
matches. Detections were considered legitimate earthquakes if
they had a signal-to-noise ratio > 2 and visually resembled the
template waveform at the quictest station.

Because of the proximity of this sequence to the YES, we
used velocity model B from Kim (2013), which was developed
using sonic logs for location analysis with local data. A differ-
ent velocity model for the YES was previously used because we
were using regional data to locate those events (Skoumal, Brud-
zinski, Currie, et al., 2014), but we found the Kim (2013)
model B produced lower residuals in this case, likely due to the
availability of local data.

Lag times and correlation coefficients were generated be-
tween the template and each matched event to determine wave

arrival times and weights for all matched events, which were
used with elocate (Herrmann, 2004) and the velocity model
to determine an initial set of catalog locations. A full set of
lag and correlation matrices between all events for all channels
were then used in a hypoDD double-difference algorithm to
determine the relative locations of the events (Waldhauser
and Ellsworth, 2000; Waldhauser, 2001). The median relative
locations errors that we found based on bootstrapping estima-
tion were 60 m horizontally and 100 m vertically. Relocated
hypocenters were pinned to the absolute location determined
for the M 2.1 event, preserving the relative locations.

Following the approach of Schaff and Richards (2014),
the relative magnitudes of the earthquakes were estimated
by comparing the unnormalized correlation coefficients of
the events to the cataloged M| 2.1 event. The estimation is
given as

dmag = log, [max(x*ky)/(x - x)],

in which % and - represent cross-correlation and dot product, x
and y are the cataloged My 2.1 earthquake and a matched
event, respectively. To validate these magnitude estimations,
we also determined local magnitudes through a Richter scale
approach similar to our previous work (e.g., Skoumal, Brudzin-
ski, Currie, ez al., 2014). Although the two methods produced
virtually identical magnitude estimations for the larger events,
the Richter scale approach tended to overestimate the smaller
magnitude events when poorer-quality stations were utilized.
As demonstrated by Schaff and Richards (2014), correlation
magnitude estimation techniques are ideally suited for estimat-
ing magnitudes of events with Gaussian white noise. Therefore,
we utilized the correlation magnitude estimation in our
analysis, which included the calculation of a Gutenberg-
Richter b-value using the maximum-likelihood estimate (MLE).
To gain additional perspective on the stresses associated
with this earthquake sequence, we calculated a fault-plane sol-
ution for the largest event, which was just large enough to make
reliable identifications of first-motion polarities at local and
nearby regional stations. Takeoff angles were estimated using
the pscudobending method within #m0DD (Zhang and
Thurber, 2003). We used FocMec to performed a grid search
of the focal sphere for a double-couple solution (Snoke, 2003)
and then took the median solution with zero polarity errors. A
grid-search fit is justified by previous nearby studies that found
clear double-couple mechanisms along apparently pre-existing
basement faults (Kim, 2013; Skoumal ez 4/, 2015).

RESULTS

Using the three long-standing regional stations (M54A, N54A,
and O56A), templates from the M| 2.1 earthquake on 31 Au-
gust identified the next two largest earthquakes, a 29 July 2014
My 1.5 and a 24 August 2014 M7 0.1 event. Using the three
closest TA stations (M53A, MS4A, and N53A), three addi-
tional earthquakes with M} ~ 0 were found around the timing
of the two largest events. The six epicenters determined using
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A Figure 2. Normalized P and S waveforms recorded on the BHE
component of AWMA4. (a) Template waveforms from the 31 August
2014 M| 2.1 and 28 July 2014 M, 1.5 earthquakes, as well as the
stacks of events they matched with, derivatives of the template
waveforms, and derivatives of the stacks. (b) Waveform ampli-
tudes of the 108 matched events.

local data formed a band extending southwest of the well at
distances 20-500 m from the wells in the basement at
3.1-3.3 km depth. Using the velocity model previously derived
from nearby sonic logs (Kim, 2013), the absolute location
errors for the M} 2.1 were 60 m east—west and ~120 m
north-south.

Utlizing local data, the multiple constructed templates
identified 108 earthquakes with visually similar waveforms
(Fig. 2): 70% of the events were detected using waveforms as-
sociated with the M 2.1 templates and 30% from the M 1.5
templates. Using the stack and derivative templates provided a
25% increase beyond just the original two event templates. The
102 additional events discovered using local data had M — 1.4
to 0, with a magnitude of completeness of approximately M —
1.0 based on the frequency-magnitude distribution (FMD).

The resulting set of all 108 matched events covers nearly
the entire three-month period for which local data were ob-
tained (® Table S1), although there are only a handful of
events during the first three weeks and after injection was
halted (Fig. 3a). The low seismicity rates appear to extend be-
fore the time period of local data we analyzed, as we found no
additional events when scanning single stations back to before
injection began (P. Friberg, personal comm., 2015). The rate of
very small (M} <0) seismic events tended to increase over
time but appears to have done so episodically. The seismicity
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A Figure 3. (a) Magnitudes of matched events using cross correlation at the closest local station (crosses). The dashed line shows the
rate of detected earthquakes per week. The vertical bars mark the time frame for which local data has been analyzed. The boxes con-
taining plus symbols show events that were also detected by multiple combinations of regional stations (box) and events detected by the
closest three regional stations (circle). No additional matches were found using regional data from November 2010 to January 2015.
(b) Weekly averages of injection volume (V,,, dotted line) and pressure (P,, dashed line). The vertical bars mark when the Ohio
Department of Natural Resources (ODNR) ordered the injection halted and when injection was allowed to continue at American Water

Management Services well 1 (AWMS-1).
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A Figure 4. Magnitude—frequency estimates (circles) comparing
(a) this study to (b) another case of seismicity during wastewater
injection near Youngstown (Skoumal, Brudzinski, Currie, et al,
2014) and two cases of seismicity during hydraulic fracturing in
(c) Poland Township (Skoumal et al., 2015) and (d) Harrison County
(Skoumal, Brudzinski, and Currie, 2014). The black circles are be-
low the estimated M,. b-values are for least-squares (LSQ, black
line) power-law fit and maximum-likelihood estimate (MLE).

rate increased quickly in the week preceding both the A} 1.5
and 2.1 event, followed by a significant rate decrease. The re-
duced rate after the larger events implies a low aftershock rate
that is unexpected for a stable continental region (Ben-Zion
and Lyakhovsky, 2006). The jump of more than an order of
magnitude before the two larger events could be partly ex-
plained by the relatively narrow range of magnitudes in the
remaineder of the events, such that the two larger events
are anomalous.

The unusual pattern of earthquake magnitudes during this
sequence is also evident in our attempts to estimate the
Gutenberg-Richter b-value (Fig. 4). Although the 4-value we
calculate using the MLE method is close to 1 (0.91), the b-value
we calculated using the least-squares (LSQ) method is 0.6. The
discrepancy occurs because the FMD does not follow a power
law and suggests a different relationship is at work. A similar
trend can be observed at the Youngstown injection well,
although with larger magnitude events. However, the other
nearby earthquake sequences induced by hydraulic fracturing
in Harrison County (Friberg ez 4/, 2014) and Poland Township
(Skoumal ez al., 2015) appear to follow a more typical power-law
FMD. In induced sequences with very high pore-fluid pressure,
the viscosity of the fault zone could be dictated by the fluid,
which would result in atypical FMDs. If fluid pressures are
not as extreme, induced carthquakes may be followed by a sud-
den drop in pore pressure that could lead to more regular FMDs.

The carthquake activity appears to be correlated with injec-
tion at AWMS-2. The daily injection volumes provided to us by

the AWMS are the total for both wells but are based on the total-
izers; AWMS-2 took 95% of the total volume before activities
were suspended (AWMS, personal comm., 2015). Figure 3b
shows weckly averages for volume (V) and pressure (P,,)
for AWMS-2. The carthquake rates appear to increase once
sustained injection pressures approach the maximum allowed
surface pressure of ~11.6 MPa (1680 psi). This corresponds to
pressures at the base of the injection interval of ~39.5 MPa
(~5727 psi) given an ~1.1 g/cm?® maximum density of injected
fluids and slight friction-related reduction in pressure due to
flow in through the injection tubing at reported maximum rates
of 2 barrels/ min (AWMS, personal comm., 2015).

It is also noteworthy that the volumes are reduced in late
July once weekly pressures are near the maximum but the pres-
sures only decrease slightly. When the volumes are raised again
in late August, there is a corresponding increase in pressures
and seismicity rate. After the injection was halted on 3 Sep-
tember, only three earthquakes were detected on 6 September.
When the shallow injection was resumed on 18 September, we
only found one carthquake on 30 September, about two days
before the local data ends.

Figures 5 and 6 show map and cross-sectional views of the
best located hypocenters with relative location bootstrap
uncertainties <120 m horizontally and 150 m vertically.
The average uncertainty of plotted events is ~60 m east—west,
~30 m north-south, and ~100 m vertically. The events form
two clusters, one almost adjacent to the well and the other
~400 m southwest of the wells. The separation of these clus-
ters was confirmed by performing absolute locations of the six
largest events. The proximal cluster includes an event on 3 July,
suggesting this cluster became active first, as one would expect
for its proximity to the wells. The distal cluster became active
on 13 July, but the M7 1.5 event on 29 July occurred in the
proximal cluster. Both clusters are active in August, but the
M7 2.1 event on 31 August occurred in the distal cluster.
Intriguingly, the distal cluster has a north-northeast—south-
southwest trend (024°) different from previous nearby cases,
which followed an east-northeast—west-southwest trend
(~080°). Although the trend in the proximal cluster is harder
to estimate due to fewer events, it appears to have a more cast-
northeast—west-southwest trend that aligns with seismicity
along the northern edge of the distal cluster. We note that seis-
micity in the distal cluster initiates during a drop in weekly
averaged pressure (Fig. 3), which could indicate that fluid pres-
sures migrating along a east-northeast—west-southwest fault
drop upon reaching a north-northeast—south-southwest fault.

A sufficient number of P-wave first motions were available
to calculate a focal mechanism for the M 2.1 event (Fig. 7).
The fault-plane solution that we determined was a strike-slip
mechanism, similar to previous nearby cases (Fig. 5), but it shows
a different azimuthal trend. In this case, the east-southeast—
west-northwest left-lateral fault-plane azimuth (110°) is rotated
~30° from the previous cases. This fault plane does not align
well with either the overall trend of hypocenters or the trend of
cither event cluster. Instead, the north-northeast—south-
southwest right-lateral fault-plane azimuth (020°) matches better
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A Figure 5. Map of the double-difference relocated earthquakes
for the (a) Trumbull, (b) Youngstown (Skoumal, Brudzinski, Currie,
et al.,, 2014), and (c) Poland Township, Ohio, (Skoumal et al., 2015)
sequences. Only the best-located events that exceeded a
12 x MAD NNCCC threshold are shown. The circles are scaled ac-
cording to magnitude. Focal mechanisms are shown for the larg-
est events in each sequence (this study; Kim, 2013; Skoumal et al.,
2015). The arrows show orientation of maximum horizontal stress,
and the gray lines are the fault orientation suggested by focal
mechanism and trend of hypocenters. In (a) and (b), the plus sym-
bols represent the location of the injection wells. In (c), the black
lines are the horizontal laterals of drilled wells, the ovals are com-
pleted fracture stages, and the stars denote stages temporally
correlated with seismicity.

with the trend in the distal cluster in which the M| 2.1 event
occurred. To quantify this comparison, we investigated the dis-
tances of epicenters in the distal cluster from a fault plane with
either orientation. The standard deviation of epicenters from a
020° fault plane is ~3 times less than the average relative location
uncertainty in the cast-west direction, whereas the standard
deviation of epicenters from a 110° fault planc is ~2 times more
than the average relative location uncertainty in the north-south
direction.

The hypocentral depths we determined also indicate the
events in the proximal cluster occurred near the top of the Pre-
cambrian crystalline basement in close proximity to the bottom
of the deep well. The distal cluster of events is about 500 m
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A Figure 6. East-west cross sections of the double-difference re-
located seismicity for the (a) Trumbull, (b) Youngstown (Skoumal,
Brudzinski, Currie, et al, 2014), and (c) Poland Township, Ohio
(Skoumal et al., 2015). There is no vertical exaggeration. The hori-
zontal gray lines mark key strata: S, Salina; L, Lockport; Q, Queen-
ston; T, Trenton; K, Knox; B, B Zone; M, Mt Simon and P,
Precambrian basement. In (a) and (b), the black vertical line rep-
resents the location of the injection well with the screened inter-
val in bold. In (c), the dashed and dotted black lines represent the
paths of two wells into the Point Pleasant (not labeled). The stars
indicate fracture stages that were temporally correlated with seis-
micity. The shaded scales are the same as in Figure 5.

deeper but still in the upper Precambrian. These two depth
ranges are similar to the nearby Poland Township and Youngs-
town induced sequences (Fig. 6) (Skoumal, Brudzinski, Currie,
et al., 2014, 2015).

DISCUSSION

The likelihood of inducing slip along a pre-existing fault is
greater if the injection well or hydraulic fracturing stimulation
is near a critically stressed fault, that is, optimally oriented to the
regional stress field. The focal mechanism and azimuthal trend
of the distal cluster of seismicity in the Trumbull sequence out-
lined a potentially different fault orientation (~020°) than
nearby induced sequences of Youngstown (078°% Skoumal,
Brudzinski, Currie, ez a/., 2014), Poland Township (083°; Skou-
mal ¢f al, 2015), and Harrison County (092°% Friberg er 4l.,
2014) (Fig. 1). However, the northeast—southwest orientations
of the regional Sf7 . in eastern Ohio determined by Hurd and
Zoback (2012) suggests that these two fault orientations (~020°
and ~080°) are both ~30° from S ., and hence are optimal
orientations for reactivation. Although the proximal cluster of
Trumbull seismicity is only a handful of events, it may represent
an ~080° basement fault or fracture trend extending from the
well toward the distal cluster. If so, all four Ohio cases would

Volume 86, Number 5 September/October 2015
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A Figure 7. Fault-plane solution and selected first arrival waveforms for the 31 August 2014 M, 2.1 earthquake. Triangles on the focal
sphere show station polarity data for compressional (black) and dilatational (white) first motions. Seismograms are filtered but not in-
terpolated, showing 0.25 before and after the picked P-wave arrival time at each station.

represent ~500-800 m segments of strike-slip faults located
within 1 km from the operations in map view. The slip appears
to be located in the upper Precambrian basement in each case,
such that there may be a network of faults or fractures in the
shallow basement in eastern Ohio that are susceptible to being
induced by human activities. A detailed study of the large num-
ber of injection wells and hydraulic fracturing stimulations that
have not induced any detected seismicity could provide addi-
tional insight into the pervasiveness or scarcity of susceptible
structures.

We recently proposed that induced earthquakes in Ohio
could be identified using a checklist of possible indicators
(Brudzinski ez al., 2014): a close spatial correlation (< 10 km)
between anthropogenic activities and observed seismicity, a
close temporal correlation (< 1-2 years) between activities and
observed scismicity, a repetitive swarm of seismicity, a low
b-value or nonpower-law FMD, and the seismicity occurs in
a region with no previously documented earthquakes. All of
these criteria appear to be met in the Trumbull case, but we
can further determine whether both the shallow and deep wells
(AMWS-1 and AMWS-2) are responsible. Once the injection
operations at both the shallow and deep Trumbull wells were
halted, the seismicity rate quickly decreased. Following the
resumed operations of the shallow well (AWMS-1), we find
a lack of small earthquakes (M <0) in the weeks after using

the local data and an absence of any larger earthquakes
(M1 >0) in the months after using the regional data. Com-
bining this finding with the relatively small amount of water
injected into AWMS-1 and the large spatial distance between
AWMS-1 and the Precambrian basement, we do not believe
AWMS-1 has influenced slip along the fault. It appears that
the sequence is solely a result of injection into the deep well
(AWMS-2).

When the conditions are suitable for inducing earth-
quakes, a number of studies have suggested the number and
size of earthquakes are related to the volume of fluids injected
(e.g» McGarr, 2014; Holtkamp ez 4l, 2015). This study sup-
ports those relationships in that the seismicity rate tends to
increase with increasing cumulative injected volumes (Fig. 3).
In fact, the increasing rate of very small (M <0) seismicity
was a potentially diagnostic feature that the sequence was in-
duced. However, the decrease in injected volumes beginning in
late July, while pressures remained relatively high, indicates the
absence of a simple relationship between injected volumes and
number of earthquakes. Figure 8 illustrates how the weekly
seismicity rate correlates better with the weekly average well
pressures than with the weekly average injected volumes. The
trends are not linear, so we calculated a Spearman’s rank cor-
relation and found the correlation coefficient is 62% between
pressure and earthquakes and —22% between volume and
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A Figure 8. Comparison between seismicity rates and average
weekly (a) pressures and (b) volumes injected for each week dur-
ing the local data availability. The trend lines are median values in
eight evenly spaced bins.

earthquakes. The ~10% standard error indicates that correla-
tion between pressure and earthquakes is much more sta-
tistically significant. The larger seismicity rates and majority of
the carthquakes occur when the weekly average surface injec-
tion pressures are above 9.3 MPa (1350 psi). There appears to
be a several-day lag between changes in well pressure and cor-
responding changes in seismicity rate (Fig. 3), which is similar
to observations made in the Youngstown case (Holtkamp ez 4L,
2015) and implies a relatively fast communication between in-
jection and seismic response.

Ellsworth (2013) identified two mechanisms for inducing
carthquakes from wastewater injection: by (1) directly increas-
ing the pore pressure along a fault or (2) changing the loading
conditions above a fault. The pore-fluid pressure mechanism
would require a high-permeability pathway between the well
and the fault. The fluids are expected to migrate via diffusion
and could progressively lower effective normal stress that pro-
motes fault slip. The diffusion of the water would be expected
to create a pore-pressure triggering front and back front when
the high fluid pressure reaches and leaves the fault, respectively.
Between the relatively slow-moving triggering fronts, shorter
time-scale variations in fluid pressures could also induce fluid
pressure waves that more rapidly transmit dynamic changes in
pore-fluid pressure along the fault.

Inducing a fault to slip through loading conditions could
be possible in wells that have injected large volumes of water
above a fault over long time frames, like the Prague case in
Oklahoma (Keranen ez al., 2013; Sumy ez al., 2014). In this
mechanism, the fluid pressure waves would not have to reach
the fault. Rather, the volume and/or mass change of injected
fluids above a fault would alter the shear and normal stresses,
promoting slip. For the Trumbull and Youngstown sequences,
the close temporal correlation between injection operations
and seismicity are indications that fluid pressure changes are
changing the effective normal stresses directly on the fault.
However, the Trumbull sequence highlights three new obser-
vations from a wastewater injection case that also appear to be
related: lack of aftershock productivity, narrow magnitude
range, and nonpower-law FMD. Each of these observations
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is predicted by numerical simulations of a seismogenic zone
governed by a viscoelastic damage rheology when the viscosity
in the fault zone is reduced (Ben-Zion and Lyakhovsky, 2006).
Such a reduction in viscosity is expected if deep wastewater
injection increases fluid pressures in the fault zone to the point
that the fault zone begins to dilate.

The formation of new fractures from hydraulic fracturing
is expected to produce microseismicity with A} <1 and a
b-value of ~2 (Maxwell et al, 2009; Wessels et al., 2011;
Warpinski ez al., 2012). Although rare, inducing a pre-existing
fault to slip from hydraulic fracturing has been documented to
produce seismicity with b-values <1 and magnitudes up to
M 4.2, as seen in the Septimus basin in British Columbia
(e.g. British Columbia Oil and Gas Commission (BCOGC),
2014; Skoumal ¢z al., 2015). Two mechanisms are suggested for
inducing earthquakes by hydraulic fracturing: (1) changes in
viscoelastic stress transmitted primarily through rock and
(2) changes in pore pressure transmitted through pore space.
Tomographic imaging near wells undergoing hydraulic fractur-
ing suggest pre-existing faults can be activated by viscoelastic
stressing as much as 1 km horizontally and vertically from the
borehole (Lacazette and Geiser, 2013). Those distances are
harder to explain with fluid pressures considering the rapid
onset and halt of seismicity with individual stages on the order
of minutes in some cases. Moreover, the volumes injected and
the duration of injection are both considerably smaller than for
disposal wells. Using the Trumbull sequence as a guide, fluid
pressure changes could result in lack of aftershock productivity,
narrow magnitude range, and nonpower-law FMD; however,
these patterns are generally absent in the Poland Township and
Harrison County cases, so we propose those cases are due to
viscoelastic stressing.

Regardless of the specific mechanism for inducing seismic-
ity, a number of cases of seismicity induced by fluid injection
have been examined to investigate whether adjusting opera-
tions can reduce the degree to which seismicity is induced
(NAS, 2012). The NAS report suggests that seismicity can be
reduced by lowering injection volumes and pressures. Consid-
ering the majority of seismicity occurred in our study region
once weekly average pressures were above 9.3 MPa despite
reductions in injected volumes, we suggest that keeping the
sustained pressures below this level, perhaps via a lower maxi-
mum pressure, would be a key criterion for reducing seismicity
if injection is resumed at the deep AMWS-2 well. We also
hope this study demonstrates the utility of template matching
for detection and evaluation of microseismicity (M <1),
which could then be used to adjust injection operations to help
ensure seismicity remains below regulatory limits.

CONCLUSIONS

Multistation cross-correlation template matching is a valuable
tool to monitor for induced seismicity, in addition to providing
a more refined analysis of past seismic sequences. Utilizing both
regional and local networks, 108 earthquakes were identified
<500 m from a pair of injection wells in southern Trumbull
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County, Ohio, between 3 July and 30 September 2014. These
events ranged in size from M| — 1.4 to 2.1, but there is a re-
markable separation between the two largest events and the
rest, leading to anonpower-law FMD. We also observed swarm
behavior with low aftershock productivity for a continental
interior. Each of these observations is consistent with recent
numerical simulations when the viscosity in the fault zone
is reduced by fluid injection. We suggest these could be diag-
nostic features that seismicity is being induced by injected fluid
changing the pore-fluid pressures in the fault zone. The seis-
micity outlined a fault located in the uppermost Precambrian
basement with an overall east-northeast trend similar to the
orientation of other nearby induced sequences. However, the
focal mechanism of the largest event and trend of the events
cluster further from the well follow a northeast-north orienta-
tion. Both fault orientations are optimally oriented within the
regional stress field. The operations at both wells were sus-
pended by the ODNR on 3 September 2014. The lack of
carthquakes after injection resumed at the shallower well
(AWMS-1) and lack of earthquakes near this well during car-
lier injection indicates this well was not related to the seismicity
and supports ODNR'’s decision to resume injection operations
at this well. The deeper well (AWMS-2) is very likely related to
the earthquakes based on strong spatial and temporal correla-
tions between injection and seismicity. Although seismicity
rates generally grew with larger cumulative-injected volumes,
weekly seismicity rates were better correlated with wecekly
average well pressures. Seismicity primarily occurred when
sustained pressures at AWMS-2 approached the maximum al-
lowed, suggesting future deep injection at reduced pressures is a
strategy that could preserve the current low seismicity
rate. However, we advocate employing a multistation cross-
correlation template matching approach in real time to mon-
itor whether activity of microseismicity (M| <1) remains at

low levels. B4
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