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Understanding the causes of human-induced earthquakes is
paramount to reducing societal risk. We investigated five cases
of seismicity associated with hydraulic fracturing (HF) in Ohio since
2013 that, because of their isolation from other injection activities,
provide an ideal setting for studying the relations between high-
pressure injection and earthquakes. Our analysis revealed two
distinct groups: (i) deeper earthquakes in the Precambrian base-
ment, with larger magnitudes (M > 2), b-values < 1, and many
post–shut-in earthquakes, versus (ii) shallower earthquakes in Pa-
leozoic rocks ∼400 m below HF, with smaller magnitudes (M < 1),
b-values > 1.5, and few post–shut-in earthquakes. Based on geo-
logic history, laboratory experiments, and fault modeling, we in-
terpret the deep seismicity as slip on more mature faults in older
crystalline rocks and the shallow seismicity as slip on immature
faults in younger sedimentary rocks. This suggests that HF induc-
ing deeper seismicity may pose higher seismic hazards. Wells in-
ducing deeper seismicity produced more water than wells with
shallow seismicity, indicating more extensive hydrologic connec-
tions outside the target formation, consistent with pore pressure
diffusion influencing seismicity. However, for both groups, the
2 to 3 h between onset of HF and seismicity is too short for typical
fluid pressure diffusion rates across distances of ∼1 km and argues
for poroelastic stress transfer also having a primary influence
on seismicity.

induced seismicity | hydraulic fracturing | frequency-magnitude
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As the development of unconventional oil and gas resources
has become more commonplace, the potential for seismicity

induced by wastewater disposal (WD) and hydraulic fracturing
(HF) has become an increasingly important issue (1). Recent
studies have shown that the extraordinary increase in the number
of earthquakes with magnitude (M) ≥ 3 in the central and
eastern United States over the past decade is largely a result of
large increases in the amount of wastewater disposal (2–4).
Based on these studies, there is a growing tendency to consider
WD operations as the primary concern in the assessment of
induced-seismicity hazards (5, 6). Moreover, these findings have
been taken as evidence for the physical model where fluid in-
jection increases pore fluid pressure, lowering the effective stress
on faults and promoting seismic slip. However, a growing num-
ber of studies have found evidence that HF alone is also re-
sponsible for M ≥ 3 seismicity (7–9) although a given HF well has
shown lower prevalence of inducing M ≥ 3 seismicity than a WD
well (10, 11). While it is plausible that the rapid changes in pore
fluid pressure are inducing slip on adjacent faults (12), it is un-
clear whether appropriate permeability structures exist for rapid
transmission of pore fluid pressures (9). Some recent research
suggests that poroelastic stress could have a larger influence on
seismicity than pore fluid perturbations in cases of both WD and
HF (13–16), but others contend that poroelastic stress dissipates
too quickly from the injection interval (17). However, these
studies seeking to discern between these mechanisms are either
strictly theoretical or target only a single observed sequence.

In this study, we focused on the easternmost part of Ohio,
Harrison County, where HF began to target the unconventional
Utica/Point Pleasant tight shale formations in 2012. This area
had essentially no documented seismicity before 2010 (Fig. 1)
but has since had over a dozen cases of induced seismicity. The
first large sequence occurred in 2011, when WD induced hun-
dreds of events M > 1 up to a maximum observed magnitude
(MMAX) 4.0 in Youngstown (18, 19). Since then, seismicity as-
sociated with WD has also been observed in Trumbull County
(MMAX 2.1) (20) and Washington Counties (MMAX 3.1) (10)
whereas seismicity associated with HF has occurred in Poland
Township (MMAX 3.0) (9), Belmont and Guernsey Counties
(MMAX 2.6) (10), and Harrison County (MMAX 2.6) (21, 22).
The seismicity associated with HF has been most frequent in
Harrison County, where it was first recorded in October 2013.
The relatively slow rate of well drilling and HF stimulation
relative to other shale plays, as well as the lack of nearby WD
wells, makes this area an ideal setting for isolating the rela-
tionships between high pressure injection and induced seis-
micity. To detect and locate additional seismic events induced
by ongoing HF in the area, the Division of Oil and Gas
Resources Management at the Ohio Department of Natural
Resources (ODNR) deployed four portable short-period three-
component seismometers in Harrison County by November
2013. By the end of 2015, another four major sequences of
seismicity were detected using the repeating signal detector
(RSD) algorithm (22). The preliminary hypocenters de-
termined in that study suggested that the seismicity occurred
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beneath or near the wells that were active at the same time, but
a detailed relative location study has not yet been performed.
Of particular interest is whether the different wells are stimu-
lating seismicity on a larger fault that extends across the entire
region or whether the seismicity occurs on separate smaller
faults. Distinguishing between these scenarios is necessary to
estimate the maximum magnitude potential and resulting haz-
ard these events pose, and our study is specifically designed to
provide the detailed location analysis for this purpose.
Another key component for evaluating the hazard associated

with induced seismicity is to determine the frequency-magnitude
distribution (FMD). The FMD for a given earthquake’s pop-
ulation describes the rate of earthquakes across all observed
magnitudes, which is critical for estimating the likelihood of
larger and potentially damaging earthquakes from an initial set
of smaller events (23). The Gutenberg and Richter (24) relation
(G–R) defines FMD as log10N(M) = a − bM, where N is the
cumulative number of earthquakes of magnitude ≥M, and a and
b (the so-called b-value) denote constants characterizing an
earthquake population’s specifics. As in many self-similar dis-
tributions in nature, there is evidence for a long-term constant
and universal b-value of 1 (25–27). However, deviations from this
value are thought to represent a wide range of physical phe-
nomena (28, 29). However, the ultimate importance of charac-
terizing b-values is that it is necessary to forecast the likelihood
of larger events. For example, lower b-values indicate more larger
events relative to a typical population and hence a larger hazard.
Finally, the depth of fluid injection operations has been suggested

to influence the hazard from induced seismicity (30–32). Based on
the observational correlations and geomechanical and hydrologic
modeling in these studies, the likelihood of induced seismicity is
higher the closer the WD or HF operations are to the Precambrian
crystalline basement rocks. The suggested reasoning is that the

faults in these older rocks are more capable of producing seismicity
of sufficient magnitudes to be detected (M > 2) and potentially
hazardous [modified Mercalli intensity scale (MMI) ≥ V].
In this study, we performed a detailed investigation of the

largest seismic sequences associated with HF in Harrison County,
Ohio, from 2013 to 2015. To better understand the causes of this
seismicity, we utilized improved estimation of event detection,
hypocentral locations, frequency-magnitude distributions, and
focal mechanism determinations in conjunction with detailed
operational and production information. We found that the
seismicity induced by HF falls into two groups that reveal im-
portant differences in fault maturity with depth. These differ-
ences influence the seismic productivity both during and after
HF, which indicates that wells inducing deeper events pose sig-
nificantly larger hazards. Moreover, the eventual water and hy-
drocarbon production of these wells is correlated with the type of
seismicity they produce, providing clues about the extent of
stimulation. Finally, the temporal–spatial relationship between
HF and seismicity requires triggering mechanisms faster than
pore fluid pressure diffusion.

Results
Spatial Patterns of Seismicity. Fig. 2 shows our relocated epicen-
ters colored according to the associated HF well. The epicenters
outline several east–west-oriented trends, similar to that seen in
other cases of induced seismicity in Ohio (10). The maximum
horizontal stress (SHmax) is oriented northeast–southwest in
eastern Ohio (33, 34), as demonstrated by well lateral trajecto-
ries oriented perpendicular to SHmax to facilitate fracture open-
ing (Fig. 2). The apparent east–west fault orientations from
seismicity are ∼30° from SHmax and optimally oriented for shear
slip reactivation. The lengths of the bands of seismicity appear to
be ∼1 km or less as the refined relative locations provide evi-
dence that seismicity is not occurring on a single through-going
fault. However, there appear to be two cases (Ryser–Davidson
and Tarbert–Hamilton) when HF ∼1 y later induced seismicity
on the same fault activated earlier. Fault lengths limited to 1 km
are similar to all previous induced seismicity in Ohio, but this
represents the imaging of a multitraced network of faults being
induced by multiple HF well pads in the United States.

Fig. 1. Map of southwestern Harrison County, Ohio, showing the results from
RSD processing (22). Lines show locations of unconventional well head and
toe, colored by time of HF, restricted to the time range of the RSD analysis.
Triangles show seismic stations used in this study. Symbols are also colored by
time and show locations of the strongest events from major (>750 events,
circles) and minor (<750 events, diamonds) earthquake sequences determined
by Skoumal et al. (22). Squares mark well heads where stimulation occurred
before the local network was installed, but HF correlates temporally with
seismic activity and S-wave minus P-wave (S − P) times recorded by O53A are
consistent with earthquakes occurring near these wells. (Inset) Map of Ohio
showing earthquakes before 2010 (red), HF wells (yellow), and induced seis-
micity (blue) (20, 30). Square marks location of larger map.

Fig. 2. Map showing five major sequences in Harrison County from 2013 to
2015 analyzed in this study. Curved lines indicate horizontal well drill paths.
Stimulation stages (squares) and double-difference relocated seismicity
(circles) are shaded using a time scale since the start of HF, with a different
color for each well pad. Circle diameter shows mean horizontal location
uncertainty. Nearest seismic station is shown as a triangle.
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Another key feature is that seismicity tends to occur within or
very near the footprint of the well pad to which the seismicity is
temporally correlated (Fig. 2). The footprint size is based on the
extent of varying numbers of horizontal well laterals (1H to 10H).

Fig. 3 shows the calculated 3D separations between seismicity and
the most recent HF stages (squares, Fig. 2). These values vary from
140 to 1,220 m, similar to the Poland Township case, where only
certain stages within 800 m of the fault induced seismicity (9).

Fig. 3. Temporal distribution of seismicity detected using RSD, showing magnitudes of seismic events (black) together with HF stages labeled with individual
well names (bottom blue bars), shown for all studied wells (A–D). Top colored circles show 3D distance from each located earthquake to nearest HF stage that
occurred before the earthquake. Well locations and colors correspond to those in Fig. 2.
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Cross-sections through the double difference relocations
revealed a key finding that seismicity is separated into two dif-
ferent depths (Fig. 4). The previous work in Youngstown, Poland
Township, and Trumbull County (19, 9, 20), as well as work on
the Ryser pad seismicity in Harrison County (21), found that
induced seismicity occurred in the crystalline Precambrian rocks
of the uppermost basement. Our analysis found that nearly all of
the locatable Ryser and Hamilton pad seismicity occurred in the
uppermost basement (Fig. 4), consistent with the earlier findings.
The basement depth is well-determined in Ohio based on an
integrated study of multiple data sources (35). We also found
that over half of the Davidson seismicity occurred in the up-
permost basement, very near the Ryser seismicity (Fig. 4).
However, the remaining Davidson seismicity occurred signifi-
cantly above the basement, closer to but still below the target
Utica–Point Pleasant formations. Seismicity associated with the
Vozar well pad also occurred at shallower depths. Nearly all of
the Tarbert seismicity was also at similar shallow depths, except
for the two notably larger (M ∼ 2) events. Utilizing the clue that
the two larger Tarbert events occurred deeper than the other
Tarbert events, we also noted that the deeper seismicity associ-
ated with the Ryser and Hamilton pads included more large
events than the shallower seismicity associated with the David-
son and Vozar pads.

Temporal Patterns of Seismicity. Fig. 3 shows the timing of HF
stages for the five multiple-lateral well pads associated with the
largest seismic sequences. The onset of seismicity was well cor-
related with the onset of HF at these wells. Not all well pads have
detailed (minute precision), publically available stimulation re-
ports, but there are two well pads with this level of detail and no
other well pads with HF in close proximity in the days before the
onset of HF. For the Ryser well pad, there were only 120 min
from the initiation of HF to the onset of seismicity, and for the
Davidson well pad the time offset was 171 min. For comparison,
the Poland Township case a few counties away only had seis-
micity during a subset of stages (9), but it appears the time offset
was 109 min based on the correlation between HF and seismicity.
In general, seismicity was well-correlated with the onset of HF

for all well pads, and there were distinct bursts of seismicity that
correlated with individual stages of HF (Fig. 3). However, the
seismicity only halted at shut-in for the Tarbert and Vozar well
pads. Seismicity continued in the same general locations for over
a month after the Ryser and Hamilton pads shut-in although the

operations at the nearby Pettay pad following the Hamilton pad
created some level of uncertainty in that case. This seismicity
that continues after shut-in occurred at lower seismicity rates
than during HF and decayed over time (Supporting Information),
but the magnitude ranges were similar to that during HF. For
this reason, we believe that there is a distinctly different pattern
of seismicity following the Tarbert and Vozar HF and the lack of
seismicity after shut-in of those well pads was not due to lack of
detection. It is important to note that the occurrence of seis-
micity did not influence the HF operations except for Hamilton,
where communication between the operator and regulator
resulted in stimulation being halted on well laterals 6H and 8H
(Fig. 2) for over 2 wk following the strongest earthquake and the
injection pressures and volumes were decreased afterward.

Frequency-Magnitude Distribution. To better understand the mag-
nitude differences between the two depth groups, we estimated
FMDs for each sequence and compared them with typical G–R
relations (Table S1). The FMDs differed for the two separate
depth zones: the deeper sequences associated with the Hamilton
and Ryser wells had overall low b-values (0.72 and 0.76) and the
shallower sequences from the Tarbert and Vozar wells had high
values (1.54 and 1.91). The Davidson well sequence, which con-
sisted of two clusters differing in depths, showed a b-value (1.3) in
between that of the two clusters. Similar large variation of b-values
were reported for different cases of HF-induced seismicity, typ-
ically ranging from 0.8 to 1.0 for out-of-zone seismicity that
reaches larger magnitudes (21, 9) to 2.0 for smaller near-target
microseismic events (36–38). Comparing b-values between
different studies can be difficult as authors often use different
types of magnitudes and different techniques for magnitude of
completeness (Mc) estimation, both influencing the b-value.
Since our study area was relatively small and we detected all
events using the same station and the same approach, it is le-
gitimate to compare the obtained b-values and to associate
their variation with geological or operational factors.
To look for any temporal changes of b-value like those seen in

the study of WD in Youngstown (19), Fig. 5 separates the cat-
alogs into an early, late, and post-HF phases (if it existed). For
all sequences except Tarbert, the b-value was highest in the early
phase. For the deeper Ryser and Hamilton seismicity, the
b-value was slightly higher (∼0.9) initially, but decreased during
stimulation to values (∼0.7) that are similar to those of seismicity
induced by WD in Ohio (10, 19, 20). Authors analyzing b-value

Fig. 4. Cross-sections taken (A) east–west and (B) north–south through the relocated seismicity shown in Fig. 2. Colors correspond to those in Fig. 2. Circle
diameter shows mean vertical location uncertainty in our study. Curved lines are well lateral drill paths. Dashed line marks the top of the Precambrian
basement rocks (35).

Kozłowska et al. PNAS | Published online February 5, 2018 | E1723

EA
RT

H
,A

TM
O
SP

H
ER

IC
,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S
PN

A
S
PL

U
S

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

M
ay

 2
2,

 2
02

0 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715284115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1715284115/-/DCSupplemental


variations in areas where underground fluid injection is per-
formed associate changes in the parameter with changes of
pressure gradient (29, 39). While most wells showed a gradual
decrease over time, the Davidson case showed a larger change
that corresponds to a change in depth. The early phase had
shallower seismicity and high b-values (1.65) while the late phase
had deeper seismicity and lower b-values (1.12). Closer exami-

nation of the Tarbert exception reveals that the late phase FMD
did not follow a log–log power law relationship due to a few
much larger events (Figs. 3 and 5). The late phase for Vozar
showed this pattern to a lesser degree, and a similar trend was
observed for the Trumbull and Youngstown WD wells (20).
The FMDs of several phases of seismicity appeared to be

truncated with a curvature that produces fewer larger events
relative to what is expected for a linear G–R (power law) FMD
similar to that of Huang and Beroza (40). For each phase of
seismicity, we used an F-ratio test to determine the confidence
level associated with improved fit of a truncated form of the G–R
curve (41, 42) over the linear G–R, taking into account the extra
degree of freedom. For later phases of Tarbert and Vozar,
FMDs did not follow a linear G–R or truncated G–R, but they
appear to be similar to a nonlinear trend observed for the
Trumbull and Youngstown WD wells (10). For Davidson Late
and Hamilton Post, the linear G–R fit was better than the
truncated G–R. For Vozar Early, truncated G–R was a better fit
at 98% confidence. For all other cases, truncated G–R was a
superior fit at >99.999% confidence.

Focal Mechanism and Waveforms Similarity Analysis. Due to limited
number of local stations, we were only able to calculate a focal
mechanism for the two strongest (M > 2.5) events from Ryser
and Hamilton sequences that were well-recorded on regional
stations; their focal mechanisms are presented in Friberg et al.
(21) and Fig. S2, respectively. Both focal mechanisms are similar
and consistent with those determined for strongest events in
Youngstown (18) and Poland Township (9), showing similar
east–west faults orientation as the hypocentral distribution. All
mentioned events were located within the Precambrian base-
ment, suggesting that a fault network with parallel traces that is
optimally oriented exists across eastern Ohio.
Unfortunately, none of the shallower earthquakes were large

enough to determine a focal mechanism. Their proximity to the
target formation and high b-values might suggest they occurred
via a similar process to that of operationally induced microseis-
micity, which is thought to represent creation of new, or opening
of preexisting, fractures and hence have a non–double-couple
focal mechanism representing their tensile character (43). How-
ever, the detection tool used to create the events we analyzed was
based on high waveform similarity, which should retrieve events
with similar focal mechanisms. Visual comparison of first-motion
polarities for deep and shallow events confirmed the similarity
(Fig. S3). HF-generated fracture orientations are usually differ-
ent from preexisting fault orientations (44). Moreover, Wolhart
et al. (44) illustrates how typical shale fracturing events occur at
M < −2 and that larger events represent reactivation of slip on
preexisting faults outside the target formation. Together, these
findings suggest that the shallow seismicity that we observed
represents on-fault slip rather than a fracturing process and that
both Precambrian and Paleozoic faults experience a common
faulting regime.

Operational Data from HF Wells. To look for any patterns in in-
jection parameters that correlate with the depth and b-value
patterns we observed, we used individual stage values listed in
stimulation reports to calculate mean (Table S2) and maximum
(Table S3) injection pressures and volumes. We also examined
values from three neighboring well pads (Pettay, Gustina, and
Puskarich) (Fig. 1) with HF in our study period but with only
very weak seismicity (22). The injection parameters did not
correlate with the depth and FMD patterns we observed. Ryser
and Hamilton had slightly higher breakdown pressures than
Vozar and Tarbert (Tables S2 and S3), but these variations are
similar to that observed at wells with only weak seismicity, in-
dicating no clear relationship between injection parameters
and seismicity.

Fig. 5. Frequency-magnitude distributions of five detected seismic se-
quences, divided into HF phases (A–L). N/Ntot is the number of events at or
above a given magnitude divided by the total number of events. Colors
follow color scale in Fig. 2. The black circles are below the estimated Mc. b-
values were calculated using maximum-likelihood estimate, and uncer-
tainties were estimated using bootstrap resampling. The black line repre-
sents maximum-likelihood G–R fit, and red curves represent truncated G–R
fit. Please note that Tarber and Vozar Late Frac seismicity (B and D) do not
obey log–log power law distribution.
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We also analyzed water and gas production data reported to
ODNR quarterly for the five wells with seismicity to look for
other clues about what led to the two groups of seismicity (Fig.
6). For comparison, we again included data from wells with little
seismic activity: Pettay, Puskarich, and Gustina. The wells with
deep seismicity (blue, green, and yellow curves in Fig. 6) showed
higher values of water production over the first few quarters than
the wells with shallow (purple and red) or no seismicity (dashed
gray). Water production typically fell off over time (Fig. 6A), but
the Ryser well lateral closest to the Davidson wells (3H) saw an
unexpected increase during HF of the Davidson wells (green
lines). This is one of the few times when seismicity during HF of
one well pad aligned with seismicity during HF of a later well pad
(Fig. 2). The other time seismicity appeared to align was for the
Tarbert and Hamilton wells, and a similar increase in water
production occurred for the nearest Tarbert well lateral (5H)
during HF of the Hamilton wells (e.g., 8H and 2H). Water
production is often correlated with gas production, but the wells
with deep seismicity did not have larger gas production (Fig. S4)
so it cannot explain the patterns. For example, the Ryser well
had one of the largest initial gas production values, but it was
similar to two wells with weak seismicity. However, if we plot the
gas production aligned on the start time with values normalized
(Fig. 6B), wells with deep seismicity have production values that
fall off faster (lower normalized values at later times, particularly

after 1 y) than the wells with shallow or no seismicity. We hy-
pothesize that the fracturing and propping process appears to be
less effective for wells that induce deep seismicity due to more
extensive hydrologic connections outside the target reservoir.

Discussion
Our observations indicate that there is a network of preexisting,
critically stressed faults in this area before HF, primarily based
on the rapid onset of optimally oriented seismicity once HF
begins. The relocated seismicity indicates that preexisting faults
occur both in the Precambrian and the Paleozoic section. We
hypothesize that both the Paleozoic and Precambrian seismicity
occur on left-lateral strike-slip faults that are optimally oriented
relative to SHmax. While the hypocenters do not illustrate a full
connection between the two depth zones, we hypothesize a
connection via linked, high-angle fault systems that originate in
the master fault in the crystalline basement and extend upward
through or near to the target Utica–Point Pleasant reservoir
interval. Strike-slip systems experiencing convergence, as ap-
pears to be the case based on focal mechanisms and proximity to
the Appalachian orogenic belt, are expected to develop a posi-
tive flower structure (45). Evidence for this geometry was re-
cently found ∼100 km south in Washington County through
combined analysis of seismicity and mapping the subsurface
structure in a case of WD-induced seismicity (46).
Fig. 7 shows seismic rupture areas as circles synthetically

computed from the average FMDs for the Paleozoic and Pre-
cambrian seismicity groups to visually illustrate the differences in
b-value and maximum magnitudes. The high b-value of the
shallow seismicity (1.75) results from so many small events that
the fault patch appears to be full of similar sized seismicity
whereas the low b-value of the deep seismicity (0.75) is caused by

Fig. 6. Quarterly production data from five wells with seismicity we ana-
lyzed (colored lines). Gray lines show data from three other well pads with
HF during our study with only weak seismicity. (A) Water production. (B)
Natural gas production aligned on the first production quarter, normalized
to the largest value. Error bars show the SD for all 269 wells in Harrison
County.

Fig. 7. Schematic cross-section illustrating differences between the shallow
seismicity in the Paleozoic sedimentary rocks and the deep seismicity in the
Precambrian basement rocks. Circles show seismic rupture areas synthetically
computed from the average FMDs, utilizing a magnitude to circular slip area
approximation (81), but with a low stress drop [0.1 MPa (megapascals)] to
produce visible circle sizes. Circle locations are randomly assigned in a square
area in the depth range observed. The minimum size plotted (M > −1) is
from our average Mc. Strata are colored by predominant rock type, with
depths estimated from the closest deep well logs. Curved lines show example
well paths.
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more magnitude variability and larger events visually dominate
the fault patch. Efforts to understand high b-values of opera-
tionally induced microseismicity recently led to the idea that
mechanical bed thickness in the target formation limits the
length of fractures (47, 48). However, waveform and first motion
similarity between Paleozoic and Precambrian seismicity indi-
cates that the high b-values of our Paleozoic seismicity are not
associated with the fracturing process (Fig. S3). Moreover, this
seismicity occurs ∼400 m below the target formation, straddling
several different types of strata (Figs. 4 and 7), with magnitudes
larger than any operationally induced microseismicity (49).
We interpret that the difference in b-values for shallow versus

deep seismicity is due to differences in fault maturity based on
the different age of the rocks that host the faults (∼450 My for
Paleozoic; ∼1 Gy for Precambrian). Recent laboratory stick-slip
experiments revealed that the acoustic emission events produced
on rough, fractured surfaces have much higher b-value (1.2) than
those on smooth, polished surfaces (0.7) (50). These results
suggest that more mature faults develop smoother surfaces with
broader spatial areas of homogeneous stress that promote larger
ruptures, leading to lower b-values, whereas younger faults are
associated with rougher surfaces and stress field heterogeneities
that have narrower spatial extent, leading to smaller rupture
sizes and higher b-values. Studies have also found that the size of
seismic asperities increases with increasing fault maturity (51), as
more slip on more mature faults appears to reduce the fault
roughness (52). Laboratory studies suggest that increasing strain
localization is an important part of this process (53). Depth
dependence of b-values was also observed for seismicity in
California (54), where the changes were attributed to greater
heterogeneity of shallow formations and smaller lithostatic stress
in comparison with deeper formations. However, that study an-
alyzed a much greater depth range (15 km) than the one in this
study (1.5 km), such that stress variations are unlikely to be re-
sponsible for the vastly different b-values in our study. We cannot
rule out that material property changes between the crystalline
basement and sedimentary rocks are contributing to the differ-
ences in seismicity, but we find no studies proposing or doc-
umenting different b-values due to material properties. The
maturity difference hypothesis is also justified from a geological
point of view.
Subsurface mapping of Paleozoic stratigraphic units in con-

junction with limited seismic reflection data indicate that
basement-involved faults in eastern Ohio have experienced
multiple periods of deformation throughout the Paleozoic. In
Harrison County, both NW–SE and E–W trending fault zones
display Cambrian-aged extensional deformation, followed by
Pennsylvanian–Permian transpressional reactivation (55). Throughout
southeastern Ohio, similar faults are associated with variable
thickness trends in Cambrian, Silurian, Devonian, and Pennsyl-
vanian strata, suggesting that multiple episodes of reactivation
throughout the Paleozoic developed along zones of weakness in
the Precambrian crystalline basement (55–59). Given this his-
tory, associated fault zones would be significantly more mature
lower in the stratigraphic section, with the highest degree of
maturity in the Precambrian crystalline basement. It is also im-
portant to note that these faults are observed extending from the
Precambrian basement into the overlying Paleozoic section,
commonly tipping out in Upper Ordovician–Devonian strata (55,
57–59). As such, these faults and associated fracture zones may
provide permeability pathways from hydraulic-fracturing tar-
gets in the Ordovician Utica–Point Pleasant reservoir into the
Lower Paleozoic sedimentary strata and underlying Precambrian
crystalline basement.
The seismicity we detected occurred rapidly after the onset of

HF (120–171 min). While we don’t know the exact location of
the first seismic event in the Ryser, since the local network was
installed several weeks later, the O53A waveform similarity in-

dicates that it occurred in the same group as those located with
the network. Based on this, there is ∼1,200 m between the first
stage at the Ryser well and the first earthquake. We can be more
precise for Davidson, where the first stage is separated by 820 m
from the first earthquake. For a saturated homogeneous me-
dium, these values correspond to hydraulic diffusivities of 18 m2/s
and 5.2 m2/s, respectively, which are more than an order of
magnitude larger than other estimates of diffusion-triggered
seismicity in shallow fault zones and induced seismicity (60,
61). This observation is more consistent with recent research that
has suggested that poroelastic stress could have a larger influ-
ence on seismicity than pore fluid pressure changes in cases of
both WD and HF (13–15). In particular, Deng et al. (14), dis-
cussing a case of HF in Canada, found that the effect of
poroelastic stress transfer was large enough to induce seismicity
even at distances >1 km from a single well. In our case, this
mechanism appears to play a role throughout HF as many dif-
ferent stages along the horizontal well that extend over a kilo-
meter continue to trigger seismicity on the same fault. This
would be difficult to achieve with pore fluid pressure changes
alone as each spatially separated stage would need to create fluid
pathways that connect to the same fault. Moreover, we do not
see an increasing trend in distance from the stage to the seis-
micity over time (Fig. 3) that would otherwise be expected if pore
pressure diffusion were the sole cause. In addition, the strong
temporal variations in injection associated with HF are more
likely to cause poroelastic stress changes (13, 16).
While Deng et al. (14) argued that poroelastic stresses are the

dominant factor responsible for a sequence of earthquakes M ≥
2 during HF, most studies have argued that pore fluid pressure
changes are the dominant factor inducing seismic events in cases
of HF (39, 62, 63), and our study finds evidence for this process
as well. Foremost, water production increases in neighboring
wells when induced seismicity occurs (Fig. 6A) while we do not
observe a similar jump in gas production (Fig. S4). If poroelastic
stress was increasing pressure near the well, it should increase
both water and gas production. Instead, the increased water
production indicates more hydraulic conductivity that should
enable pore fluid pressure changes outside the shale target.
Likewise, the decrease in b-values over the course of HF for
wells that induced deep seismicity (Fig. 5 G, H, J, and K) suggest
that pore fluid pressures may increase in these fault zones during
the HF. This is based on studies showing that increased pore
fluid pressure, caused either by natural processes in the sub-
duction zone or by high pressure fluid injection, results in low-
ered effective normal stress and decreased seismicity b-value (29,
64–66).
The truncation of the FMD during HF (Fig. 5 A, C, E, G, H,

and J) also indicates the effect of pore fluid pressure on seis-
micity as injection progresses. A truncated FMD was found for a
detailed study of wastewater disposal-induced seismicity along
the Guy–Greenbrier Fault in Arkansas (40). In that study, the
sum of injection wastewater volumes provided a good constraint
on the seismic moment using the relationship of McGarr (67),
consistent with the idea that the finite size of the medium
stimulated by fluid injection limited earthquake source volumes
(68). So, while most studies have concluded that either pore fluid
pressure changes or poroelastic stress transfer is the dominant
factor for inducing seismicity, we believe our study demonstrates
that both mechanisms are necessary to explain the observations.
Intriguingly, the Ryser and Hamilton cases with post–shut-in
seismicity show the b-value rebounding and the FMD moving
from truncated G–R to linear G–R during the post-HF time
period (Fig. 5).
This matches the pattern seen by Huang and Beroza (40) after

the termination of wastewater disposal injections, where seis-
micity continued even after the earthquakes stopped migrat-
ing along the Guy–Greenbrier Fault. This observation matches
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conclusions made by Segall and Lu (13) that postinjection
earthquakes are triggered by continuously increased Coulomb
stress away from the injection point. The process of stress re-
laxation, featured by diffused and persistent seismicity, follows
Dieterich’s seismicity rate model (69). The absence of post–shut-
in seismicity for the Paleozoic seismicity in our study is similar to
observational studies of aftershocks along shallow faults that
found sedimentary rocks do not host aftershocks at magnitudes
we can record (70, 71). The limited aftershocks were interpreted
to be due to different rheological and frictional behavior of
sedimentary rocks relative to metamorphic or igneous rocks.
Subsequent modeling of seismogenic faults with damage rheol-
ogy found that lower effective viscosity of sedimentary rocks
could reproduce the paucity of aftershocks (72). Laboratory
measurements of shales and sands have shown time-dependent
viscous behavior such that differential stress changes would be
dissipated over time scales on the order of days (73, 74). This
supports the notion that the differential stress caused by induced
earthquakes is relaxed rapidly in the Paleozoic section due to the
lower effective viscosity of sedimentary rocks.
Our results suggest that the seismic hazards associated with

HF are largest when Precambrian faults are being activated. The
maturity of these faults appears to allow larger ruptures and a
greater ratio of larger to smaller magnitudes. Seismicity also
extends longer after injection, apparently due to slower stress
relaxation in basement rocks. In contrast, less mature faults and
weaker rock layers in the Paleozoic appear to limit magnitudes
and post–shut-in activity. Seismicity in our study area has not yet
reached M3, but this may be fortuitous considering the total
volume injected at the well pads ranges from 0.48 to 1.74 × 106

barrels (bbl), with the largest being 3.5 times the volume injected
at the Youngstown WD well that produced an M4.0 earthquake.
The relationship between injected volume and moment magni-
tude of McGarr (67) indicates that the maximum magnitude for
these well pads would be moment magnitude (Mw)4.2 to Mw4.5.
There have been several M > 4 earthquakes induced by HF in
remote Alberta, Canada, with local magnitude (ML)4.4 to
ML4.8 and Mw3.9 to Mw4.1 (11, 62), so there does not appear to
be a limitation based on the HF process. Detailed analysis of the
first M ≈ 4 case in Alberta found that the largest event occurred
in the basement, ∼700 m below the target formation (63). A
recent ML3.7 earthquake on June 3, 2017, occurred ∼30 km
south of our study region in proximity to active HF and was
preliminarily located in the Precambrian (geosurvey.ohiodnr.gov/
quakes-2010-to-present-pgs/batesville-june-03-2017), which sup-
ports the notion that HF can induced M ≈ 4 earthquakes in
Eastern Ohio, raising the likelihood of a damaging event.

Materials and Methods
Seismic Data. All analyzed earthquakes were detected using the RSD algo-
rithm (22) using an excellent EarthScope station (O53A). Relocations of the
strongest of detected events are possible due to the deployment of local
stations. Four short-period, three-component sensors were deployed by
ODNR (OHH1, OHH2, OHH3, and OHH4) in October 2013, but two of them
were moved to other areas of Ohio in May 2014. In September 2015, a

broadband seismometer was deployed further east to enclose the seismicity
by Miami University (MUH1) (Fig. 1).

Hypocentral Location.Our location analysis followed the approach of previous
work in Youngstown (19), Poland Township (9), and Trumbull County (20),
Ohio using elocate (75) to establish a catalog of location for all matched
events and hypodd (76) to refine the relative locations (see Supporting In-
formation for more detailed discussion of the procedure and resulting un-
certainties). We have tested multiple velocity models to specifically verify the
depth distribution of analyzed events, but having at least one station within
an epicentral distance less than the focal depth from all analyzed sequences
plays a major role in constraining the hypocentral depths with low
uncertainty (77).

Earthquake FMD. The initial earthquake catalog of origin times and Richter
magnitudes is from the enhanced repeating seismicity detector of Skoumal
et al. (22). We focused on the four major seismicity sequences with at least
700 events (Fig. 3), but one case consisted of two spatially separate clusters
associated with the Davidson and Vozar wells. We calculated FMDs of these
five seismic sequences (Fig. 5), following the Gutenberg–Richter b-value es-
timation of Bender (78):

b= 1
��
lnð10Þ× �

Mavg-ðMC-Mbin=2Þ
��

where Mavg is the sampling average of the magnitudes, MC is the magnitude
of completeness, and Mbin is the bin size of earthquake magnitudes. MC was
determined using the maximum curvature algorithm (79). The results for
each sequence are listed in Table S1. Uncertainties were estimated using
bootstrap resampling (Fig. 5 and Table S1). The mean difference from un-
certainties calculated with the method of Aki (42) is <0.01. To calculate the
truncated G–R fit, we used the equation of Caputo (41). We then used an
F-ratio test to determine the confidence level associated with improved fit of
the truncated G–R curve over the linear G–R. Fit was estimated by calculating
the χ2 statistic for each model misfit to the FMD observations above the MC.

Focal Mechanism. We calculated a fault-plane solution for the largest event,
which was just large enough to make reliable identifications of first-motion
polarities at local and nearby regional stations. We used FocMec to perform a
grid search of the focal sphere for a double-couple solution (80) and then
took the median solution with zero polarity errors. A grid-search fit is jus-
tified by previous nearby studies that found clear double-couple mechanisms
along apparently preexisting basement faults (9, 10, 18, 21).

HF Well Data. Stimulation reports, drill surveys, and production data were
retrieved from theODNRonlinedatabase (https://gis.ohiodnr.gov/MapViewer/?
config=oilgaswells). Gas and water production were reported each quarter
(Fig. 6), such that wells that begin flowback near the end of a quarter will have
low values in their first quarter despite daily flowback being largest initially
and decreasing over time.
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