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Over the past 5 years, parts of Oklahoma have experienced marked increases in the number of small- to moderate-
sized earthquakes. In three study areas that encompass the vast majority of the recent seismicity, we show that the
increases in seismicity follow 5- to 10-fold increases in the rates of saltwater disposal. Adjacent areas where there has
been relatively little saltwater disposal havehad comparatively few recent earthquakes. In the areas of seismic activity,
the saltwater disposal principally comes from “produced” water, saline pore water that is coproduced with oil and
then injected into deeper sedimentary formations. These formations appear to be in hydraulic communication with
potentially active faults in crystalline basement, where nearly all the earthquakes are occurring. Althoughmost of the
recent earthquakes have posed little danger to the public, the possibility of triggering damaging earthquakes on
potentially active basement faults cannot be discounted.
INTRODUCTION

The number of small- to moderate-sized earthquakes in much of the
central and eastern United States began to increase markedly around
2009 (1). As noted by a number of authors (2–7), some of this seismicity
appears to be associated with increases in saltwater disposal that origi-
nates as “flow-back” water after multistage hydraulic fracturing op-
erations (8). Because flow-back water is usually quite saline (and can
contain other contaminants), it is often disposed of through injection
into regulated class II underground injection control (UIC) wells (9).
Class II UIC wells are also used to inject “produced”water, saline water
thatwas produced fromwater-bearing oil reservoirs. In general, produced
water is either reinjected into the oil producing formation as part of
water-flooding enhanced oil recovery (EOR) operations or disposed of
in dedicated saltwater disposal (SWD)wells where it is usually injected
into saline aquifers, sedimentary formations with relatively high porosity
and permeability.

The fact that increased pore pressure at depth resulting from fluid
injection can trigger slip on preexisting, already-stressed faults is well
documented (9–13), and the mechanisms by which triggered fault slip
occurs are generallywell known (9). Simply put, increased fluid pressure
decreases the effective normal stress on a fault. The effective normal
stress resists fault slip by acting perpendicular to the fault, in a sense
clamping the fault. Because an increase in pore pressure reduces the ef-
fective normal stress, it acts to unclamp a fault, potentially triggering the
release of accumulated strain energy on a preexisting fault that is already
close to failure (9). Such faults are often referred to as critically stressed
faults. An earthquake on a critically stressed fault caused by fluid
injection is referred to as a triggered earthquake when a relatively small
perturbation triggers the release of already stored energy in an
earthquake (9, 13, 14). Strain energy (or stress) on a fault accumulates
over time as a natural geologic process. The pressure change resulting
from fluid injection simply triggers its release. Injection-related seismicity
has been discussed in a variety of contexts in which large volumes of fluid
have been, or might be, injected into subsurface formations (14, 15).

No state has experienced a more significant increase in seismicity in
recent years than Oklahoma. As shown by the red circles in Fig. 1, nu-
merous M≥2.5 earthquakes have occurred throughout much of the
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central part of the state in the past 5 years (16). The yellow circles in
the figure show earthquakes of similar magnitudes occurring over the
34-year period ending in 2008. The increase in seismicity is not an
artifact of improved seismic detection capabilities because there has
been a marked increase in the number of earthquakes in Oklahoma
at all magnitudes. For example, the rate of widely feltM≥4 earthquakes
has gone from about one per decade before 2009 (going all the way back
to 1882) to 24 in 2014 alone (17), roughly a 200-fold increase. Through-
out the central and easternUnited States, the likelihood ofmissingM~3
earthquakes has been negligible for at least the past 25 years (18). In
Oklahoma, there was about oneM≥3 event per year during the 34-year
period from 1974 (the onset of modern seismic recording) to 2008, but
more than 100 M≥3 events per year in 2013 and 2014.

The upper part of Fig. 2 shows the cumulative number of M≥2.5
earthquakes inOklahoma as a function of time. The times of occurrence
and magnitudes of individual earthquakes are shown as red dots in the
lower part of the figure. It can be seen that the rate of earthquake occur-
rence began to increase in 2009 and has continued to increase since
then. Figure 2 also shows the aggregate monthly injection volume from
~7000 UIC wells reporting in any given month. The earliest time for
which comprehensive injection data are currently available is 1997
(19). Although the seismicity data are available through the end of
2014, injection data in the state are currently only available through
2013. Three types of injection wells are shown—EORwells, SWDwells,
andwells of unknown type because the type of injectionwell is not listed
before 2011 in the available data. The locations of 5644 wells that
injected more than 30,000 barrels (~4800 m3) in any month in 2011–
2013 are mapped in Fig. 1.

As can be seen in Fig. 2, the aggregate monthly injection volume in
the state gradually doubled from about 80 million barrels/month in
1997 to about 160 million barrels/month in 2013, with nearly all of this
increase coming fromSWDnotEOR.Most of the SWD in centralOkla-
homa is occurring into the Arbuckle Group that is close to crystalline
basement (20). A number of entries in the UIC database had obvious
errors, either in the listedmonthly injection rates or in thewell locations.
For example, some wells appeared multiple times in the database. In
other cases, either the locations of the wells were not reported or the
reported latitude and/or longitude placed the wells outside of Oklaho-
ma. Fortunately, the cumulative volume of injection associated with
these wells is only about 1% of the statewide injection in recent years.
posal.
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Unreasonably large monthly injection volumes in the database were
corrected by fixing obvious typographical errors or taking the median
of five adjacent months of data. Fewer than 100 monthly injection vol-
umes (outofmore than1.5million)were corrected in thisway. In general,
the most recent injection data are more reliable than the older data.

Whereas the volume of injection has steadily doubled over the past
~17 years, the seismicity increased abruptly in 2009 (Fig. 2). Moreover,
whereas injection wells are located throughout the state, the recent seis-
micity is mostly occurring in north central Oklahoma (Fig. 1). To in-
vestigate whether there are spatial and temporal relationships between
injection and seismicity, we have defined special study areas that are
outlined in Fig. 1. Each of the six main study areas is 5000 km2. Three
of these study areas discussed below account for 71% of theM>3 earth-
quakes that have ever been recorded inOklahoma, but are just 8% of the
total area of the state. They contain 17% of the SWD wells and 27% of
the total volume injected in SWD wells in the state. Figure 3 shows the
monthly aggregate injection (by well type) in the three most seismically
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active study areas, as well as the magnitudes and times of occurrence of
the recent earthquakes in each area.Adetailedmap showing the locations
of the earthquakes and all injection wells in each area is also shown.
RESULTS: SPECIAL STUDY AREAS

We first consider an area encompassing the town of Cherokee in north
central Oklahoma. In this area, the Mississippi Lime, a carbonate for-
mation with a high ratio of produced water to hydrocarbons (21), is
being developed with large volumes of saline produced water being dis-
posed of into the deeper Arbuckle Group. As can be seen in the upper
panel of Fig. 3, disposal rates in the Cherokee area began to increase in
2005, but rapidly accelerated in 2010. Although several small earth-
quakes occurred in 2011 and 2012, the onset of the marked increase
in seismicity early in 2013 closely follows the sharp increase in SWD.
Note that the rate of SWD in 2013 is more than 10 times higher than it
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was in the early 2000s. The high rate of seismicity in this area continued
into 2014. The rate of SWDwas continuing to increase through the end
of 2013 when the available injection data ended. The location accuracy
of the earthquake epicenters in these study areas is about ±5 km. Thus,
even considering the location uncertainty of the individual earthquakes,
it is clear in the detailedmap of the Cherokee area in Fig. 3 that both the
earthquakes and injection wells are widely dispersed.

Although the Mississippi Lime development extends into southern
Kansas, monthly saltwater injection data are not available for individual
wells in Kansas. Thus, it is not possible to extend our analysis into the
state, even though there has been appreciable recent seismicity in the
area, including aM4.8 earthquake that occurred inNovember 2014 near
Conway Springs, Kansas, about 30 km north of the Oklahoma border.

The middle panel of Fig. 3 shows the Perry study area, southeast of
the Cherokee area, where SWD rates started to increase around 2005. A
few earthquakes occurred in 2009, but a marked increase in seismicity
followed a rapid increase in injection rates in 2013. Injection rates are
about five times higher in 2013 than in the early 2000s. As in the
Cherokee area, the map of Perry shows that the locations of the earth-
quakes and injection wells are distributed throughout the area.
Teaser: Increasingly frequent earthquakes in Oklahoma are linked to saltwater dis
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The Jones area (the lower panel of Fig. 3) is an area of appreciable
seismic activity just to the north and east of Oklahoma City. Numerous
M~4 earthquakes occurred in 2013 and 2014 that have been felt
throughout the Oklahoma City metropolitan area. SWD in this area
began gradually increasing in 1999. Earthquakes began to occur in
the area in 2007when the rate of injection reached amaximumof about
12.5 million barrels/month, about 10 times the rate in the late 1990s.
Although the aggregate injection rate slowly decreased between 2007
and 2010, it has remained relatively high compared to the levels in
the late 1990s.

A recent study determined precise locations and focal plane me-
chanisms for many recent earthquakes in parts of central Oklahoma
where additional seismometers had been deployed (22). As the sedi-
mentary rocks in this area extend to 2 to 3 km, nearly all the earthquakes
are occurring in crystalline basement at an average depth of between 5
and 6 km (fig. S1). Thus, the time lag between the onset of SWD and
seismicity in the areas seen in Fig. 3 is not unexpected. In the case of
seismicity triggered by reservoir impoundment, it is typical for there
to be several years between impoundment of the reservoir and
earthquake occurrence because of the time it takes for pore pressure
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Fig. 2. Statewide injection and earthquakes. (Top) Cumulative number of M2.5 or greater earthquakes in Oklahoma since 1997. (Bottom) The
left axis shows the total combined injection rate of all UIC wells in Oklahoma by type (see the text). The right axis shows all earthquakes in the state

by magnitude through time in the state. Earthquake data are complete through 2014. The injection data are only available through 2013.
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R E S EARCH ART I C L E
to propagate to depth (23). The time between injection and seismicity
seen in Fig. 3 depends on the location of the potentially active faults with
respect to the injection wells, the rates of injection, the permeability of
the relevant strata, and the proximity of the fault to failure (24).

To further illustrate the fact that the areas of increased seismicity are
correlative with areas of large amounts of SWD, Fig. 4 shows injection
and seismicity in three areas adjacent to those in Fig. 3 of equal size but
with little seismicity. As shown in Fig. 1, the Enid study area is to the
west of Perry and south of Cherokee, and theOklahomaCity area is just
west of Jones. The three areas in Fig. 4 have much less SWD and many
fewer earthquakes than those in Fig. 3. Although there appears to be a
year of unusually high EOR injection in the Oklahoma City area in
2005, this does not affect the observation that there is relatively little
SWD in this area and comparatively few recent earthquakes.

The lower part of Fig. 4 shows the Ardmore area, where relatively
few earthquakes have occurred during the past 5 years but where appre-
ciable injection (more than 40 million barrels/month, note changed
injection scale in Fig. 4) has been going on for 15 years. Because nearly
all of the injection is occurring into EOR wells (that is, the injection is
back into shallower producing formations), one would not expect a
pressure buildup that could affect critically stressed basement faults.
Teaser: Increasingly frequent earthquakes in Oklahoma are linked to saltwater dis
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Figure 5 zooms in on two smaller areas of recent seismicity. The
Prague area (upper panel) includes the November 2011 Prague
earthquake sequence that included a M5.7 mainshock that occurred
on a splay of the north-northeast trendingWilzetta fault (25) in central
Oklahoma. There was a M~5 foreshock and many aftershocks, the
largest of which was alsoM~5.Many of the aftershocks clearly occurred
on faults extending into crystalline basement (25). In a relative sense,
injection rates in the Prague area increased rapidly in 2000 and gradu-
ally decreased afterward, but it should be noted that the area shown and
injection rates are far less than those shown in either Fig. 3 or Fig. 4.
Injection into the Wilzetta disposal well [located at the northeastern
end of theNE-SW lineation of aftershocks (25)] shows a similar pattern
of injection rates that have decreased slowly since 2000. Thus, there is no
clear temporal correlation between changes in SWD and the time of
occurrence of the Prague sequence in late 2011 at this scale. Several
studies (25–28) have suggested that injection into theWilzetta and nearby
UIC wells was the probable cause of at least the first of the three M5+
earthquakes in the Prague sequence. It is difficult to know if the Prague
sequence was (i) triggered by an increase in pressure at depth from the
Wilzetta (and nearby) wells, (ii) triggered by injection into the other
wells in the general area, or (iii) a naturally occurring earthquake
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sequence. With thousands of injection wells in the state, it is likely that
some naturally occurring earthquakes would occur in the vicinity of
disposal wells. Moreover, relatively large earthquakes are not unknown
in Oklahoma. For example, there is paleoseismic evidence of a M~7
earthquake that occurred on theMeers fault in southwesternOklahoma
about 1100 years ago (29).

The three study areas with appreciable recent seismicity (Cherokee,
Perry, and Jones) all show a clear increase in SWD rates and a subse-
quent increase in seismicity (Fig. 3). The Jones area shows an elevated
rate of earthquake occurrence that follows an increase in SWD by sev-
eral years.

Several recent studies have suggested possible links between indi-
vidual injection wells and triggered seismicity in the Prague and
Jones areas (25, 30). There are indeed cases where individual SWD
wells appear to be triggering earthquakes in their proximity. For ex-
ample, the lower panel of Fig. 5 shows an injection well (magenta
diamond) located near the town of Stillwater within the Perry special
study area. Injection in that well increased to about 500,000 barrels/
month in 2013 from nearly nothing. Earthquakes occurred in the
immediate area surrounding the well soon after the injection rate
Teaser: Increasingly frequent earthquakes in Oklahoma are linked to saltwater dis
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began to increase and continued into 2014. Such close correlations
in time and space exist but are relatively rare.
DISCUSSION: A CONCEPTUAL MODEL FOR
OKLAHOMA SEISMICITY

In three of the six study areas defined above, marked increases in seis-
micity follow significant increases in SWD. The Arbuckle Group is the
predominant formation used for SWD in central Oklahoma (21, 31).
Because it appears to be in hydraulic communication with the under-
lying crystalline basement, pressure changes resulting from SWD in the
Arbuckle can propagate to depth. In the context of modeling by previous
workers (24, 30), a relatively simple conceptualmodel is starting to evolve,
namely, that the significant increases in SWD increase pore pressure
in the Arbuckle Group, which spreads out away from the injection
wells with time, eventually triggering slip on critically stressed faults
in the basement. Both the SWD wells and the earthquakes are widely
distributed throughout the seismically active study areas (Fig. 3). As
noted above, a delay between increases in SWD and seismicity, as
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well as a separation between the locations of the injection wells and the
earthquakes, is expected. In addition, there may be stratigraphic con-
trols on the time delay between injection rate increases and the onset
of seismicity. If injection is directly into the relatively high permeability
lower Arbuckle Group in northern Oklahoma (32), pressure changes
would be expected to spread out more quickly from the injection wells.
This might explain the increase in seismicity closely accompanying the
increase in injection rates in 2013 observed in the Cherokee and Perry
areas in Fig. 3.

To better understand this conceptual model, there are three charac-
teristics of faults in crystalline basement rocks that should be recog-
nized. First, only a subset of the faults found in crystalline basement
are potentially active in the current stress field. Oklahoma is known
to have had nonnegligible seismicity before the significant increase that
started in 2009 (33). Clearly, there are naturally occurring, potentially
active faults throughout Oklahoma, as there are everywhere in intra-
plate areas. Earthquakes occurred in each of the six study areas before
2009. Occasional earthquakes are observed in intraplate areas around
the world (34), a phenomenon sometimes referred to as the critically
stressed crust.

In the context of a critically stressed crust, small perturbations of flu-
id pressure have the potential to initiate slip onpreexisting faults that are
Teaser: Increasingly frequent earthquakes in Oklahoma are linked to saltwater dis
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already close to frictional failure (9). The stresses on the faults are the
result of natural geologic processes—the same process that results in
naturally occurring seismicity in other intraplate areas. It is important
to recognize that relatively small pressure perturbations have the
potential to trigger sizeable events, as is the case with reservoir triggered
seismicity (24).

The second point to note is that potentially active faults in crystalline
basement have a much higher permeability than the basement rocks
themselves or preexisting faults that are not active in the current stress
field. In other words, faults that are geologically active today are hydro-
logically active today (35). Because of this, pore pressure increases re-
sulting from injection into sedimentary formations adjacent to the
basement (such as the Arbuckle Group) are expected not only to spread
out from the injection wells with time but also to penetrate potentially
active faults in basement. Because some of these faults will be close to
failure in the context of a critically stressed crust, triggered seismicity
can result from even small pressure increases.

Finally, widely used earthquake scaling laws demonstrate that earth-
quakes as large as M4.7 and M5.7, the largest earthquakes in the Guy,
Arkansas (6), and Prague sequences (25), require slip on faults that are
several kilometers to tens of kilometers in extent (14). Because the sed-
imentary rocks in this area are generally 2 to 3 km thick, it is clear that
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hazardous faultsmust extend into the basement simply based on the size
of a fault required to cause a large earthquake. Aftershock studies of both
of these earthquake sequences demonstrate that appreciable faulting in
basement was involved (6, 25), and as noted above, the recent seismicity
in Oklahoma is clearly occurring on basement faults [(22); fig. S1].

It should be noted that oil, gas, or water production can also poten-
tially trigger earthquakes (9, 36). However, in the three areas of recent
seismicity, the earthquakes occur at least 3 to 4 km from the producing
zones where the stress perturbations due to production would be quite
small (36). Moreover, strike-slip earthquakes, the predominant style of
faulting in the areas of recent seismicity (17), are not likely to be
triggered by production-related stress changes (36).

To identify the sources of the increased saltwater disposal inOklahoma,
Fig. 6 shows the annual injection volume of the three seismically active
study areas (Cherokee, Perry, and Jones) over the past 5 years. As noted
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above, there are two principal sources of saltwater being injected into
the SWD wells—produced water and hydraulic fracturing flow-back
water. Hence, we separately indicate in Fig. 6 the annual injection into
EOR wells in each area (black), the annual injection into all SWD wells
(blue), and an upper bound estimate of the amount of injection into
saltwater disposal wells that could be flow-back from hydraulic
fracturing operations (green). The volume of water injected during hy-
draulic fracturing operations is known in each area (37). Because flow-
back water typically comprises 10 to 30% of fracturing fluid pumped in
unconventional horizontal wells, we used 30% to estimate the maxi-
mum volume of hydraulic fracturing flow-back water that would need
to be disposed of in SWD wells. As the figure clearly shows, hydraulic
fracturing flow-back water comprises an extremely small fraction of the
injection into the SWDwells. In only one area and year (Perry in 2013)
could themaximum amount of SWD fromhydraulic fracturing flowback
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Fig. 6. SWD in the three seismically active areas shown in Fig. 3. Volumes injected into EORwells and SWDwells in the Cherokee, Perry, and Jones study
areas are shown between 2009 and 2013. Also shown is an upper bound estimate of the volume of hydraulic fracturing flow-backwater that was disposed of

in each area in any given year. It is clear that most of the saltwater disposed of in SWD is produced water and not flow-back water from hydraulic fracturing.
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water have approached 20%, and in most years and areas it was un-
der 5% of the total SWD volume. In other words, nearly all the water
being injected into SWD wells in these areas is produced water.
MANAGING INJECTION-RELATED SEISMIC RISKS

Injection of large volumes of saltwater into the Arbuckle group appears
to be triggering the release of already stored strain energy in crystalline
basement. It would seem logical that reducing the volume of injected
saltwater into the Arbuckle should reduce the amount of triggered seis-
micity. In addition, as shown by the areas with many EOR wells recy-
cling producedwater in producing horizons, reinjection of the saltwater
into the horizons that produced thewater and oil would not be expected
to trigger seismicity. Thus, the feasibility of injecting the large volumes
of produced water back into depleted portions of the producing reser-
voirs needs to be investigated.

In a recent study of the Jones earthquakes (30), it was argued that
four large-scale injectors (two of which were injecting more than
1 million barrels/month) located just southeast of Oklahoma
City are the principal cause of the Jones seismicity, much of which
is located over 10 km from the injectors. In the three study areas
where SWD injection and seismicity have increased, the few SWD
wells injecting unusually large volumes (for example, more than
400,000 barrels/month) contribute a relatively small fraction of the
total SWD volume in those areas (21% in Cherokee, 19% in Perry,
and 45% in Jones; see fig. S2). Thus, whereas reducing the cumulative
volume of SWD should be beneficial, establishing an arbitrary upper
limit to injection rates of any single well may not reduce the prob-
ability of triggering seismicity if the same volume was to be injected
in a number of lower-rate wells nearby.

Without detailed modeling, it is difficult to predict how restrict-
ing or more broadly distributing the injection volumes in the study
areas would affect seismicity. It is likely that even if injection from
many wells were to stop immediately, seismicity would continue as
pressure continues to spread out from past injection. Over time, of
course, one would expect seismicity to diminish if the aggregate
rate of injection in the seismically active areas were to significantly
decrease. As the seismicity rate in Oklahoma a decade ago was si-
milar to the historical rate, there may be some rate of injection that
can be accommodated by the regional hydrologic system without
generating the pressure increases responsible for seismicity.

To date, there have been two published modeling studies rele-
vant to Oklahoma seismicity (24, 30). In both, it was argued that
small pressure perturbations could propagate laterally within the
disposal zone for 10 km or more, before triggering slip on critically
stressed faults in the basement. However, with little constraint of
subsurface hydrologic properties such as porosity, permeability,
and pore pressure (and its variations with time), it is difficult to
use models to make reliable predictions. A concerted effort of sys-
tematic data collection is needed to better constrain hydrologic
models to devise strategies for modifying injection practices to re-
duce the probability of triggered seismicity.

It would be helpful to evaluate if there is stratigraphic control on the
tendency for SWD into particular wells or zones to trigger seismicity.
The importance of a bottom-sealing layer to prevent pressurization of
basement faults has been pointed out in a generic modeling study (24).
Injection into aquifers that are physically separated from crystalline
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basement by relatively impermeable formations would be beneficial
as would avoiding pressurization near potentially active faults (2).
Combining subsurface fault data with information about the stress field
permits identification of which faults are critically stressed and to be
avoided.

It has been suggested that the largest earthquake in an area correlates
with the total injected volume in the area (27). However, in the context
of triggered seismicity, the largest earthquake that might be triggered is
determined by preexisting geologic conditions, not themagnitude of the
perturbation of pore pressure. It is also clear that greatly improved
earthquakemonitoring and real-time analysis would be helpful to assess
changes in seismic hazard with time. Determination of accurate
earthquake locations (especially earthquake depth) requires relatively
dense seismic networks. Real-time analysis of earthquake locations
and the style of faulting can be used to identify potentially hazardous
situations, such as earthquakes aligning along basement faults that
could be large enough to cause a potentially damaging earthquake.
MATERIALS AND METHODS

Class II UIC injection data were provided by the Oklahoma Corporation
Commission. Becausewell type (EORor SWD)was not provided for pre-
2011 data, well types were identified on the basis of the 2011–2013 API
well identification number or the exact well location.Wells that were not
operational in 2011–2013 were plotted as wells of unknown type. The
U.S. Geological Survey NEIC earthquake database provided the
earthquake locations and magnitudes presented in this study.
SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/content/
full/1/5/e1500195/DC1
Fig. S1. Relocations of certain events in parts of the Jones box (22).
Fig. S2. Cumulative injection in the seismically active study areas as a function of the average
injection rate of individual wells.
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