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Abstract—Man-made seismicity is a response of the brittle crust to fluid injection at depth and to the subse-
quent increase in pore-pressure and stress field perturbations. In Oklahoma, where the sharp increase in
earthquake rate correlates with injection operations, we show that the earthquake-size distribution can differ
significantly on the volume of injected fluid. The size distribution of M < 3.5 earthquakes exhibits a near-con-
stant slope b, while significant variation of b-values (from b = 1 to b > 2) may be documented for larger mag-
nitude ranges. This change shows statistically significant positive dependence on injection activity. In addi-
tion, largest events occur at the border of the injection area at some distance from massive injection, and in
the periods of steady injection rate. These observations suggest that a deficit of large induced earthquakes
under conditions of high injection rate can be accompanied by an overall increase of natural seismicity along
pre-existing faults in the surrounding volume, where large events are more likely to be triggered over longer
space-time scales.
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INTRODUCTION

Fluid injection at depth can produce an increase in
earthquake activity under the combined effect of pore-
pressure changes and stress field perturbations (Davis
and Frohlich, 1993; Ellsworth, 2013; Rubinstein and
Mahani, 2015; Adushkin and Turuntaev, 2015). First,
the frictional strength of faults decreases significantly
as the pore pressure in excess to lithostatic pressure
reduces the effective normal stress and simplifies
beginning of slip. This mechanism supposes a direct
hydrological connection between injection wells and
faults. Second, deep fluid injection can modify the
stress field and the loading conditions in the surround-
ing rock volume, even in zones with no direct change
in pore pressure. Physical mechanism of these earth-
quakes meets most of the characteristics of the seis-
micity associated with active tectonic zones. These
two mechanisms can initiate seismic ruptures, which
are commonly referred to as induced or triggered
earthquakes (Adushkin and Turuntaev, 2015). These
two types of events are difficult to distinguish from one
another nearby injection wells and a major question is
to determine if they have a statistical signature in
earthquake catalogs.
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Oklahoma have experienced a dramatic increase in
earthquake rate over the last decade following fluid
injection operations associated with the development
of oil and gas production (Walsh and Zoback, 2015).
Located in the neighborhood of injection wells (Fig. 1a),
seismic activity includes M > 5.0 earthquakes (Table 1)
occurring on near-vertical strike-slip faults in the shal-
low Precambrian basement at 4—7 km depths (Gran-
din et al., 2017; Schoenball and Ellsworth, 2017b).
These earthquakes are large enough to cause signifi-
cant damage at the surface, highlighting the impor-
tance of seismic hazard assessment for the entire area
(Ellsworth et al., 2015).

For natural or induced seismicity, all probabilistic
seismic-hazard methods include an analysis of earth-
quake-size distribution, which is known to follow the
Gutenberg-Richter law (GR):

log,cN =a—-bM, (D)

where N is the number of earthquakes with a magni-
tude m = M, and a is the earthquake productivity,
which depends on the space-time window of observa-
tion. The slope b is the scaling parameter, which gives
the occurrence rate of large and rare events with
respect to the occurrence rate of smaller and more fre-
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Fig. 1. Seismicity and fluid injection in Oklahoma. (a) Map of earthquakes and injection wells: M > 2.7 earthquakes in the ANSS
catalog (red dots); M > 5.0 earthquakes (stars); injection depth and injected volume from 2006 to 2018 (filled circles). (b) Earth-
quake sequence (black bars); monthly number of M > 2.7 earthquakes (red line) and monthly volume of fluid injected (blue line)
with respect to time. The 4 largest earthquakes shown in (a) give the magnitude scale.
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Table 1. Large earthquakes in Oklahoma

913

Epicenter .
Earthquake Date Depth, km Magnitude
lat°, lon®
Prague 2011.11.6 35.53 -96.77 5.20 5.7
Fairview 2016.2.13 36.49 —98.71 8.31 5.1
Pawnee 2016.9.3 36.43 —-96.93 5.56 5.8
Cushing 2016.11.7 35.99 —96.80 443 5.0

quent earthquakes. Reported b—values are usually
close to 1 along active tectonic structures, but also in
zones of induced seismicity and laboratory rock
mechanics experiments (Wyss et al., 2004; Scholz
et al., 1986; Dinske and Shapiro, 2013). Nevertheless,
there is not an universal » — value and its variations are
increasingly studied to infer changes in stress condi-
tions (Schorlemmer et al., 2005; Narteau et al., 2009;
Riviere et al., 2018). It has also been suggested that the
earthquake-size distribution may deviate from a single
power-law model (Eq. 1). These deviations may result
from finite size effects associated with structural prop-
erties (Romanovicz, 1992), or from aseismic deforma-
tion processes such as creep (Heimpel and Malin,
1998; Tormann et al., 2014; Vorobieva et al., 2016). In
zones of induced seismicity, similar deviations have
been observed and may be ascribed to the same under-
lying mechanisms (Shapiro et al., 2011, 2013). In this
case, finite size effect can arise from the relative con-
finement of the stimulated rock volume; aseismic pro-
cesses can be associated with high fluid pressure close
to the injection wells.

Here we explore the spatio-temporal properties of
the earthquake-size distribution in Oklahoma with
respect to injection activity using the band—limited
analysis of b values in different magnitude ranges.
Then, we analyze the conditions under which large
earthquakes may occur.

METHODS FOR JOINT ANALYSIS
OF SEISMICITY AND FLUID
INJECTION ACTIVITY

The location, the depth and the fluid injection vol-
ume of all wells shown in Fig. 1a are extracted from the
database of the Oklahoma Corporation Commission
(http://www.occeweb.com/og/ogdatafiles2.htm). This
database provides annual injected volumes from 2006
to 2010 and monthly values until the end of 2018. It
was shown in the number of studies (e.g. Hincks et al.,
2018), that induced seismicity correlates with deep
injection, so only the data from wells that reach 1.5 km,
the average depth of the crystalline basement, are used
in this study.

In the neighborhood of injection wells we select all
earthquakes of the ANSS composite catalog (https://
earthquake.usgs.gov/earthquakes/search/) since 2007
to 2019 in Oklahoma (Figs. 1a, 1b). The multiscale
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mapping of completeness magnitude developed by
(Vorobieva et al., 2013) is used to compute the record-
ing threshold M, of this catalog over space. The
method provides high-resolution map of M, (Fig. 2).
Considering the entire time period from January 2007
to December 2019, the catalog can be considered as
complete for M > 2.7 earthquakes around most of the
fluid injection sites. However, major earthquakes may
also occur in zones where the catalog has a higher
magnitude of completeness. For example, the epicen-
ter of the 2011 M5.7 Prague earthquake is located in
zone of M, =3.0.

Induced seismicity may occur over long distance
according to hydrological connection at depth, within
10 km or more (Cornet et al., 2013). As a first approx-
imation, we consider the model of point source diffu-
sion to quantify the degree of influence of injected flu-
ids at some distance from each well. For each earth-
quake we compute with respect to its location x and
occurrence time ¢ the “related volume” of injected
fluid corresponding to a single well W which decreases
with distance from the well according to the Gaussian
law. Then we compute the total related injection fluid
volume Vi(x,f) from all wells:

t
Ve (x,1) = 107 [V ()ar,

t—1

()

where r is the horizontal distance in km between the
earthquake and well, and the sum is taken over all
wells. We integrate the injected fluid volume Vy,
during one year before the earthquake that is an aver-
age time delay between injection and seismic response
in Oklahoma (Hong et al., 2018). The constant 0.02
provides 100 times decrease of the fluid influence at 10
km from a well, which corresponds to a typical radius
of triggered volume (Walsh and Zoback, 2015). In the
same way we attribute the related injection fluid vol-
ume Vy(x,?) to each earthquake. Using all the events
with a magnitude M > 2.7 in the entire triggered seis-
micity area (Fig. 1a), we study the change in the earth-
quake-size distribution with respect to the activity of
fluid injection.

The earthquake-size distributions are analyzed in
two non-intersecting magnitude ranges, (2.7, 3.4) and
(3.5, M,,,,). For both magnitude ranges, we compute
the slopes by, 7 and by s using the Gutenberg-Richter

No.6 2020


Инесса
Вычеркивание

Инесса
Вставить текст
band-limited


914 VOROBIEVA et al.

—98.5°

—99.0°

37.0°

36.5°

36.0°

35.5°

—-99.5¢ -99.0°  -98.5°

—98.0°

—98.0°

—-97.5°  =97.0° —96.5°

[ ] 37.5°

37.0°

36.5°

36.0°

35.5°

—97.5° —-97.0°  —96.5°

Fig. 2. Map of the completeness magnitude M in Oklahoma and southern Kansas using the multiscale method of (Vorobieva
etal., 2013). M > 2 : 5 earthquakes in the ANSS catalog (black dots).

law and a maximum likelihood method for grouped
data in truncated interval of magnitude (Bender,
1983). In contrast to the widely used Aki’s method, the
Bender’s method provides an unbiased estimate of b-
value in case of a short slope of the earthquake-size
distribution (Marzocchi and Sandri, 2003). Through-
out this article, this is described as a band-limited
analysis of the b—yalue.

The band-limited analysis proposes a set of maxi-
mum likelihood formulas. Let N earthquakes be dis-
tributed in » magnitude bins of width Am, and {k|,
ks, ...., k,} be the number of events in the bins. The
lower limit of the first bin corresponds to the mini-
mum magnitude. The probability that an earthquake
falls in the i-th bin writes p,. Accordingly to the
Gutenberg-Richter law

P =10"""py, (3)
where b is the slope of the earthquake size distribution.
The value of p, is determined so that X p, = 1. The
likelihood function is

!
L= TTp~. (4)
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Setting the derivative dInL/db to zero, the maxi-
mirlikelihood estimate

o: che b-value can be derived from

n

” 1)k, ]
7 ”qnzz(’ )4 where g = 107 (5)
l-qg 1-¢q = N

This equation is solved by iterative procedure. The
initial b-value

is equal to 1 and g, = 10™". Then,

[ ng; G-k
qm—[l T j(l—q,». (6)

—4q; =

The iterations stop when |g; — ¢; | < g The proce-
dure converges fast for g < 1.

EARTHQUAKE-SIZE DISTRIBUTION,
INJECTION RATE AND LARGE
EARTHQUAKES

We analyze how fluid injection activity changes the
occurrence of larger earthquakes. Using eq. 2 each
earthquake is attributed a total related volume corre-
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Fig. 3. Changes in earthquake-size distribution with respect to injection activity. (a) Map of the related injected fluid volume Vg
attributed to M > 2.7 earthquakes. Stars show epicenters of large earthquakes (Table 1). (b) Earthquake-size distributions for
1000 events attributed the lowest (dots) and the highest (+) related fluid volume, respectively. (c), Slopes b3 5, and by, 7 of the
earthquake-size distribution with respect to the related fluid volume in two magnitude ranges (2.7; 3.4) (blue dots) and (3.5;
M,,a) (red dots), respectively. Error bars are standard deviations obtained by bootstrap resampling, dashed red line shows a trend,
the best linear fit between by3 5 and log( V. (d) Distribution of the slope of the best fit for 1000 semi-synthetic catalogs and its
approximation by Gaussian distribution; the observed slope is shown by red bar.

sponding to all nearby wells. Marking epicenters by
different colors according to this attribute (Fig. 3a), we
may see a convolution of seismicity with related injec-
tion volumes in space and time. It is clearly seen that
large earthquakes have occurred at locations of law
related injection volume. The plot (Fig. 3b) shows
earthquake size distributions for 1000 earthquakes
attributed the smallest related injection volume and
for 1000 earthquakes attributed the largest related vol-
ume Vg. The graphs match each other in the range of
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small magnitudes, while the slopes significantly differ
for larger earthquakes.

Using the band-limited analysis and a sliding win-
dow algorithm, we calculate by;; 5 and by, . We use
constant sample size for by;; 5, 50 events with M > 3.5,
and the same interval of the related volumes for the
corresponding by, ;-value. The uncertainties by, ;
and 0by;s are estimated as a standard deviation
obtained from bootstrap resampling. Figure 3¢ shows
that by, 7 keeps a steady value regardless of the injec-
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Fig. 4. Distribution of the Oklahoma earthquakes with M > 2.7 by related volume; large earthquakes M > 5.0 are shown by stars.
(a) Histogram shows growth of earthquake number with respect of injection activity. (b) The probability of earthquake occurrence
depending on related volume. All earthquakes with M > 2.7 fall to lower 20% quintile.

tion activity. On the contrary, the by; s -value shows a
positive correlation with the injected fluid volume. At
low related volumes, the slope by; 5 = 1.0 —1.2, that is
a typical value for natural seismicity, and at maximum
related volumes by 5 exceeds 2. Dashed line in Fig. 3c
shows a trend, the slope of the best linear fit between
bus.s and logo(Vg). To check a statistical significance
of this correlation we generated 1000 semi-synthetic
catalogs using earthquakes with M > 3.5: we keep
related volumes, but randomly mix magnitudes. Then,
for each catalog, we determine the best linear fit like
shown in Fig. 3c. The slope of the best linear fit is nor-
mally distributed with zero mean and standard devia-
tion 0.066 (Fig. 2d). The observed trend of 0.21 differs
from the mean random trend by more than 3 standard
deviations. Therefore, the increase of the by; s-value
with the increase of the injected fluid volume is statis-
tically significant at 0.999 level.

This result suggests that injection operations can
affect the shape of earthquake size distribution of
induced seismicity: we observe a deficit of large events
under conditions of high injection rate. Although the
deep fluid injection undoubtedly causes an overall
increase of seismicity, and the number of earthquakes
correlates with the related fluid volumes (Fig. 3a), sur-
prisingly, the largest earthquakes occur essentially in
space-time regions of low injection activity. All four
large earthquakes (Table 1) with M > 5.0 fall to lower
20% quintile in the distribution of the related volumes
(Fig. 4b). The probability to have such outcome by
chance is as law as p = 0.2* = 0.0016.

In fact, all four major earthquakes have occurred at
a distance of 15—20 km from the massive injection
operations during one year before the earthquake, and
in the periods of relatively steady injection rate (Fig. 5).
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DISCUSSION AND CONCLUSION

Our statistical procedure has been developed to
identify changes in earthquake activity depending on
the proximity and intensity of the deep fluid injection.
Applied to zones of deep fluid injection in Oklahoma,
our analysis shows that the shape of earthquake-size
distribution can change significantly. In areas of high
injection rates we observe anomaly steep slope by 5 = 2.0
that provides unambiguous evidence for decreased
probability of large earthquakes in the vicinity of the
massive injection, in spite of the highest rate of seis-
micity. Away from injection wells, a similar increase in
seismic activity may be observed, but with a normal
slope by; 5 = 1.0—1.5.

Such a difference in earthquake-size distributions
may be related to the nature of the stress perturbation
in these different regions, either by the increase of pore
pressure or by an elastic stress transfer. Following fluid
injection and the slow reactivation of faults, Schoen-
ball and Ellsworth (2017a) observe that the resulting
seismicity in Oklahoma meets most of the characteris-
tics of the seismicity associated with active tectonic
zones. Here, we find that induced and triggered events
in Oklahoma have distinct signatures in earthquake-
size distributions: Earthquakes, triggered by static
stress transfer, may exhibit a power-law regime and
occurrence of strong shocks, typical for natural tec-
tonic seismicity. Barbour et al. (2017), Chen et al.
(2017) note the significant role of elastic stress transfer
leading to the Mws:8 Pawnee earthquake. Earth-
quakes induced by pore pressure perturbations are
likely to display a deficit of large events.

Similar distributions have been also documented
along active tectonic faults and in volcanic areas where
the role of fluids or inelastic deformations cannot be
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Fig. 5. Local injection activity before largest earthquakes in Oklahoma. (a) Prague, 2011, M5.7, (b), Fairview, February 2016,
M5.1, (c), Pawnee, September 2016, M5.8, and (e}, Cushing, November 2016, M5.0. Maps show injection during one year before
large earthquake: Blue circles show locations of active wells and injected volumes. Three months aftershocks (red dots) delineate

source zones of large earthquakes shown by stars. Plots exhibit variation of the monthly volume for wells shown in the maps during
3 years.
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neglected (Vorobieva et al., 2016, 2019, Tormann et al.,
2014). Thus, the effect of anthropogenic perturbation
on seismicity can be used to investigate the role of flu-
ids in the man-made and natural earthquake process
by taking advantage of known forcing conditions.

We interpret the changes in earthquake-size distri-
butions observed in Oklahoma as a deficit of large
events accompanying the overall increase in earth-
quake rate. This is supported by both, the constant b-
values in smaller magnitude ranges, and the positive
dependence of b-values on injection rate in higher
magnitude ranges. Along creeping fault segments,
Vorobieva et al. (2016) associate such a deficit of large
earthquakes with high rate of creep promoting stress
release at small length scale, and hindering the propa-
gation of seismic ruptures. In zones of oil and gas pro-
duction, injection activity under conditions of low
deformation rate, the transient forcing and the relative
confinement of the fluid is more likely to be responsi-
ble for the deficit of large events. In addition, the acti-
vated fault length distribution has a typical value of 1
km (Schoenball and Ellsworth, 2017a), which corre-
sponds to the magnitude M = 3= 5—4-§; this supports
a decreased probability of earthquakes with M > 4.

Such a finite volume effect has been addressed and
modeled by Shapiro et al. (2013), who propose theo-
retical earthquake-size distributions that could natu-
rally explain a deficit of large event. In this model, the
observed positive dependence of by; 5 slope on the
injected volume may be explained by overlapping of
stimulated volumes and the density of injection wells
in Oklahoma.

Although a decrease of injection activity in 2015 led
to a decrease of seismicity rate (Fig. 1b), three earth-
quakes with magnitude M > 5 occurred in 2016, and
the future seismic hazard remains uncertain. A num-
ber of models proposed for seismic hazard assessment
predicts the rate of seismicity with respect of injection
volume and depth (Hincks et al., 2018) variation in the
injection rate (Barbour et al., 2017), stress state of pre-
existing basement faults (Langenbruch et al., 2018;
Johann et al., 2018), but all these models suppose a
constant b-value. Indeed, the distribution of small
earthquakes does not show significant variations,
while changes in slope of the earthquake-size distribu-
tion for moderate events could be relevant to seismic
hazard assessments, especially in regions of intense
injection activity such as Oklahoma. While zones of
high injection rate characterized by high seismicity
rate but large 5-value remain less prone to large earth-
quakes, the surrounding areas may present a highest
hazard of large triggered events due to the overall
increase in seismicity level. Our results suggest that
local forecast in the regions of intensive oil and gas
production should account for spatial and temporal
heterogeneity in earthquake statistics, which may be
derived from injection rate data.
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