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ABSTRACT
The annual earthquake rate in Oklahoma (United States) has increased dramatically in 

recent years, owing in large part to the rapid proliferation of salt-water disposal (SWD) wells 
associated with unconventional oil and gas recovery. This study presents a geospatial analysis of 
earthquake occurrence and SWD volume within a 68,420 km2 area in north-central Oklahoma 
between 2011 and 2016. Results indicate that (1) the annual geographic centroid of Arbuckle 
Group SWD well locations predicts the geographic centroid for M3.0+ earthquake occurrence 
within an ~1σ radius of gyration when the well centroid is geometrically weighted by SWD 
volume; (2) between 2014 and 2016 Arbuckle SWD volume and earthquake occurrence are 
spatially cross-correlated to a length scale of 125 km; and (3) earthquake mitigation strategies 
implemented in late 2015 and 2016 are preferentially affecting the joint variability of SWD vol-
ume and small-magnitude earthquakes. These results suggest that current earthquake mitiga-
tion may require further volume reductions and/or greater areal extent to increase effectiveness.

INTRODUCTION
Between 1960 and 2008, Oklahoma (United 

States) experienced ~1 M3.0+ earthquake per 
year (Ellsworth, 2013); however, this earthquake 
recurrence rate increased sharply to >1 M3.0+ 
earthquake per day between 2011 and 2016 
(Fig. 1). This dramatic increase in earthquake 
frequency occurred contemporaneously with 
the rapid proliferation of both unconventional 
oil and gas recovery and class II underground 
injection control (UIC) wells; the latter are 
used to dispose of highly brackish water pro-
duced during oil and gas recovery (Walsh and 
Zoback, 2015; Weingarten et al., 2015). Earth-
quake swarms in Oklahoma have been located at 
depths between 4 and 8 km (Walsh and Zoback, 
2015; McNamara et al., 2015a) and have been 
shown to be collocated with high-volume salt-
water disposal (SWD) wells in the Arbuckle 
Group (Keranen et al., 2014). As a result, there 
is general consensus that SWD in Arbuckle res-
ervoirs is triggering earthquakes in the underly-
ing crystalline basement rock (Ellsworth, 2013; 
Keranen et al., 2013, 2014; Weingarten et al., 
2015). These fluid-triggered earthquakes have 
transformed Oklahoma from a low-seismicity 
state to the most seismically active state in the 
conterminous United States, causing profound 
changes in Oklahoma’s earthquake hazard fore-
cast (Petersen et al., 2016, 2017) and regulatory 
environment (Baker, 2015; OCC, 2015a, 2015b, 
2016a, 2016b, 2016c).

In April 2015, the Oklahoma Geological Sur-
vey (OGS) released a memo acknowledging that 

“OGS considers it very likely that the majority 
of recent earthquakes, particularly those in cen-
tral and north-central Oklahoma, are triggered 
by the injection of produced water in disposal 
wells” (Andrews and Holland, 2015, p. 1). Con-
sequently, the Oklahoma Corporation Commis-
sion, which regulates oil and gas development in 
Oklahoma, began implementing earthquake miti-
gation directives, including (1) weekly reporting 
requirements for injection volume and wellhead 

pressure in Arbuckle disposal wells; (2) mechan-
ical integrity tests for wells injecting 20,000 or 
more barrels per day (OCC, 2015a); and (3) tar-
geted injection volume reductions within 4.8, 
9.6, and 16 km buffer zones around earthquake 
swarms (OCC, 2015b). The slight decrease in 
earthquake occurrence starting in 2016 (Fig. 1) 
has been attributed to those mitigation efforts; 
however, decreasing SWD volume may have 
also been a result of rapidly decreasing oil prices 
beginning in August 2014. Nevertheless, media 
outlets reported resistance from the oil and gas 
industry to the directives of the Oklahoma Cor-
poration Commission, which lacked statutory 
authority under the Oklahoma Administrative 
Code (e.g., see Mack et al., 2016). In response, 
Oklahoma Governor Mary Fallin signed House 
Bill HB3158 into law on 18 April 2016, giving 
the Oklahoma Corporation Commission exclu-
sive jurisdiction, power, and authority over UIC 
class II injection wells in Oklahoma, as well as 
a mechanism to implement emergency SWD 
volume reductions.

Despite the earthquake mitigation efforts in 
2015 and 2016, two noteworthy earthquakes 
occurred in the latter half of 2016. On 3 Sep-
tember 2016, an M5.8 earthquake occurred near 
Pawnee, Oklahoma, and is the largest recorded 
earthquake in Oklahoma history (Yeck et al., 
2017). The Pawnee earthquake resulted in suf-
ficient infrastructure damage (Clayton et al., 
2016) for Governor Fallin to declare a state of 
emergency for Pawnee County. On 7 November 
2016, an M5.0 earthquake occurred near Cush-
ing, Oklahoma, home to the largest oil storage 
facility in the United States; at the time of this 
writing it holds 62 × 106 barrels (bbl) of oil valued 
at approximately US$2.8 B (assuming $45/bbl) 
(U.S. Energy Information Administration, 2017), 
thus making Cushing an area of U.S. strategic 
infrastructure (McNamara et al., 2015b). Follow-
ing the Pawnee and Cushing earthquakes, the 
Oklahoma Corporation Commission exercised its 
statutory authority by ordering (1) all Arbuckle 
SWD wells within a 9.6 km radius of the epicen-
ters to cease injections; (2) all Arbuckle SWD 
wells within a 16 km radius of the epicenters 
to reduce injection volume by 25% of the most 
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Figure 1. Total number of M3.0+ earthquakes, 
class II injection wells, and salt-water disposal 
(SWD) volume within the study area. Data 
were acquired by Internet download from the 
Oklahoma Geological Survey and Oklahoma 
Corporation Commission websites, respec-
tively (data sources are found  in the Data 
Repository [see footnote 1]).
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recent 30 day average; and (3) all Arbuckle 
SWD wells within a 24 km radius of the epicen-
ters to maintain injection volumes at or below 
the most recent 30 day average (OCC, 2016a, 
2016b). Despite these SWD volume reductions, 
there were more than 600 M3.0+ earthquakes 
in Oklahoma in 2016, and, as a result, there 
remains uncertainty in the efficacy of Oklahoma 
Corporation Commission earthquake mitigation 
directives, particularly in the context of the length 
scales (9.6 km, 16 km, and 24 km radial dis-
tance from epicenters) required for SWD vol-
ume reductions. In addressing this uncertainty, 
our study implements geostatistical methods to 
interrogate annual changes in the spatial variabil-
ity and joint variability of earthquake epicenters 
and SWD wastewater injection volume within 
Arbuckle injection wells from 2011 to 2016.

METHODS
The study area comprises a 68,420 km2 area 

in north-central Oklahoma from 99.5°W to 
96.0°W and 35.0°N to 37.0°N, which includes 
the Expanded Area of Interest for Triggered 
Earthquakes delineated on 7 March 2016 (OCC, 
2016c) (Fig. 2). Data for earthquake occurrence 
and SWD volume were acquired by Inter-
net download from the Oklahoma Geological 
Survey and Oklahoma Corporation Commis-
sion websites, respectively (see the GSA Data 
Repository1 for details on data sources and 
preparation). To evaluate the spatiotemporal 
evolution of regional-scale M3.0+ earthquake 
occurrence, the time-dependent geographic cen-
troid, pe (t), is calculated for 1 yr time intervals 
between 2011 and 2016 as

 pe t( ) = 1N i = 1

N
pi, (1)

where pi is the location vector of each earthquake 
epicenter within 1 yr (t) increments, and N is the 
total number of earthquakes (Mohammadi et al., 
2017). Similarly, the annual geographic centroid 
for class II injection wells, pw(t), is calculated as

 pw t( ) = 1N j = 1

N

jp j, (2)

where pj is a well location, ωj is the weighting 
function, and N is the total number of class II 
injection wells. To account for the orders-of-
magnitude variability in SWD volume between 
wells, ωj scales the contribution of each well 
location (pj) by the corresponding geometric 
mean contribution of SWD volume (Vj). The geo-
metric weighting function was selected because 
the SWD volumes are log normally distributed 
for each year of the study (Fig. DR3 in the Data 
Repository). As a result, ωj is calculated as

1 GSA Data Repository item 2018052, additional 
information about data sources and preparation, is avail-
able online at http://www.geosociety.org /datarepository 
/2018/, or on request from editing@geosociety.org.

 j =
lnVj
j = 1
N lnVj

. (3)

The variability about each well centroid is 
quantified on the basis of a radius of gyration (rg), 
which is one standard deviation of the distance 
between each centroid and its underlying data, 

rg = pw p j( )2 / N .

In order to quantify the spatial covariation 
between SWD volume and the number of earth-
quakes, the experimental cross semivariogram 
(γij) is calculated for each year of the study 
(2011–2016). The cross semivariogram quanti-
fies spatial covariation between collocated attri-
butes as function of separation distance under 
the assumption of stationarity, which simply 
states that attributes are grouped on the basis 
of the process responsible for their occurrence 
(Deutsch, 2002). The experimental cross semi-
variogram (γij) is defined mathematically as

 ij =
1

2N h( ) = 1

N
zi u( ) zi u + h( ) z j u( ) z j u + h( ){ }

 
ij =

1
2N h( ) = 1

N
zi u( ) zi u + h( ) z j u( ) z j u + h( ){ }, (4)

where zi and zj are measurable attributes cos-
ampled at position uα, h  is a spatial lag class 
(separation vector between sample locations), 
and N is the number of two-point comparisons 
(data pairs) within each lag class (Deutsch, 2002, 
p. 139–147). The experimental cross semivar-
iogram returns a bulk measure of dissimilarity 
between cosampled attributes as a function of 
separation distance. Consequently, the cross 
semivariogram provides an indication of the 
strength of spatial cross-correlation between 
SWD volume and earthquake count. For this 
analysis lower γij values indicate stronger spatial 
correlation (less average dissimilarity between 
data pairs). Moreover, the plot of γij as a function 

of separation distance h  reveals the length scale 
of cross-correlation, which is the maximum dis-
tance at which γij remains below the covariance 
(sill) of the data.

Annual cross semivariograms are calculated 
for four earthquake magnitude thresholds: the 
complete earthquake catalog (Mcomp), M3.0+, 
M3.5+, and M4.0+. In doing so, the study area is 
subdivided into a regular Cartesian grid compris-
ing 9.6 × 9.6 km grid cells. This discretization 
interval is equivalent to the smallest radius for 
which injection operations were ceased follow-
ing the 2016 earthquakes in Pawnee and Cushing, 
and as a result allows for cross semivariogram 
calculations at length scales comparable to and 
greater than the Oklahoma Corporation Commis-
sion post-earthquake emergency actions. Within 
each grid cell, the number of earthquakes and 
SWD volume are summed for each annual data-
set, and each sum is assigned to the grid cell 
center coordinate, resulting in six data sets com-
prising grid-centered SWD volume and earth-
quake count for each year between 2011 and 
2016. Prior to calculating the experimental cross 
semivariograms, the measured attributes in each 
annual dataset are standardized to zero mean 
and a variance of one (Deutsch, 2002, p. 143). 
Subsequently, the annual cross semivariogram 
calculations are post-processed by normalizing 
each value over its respective covariance to facil-
itate annual comparison of the cross-correlation 
structure. The GSLIB (Geostatistical Software 
Library) software routines nscore and gamv 
(Deutsch and Journel, 1998) were utilized for the 
standardization and cross semivariogram calcu-
lations, respectively; the latter implemented an 
isotropic search pattern, lag separation distance 
of 25 km, and lag tolerance of 12.5 km.

RESULTS AND DISCUSSION
To assess the aggregate, regional-scale spa-

tiotemporal relationship between SWD and 
earthquake occurrence, Figure 2 presents the 
annual (2011–2016) centroid calculations for 
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Figure 2. Annual geographic centroid locations for the years 2011–2016 (the underlying fault 
map is by Marsh and Holland, 2016), including volume-weighted well centroids, the 1σ radius 
of gyration, and M3+ earthquake centroids.
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M3.0+ earthquake epicenters (Equation 1) and 
volume-weighted well locations (Equation 2). 
In general, both the volume-weighted well cen-
troids (pw) and earthquake centroids (pe) migrate 
northwest through the study area. This result is 
consistent with the general tendency of SWD 
wells to increase in number and injection vol-
ume to the northwest of the study area between 
2011 and 2016 (Fig. DR4). These calculations 
also show that the M3.0+ earthquake centroid 
is within the volume-weighted well radius of 
gyration (rg) for each year of the study (Fig. 2). 
Although centroid calculations are abstract rep-
resentations of complex point processes across 
the study area, the consistency of these results 
suggests that pw calculations anticipate pewithin 
a 1σ radius of gyration. Interestingly, the trig-
gering front concept may provide a physical 
basis to explain the spatial relationship between 
pw and pe. A triggering front (rt) represents the 
maximum radial distance from an injection well 
to its corresponding fluid pressure perturbation. 
For an isotropic homogeneous reservoir, rt is 
described mathematically as rt = 4 Dt , where 
D is the hydraulic diffusivity (Shapiro and Din-
ske, 2009). This space-time scaling is a well-
known property of diffusion, and falls out of 
the similarity solution for the transient diffu-
sion equation with boundaries approximating 
a subsurface fluid injection (Fairley, 2016). For 
Arbuckle Group hydraulic diffusivity ranging 
between 0.5 and 4 m2 s–1 (Morgan and Murray, 
2015), the 1 yr rt for a single injector ranges 
between 14 and 40 km, which is comparable 
with the annual pw – pe separation distances of 
17–39 km (Table 1). In aggregate, this result 
suggests that volume-weighted well centroid 
locations are a reasonable first-order predictor of 
regional-scale M3.0+ earthquake activity. More-
over, results of this analysis are congruent with 
pressure diffusion scaling, and may be a use-
ful tool for testing the regional-scale effects of 
increasing or decreasing SWD volume within 
a geographic location.

Although the correlation between earthquake 
occurrence and SWD volume is reasonably 
explained by effective stress theory and sup-
ported by numerous field and modeling studies 
(Ellsworth, 2013; Keranen et al., 2014; Walsh 
and Zoback, 2015; Weingarten et al., 2015), 
there remains uncertainty in how this correlation 
varies with time and over what spatial scales. To 
analyze this uncertainty, Figure 3 presents experi-
mental cross semivariograms (γij) comparing 
SWD volume and earthquake count for each year 
of the study (Equation 4) using four thresholds 
for earthquake magnitude: Mcomp, M3.0+, M3.5+, 
and M4.0+. The initial results are that the cor-
relation coefficients between SWD volume and 
earthquake occurrence are positive for each year 
of the study, indicating that SWD volume and 
earthquake occurrence vary together (Table 1). 
These results agree with previous studies linking 

seismicity to SWD injection on the basis of 
groundwater modeling (Keranen et al., 2014), 
time-series analysis (Walsh and Zoback, 2015; 
Weingarten et al., 2015), and magnitude exceed-
ance modeling (Langenbruch and Zoback, 2016); 
however, the spatial attributes of this correlation 
reveal interesting patterns.

Between 2011 and 2013, γij generally oscil-
lates about the sill (covariance) for all earthquake 
magnitude thresholds (Fig. 3), which suggests 
that while SWD volume and earthquake count 
are positively correlated, this relationship is not 
spatially correlated (i.e., the overall correlation 
is independent of distance). In contrast, between 
2014 and 2016, the γij values for Mcomp, M3.0+, 
and M3.5+ earthquake thresholds are consis-
tently below the sill for lag distances <125 km. 
This result indicates that SWD volume and earth-
quake count (Mcomp, M3.0+, and M3.5+) are spa-
tially cross-correlated, which means that regions 
with high SWD volume and earthquake count are 
more likely to be near one another (Figs. 3A–3C). 
Moreover, the strength of spatial cross-correla-
tion decreases for the M3.5+ threshold (Fig. 3C), 
while SWD and M4.0+ earthquakes exhibit no 
spatial cross-correlation (Fig. 3D). For the Mcomp, 
M3.0+, and M3.5+ thresholds, the cross semi-
variograms for 2014–2016 indicate that SWD 
volume and earthquake count exhibit maximum 
spatial correlation (lowest γij) at lag distances of 
25 km (Figs. 3A–3C), equivalent to the maxi-
mum radial distance (24 km) within which the 
Oklahoma Corporation Commission ordered 
emergency volume reductions in 2016. In addi-
tion, the effects of 2016 SWD volume reduc-
tions are apparent by comparing the 2015 and 
2016 γij values for the Mcomp threshold (Fig. 3A); 
this shows that the spatial correlation between 
SWD volume and earthquake occurrence weak-
ened in 2016. Interestingly, Figure 1 suggests 
that decreasing SWD volume in 2016 resulted 
in fewer M3.0+ earthquakes; however, Figure 
3B indicates that the spatial cross-correlation 
between SWD volume and M3.0+ earthquake 
occurrence is unchanged between 2015 and 2016 
despite SWD volume reductions. Consequently, 
these results suggest that Oklahoma Corporation 
Commission mitigation measures are preferen-
tially decoupling the spatial cross-correlation 
between SWD volume and earthquake occur-
rence for small-magnitude earthquakes (Fig. 3A).

Between 2014 and 2016, the spatial cross-
correlation for Mcomp and M3.0+ thresholds is 
persistent at length scales to 125 km, suggest-
ing that widespread SWD injections may be 
causing regional-scale fluid pressure accumula-
tion within the Arbuckle Group and underlying 
basement rock. The consequence of regional 
fluid pressure accumulation is a corresponding 
decrease in the regional-scale effective stresses, 
thus further driving optimally aligned faults 
closer to failure. The 125 km cross-correlation 
range is also congruent with the 100–150 km 
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TABLE 1. GEOGRAPHIC CENTROIDS AND 
CORRELATION COEFFICIENT

Year rg
(km)

pe pw
(km)

ρNEQ, SWD

2011 36 26 0.81
2012 37 21 0.82
2013 37 29 0.76
2014 40 17 0.78
2015 40 39 0.76
2016 34 27 0.80

Note: rg is the volume-weighted well radius of 
gyration; pe pw is the separation distance between 
M3.0+ earthquake and well centroids; ρNEQ, SWD 
is the correlation coefficient between number of 
earthquakes (NEQ) in Mcomp data set and salt-water 
disposal (SWD) volume.

Figure 3. Annual cross semivariogram (γij) 
for salt-water disposal injection volume and 
number of earthquakes within the study using 
four earthquake magnitude thresholds. A: The 
complete earthquake catalog (Mcomp). B: M3+. 
C: M3.5+. D: M4+. Symbols represent annual 
calculations. Each cross semivariogram is 
normalized over its respective covariance 
resulting in a sill at γij = 1 (solid black line).
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length scale for remote triggering suggested by 
Huc and Main (2003). In this context, seismic 
wave propagation may alter the preexisting 
stress field along faults already approaching fail-
ure due to localized fluid pressure accumulation. 
Although our study cannot distinguish between 
the causal mechanisms (widespread fluid pres-
sure accumulation or remote triggering), both 
mechanisms imply that earthquake occurrence 
is likely affected by SWD injections at length 
scales beyond the range of emergency volume 
reductions, as suggested by the 125 km cross-
correlation structure.

CONCLUSIONS
Results from this study indicate that (1) the 

annual geographic centroid of Arbuckle Group 
SWD well locations predicts the geographic 
centroid for M3.0+ earthquake occurrence 
within an ~1σ radius of gyration when the well 
centroid is geometrically weighted by SWD 
volume; (2) Arbuckle Group injection volume 
and earthquake occurrence between 2014 and 
2016 are spatially cross-correlated to a length 
scale of 125 km; and (3) earthquake mitigation 
strategies implemented in late 2015 and 2016 
are preferentially affecting the joint variability 
of SWD volume and small-magnitude earth-
quakes, while larger magnitude earthquakes 
(M3.0+) appear unaffected. As a result, earth-
quake mitigation strategies may require further 
volume reductions and/or greater areal extent to 
increase effectiveness; however, further research 
is warranted to understand how time lag may 
affect interpretations of mitigation efficacy. The 
geospatial methods invoked here aggregate the 
outcomes of numerous complex and interdepen-
dent point processes into system-wide averages, 
and as a result this approach is not suitable for 
analyzing or testing outcomes for individual 
sequences of earthquakes. Nevertheless, these 
methods may be useful for testing the regional-
scale effects of increasing or decreasing SWD 
volume in the context of fluid-triggered earth-
quake management, mitigation, and/or injection 
well permitting.
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