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Injection-induced seismicity in Carbon and Emery Counties,
central Utah
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ABSTRACT

Utah is one of the top producers of oil and natural gas in the United States. Over the past 18 years, more than
4.2 billion gallons of wastewater from the petroleum industry has been injected into the Navajo Sandstone,
Kayenta Formation, and Wingate Sandstone in Carbon and Emery Counties, central Utah, where seismicity has
increased during the same period. Previous studies have attributed this seismicity to coal mining. Here, we pre-
sent evidence for wastewater injection being a major cause of the increased seismicity. We show that, in the coal
mining area, seismicity rate increased significantly 1-5 years following the wastewater injection, and the earth-
quakes, mostly with magnitudes <3.0, are concentrated in areas seismically active prior to the injection. Using
simple analytical and numerical models, we show that the injection in central Utah can sufficiently raise pore
pressure to trigger seismicity within 10-20 km of the injection wells, and the time needed for the diffusion of
pore pressure may explain the observed lag of seismicity increase behind the commencement of injection. The b-
value of these earthquakes increased following the wastewater injection, which is consistent with these events
being injection-induced. We conclude that the marked increase in seismicity rate in central Utah is induced by
both mining activity and wastewater injection, which raised pore pressure along preexisting faults.
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of wastewater injection commencing in the mid-1990s
(UIC public record well files). As of May 2013, over

INTRODUCTION

Induced seismicity refers to earthquakes caused by mining,
water impoundment in reservoirs, and fluid injection
(National Research Council of the National Academies
2013). A long-recognized phenomenon, induced seismicity
has stirred up widespread public concerns in recent years;
the increased fluid injection associated with hydrocarbon
production has been linked to marked increase in seismicity
in many states such as Oklahoma (Ellsworth 2013; Kera-
nen et al. 2013), and studies have suggested that larger
volumes of injection can induce bigger ecarthquakes
(McGarr 2014).

Utah is one of the top states for hydrocarbon produc-
tion in the nation. Injection of wastewater began in the
mid-1980s in central Utah, with consistent large volumes
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399 million barrels (4.56 x 107 m®) of wastewater has
been injected in central Utah. Seismicity rate in central
Utah increased significantly during the same period.

Previous studies have attributed the area’s seismicity to
coal mining (Smith et al. 1974; Arabasz et al. 2007; Pech-
mann et al. 2008), which has been extensive in central
Utah. Mining induced seismicity (MIS) in central Utah has
been monitored by the University of Utah Seismograph
Station (UUSS) regional network since 1978 (Kubacki
et al. 2014). The MIS is mostly a result of underground
mine collapse and shear-slip motion on rock fractures
(Pechmann ez al. 2008). Most of the MIS is smaller than
magnitude 3 and close to the mine depth, which is less
than 960 m (Arabasz et al. 2007).
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Is the increased seismicity in central Utah caused entirely
by mining activity? Or is it induced by the wastewater
injection? Does the increased seismicity share the character-
istics of injection-induced seismicity (i.e., small events on
preexisting faults (Ellsworth 2013))? To address these
questions, we explored the spatiotemporal correlations
between the seismicity, wastewater injection, and coal min-
ing activity in central Utah. In addition, we tested the via-
bility of triggering the increased seismicity by elevated pore
pressure from the injection. Finally, we calculated the tem-
poral variation in &-values to determine temporal changes
in the differential stress of the area and examine changes in
magnitude distribution of the events.

DATA

Wastewater injection data

Currently, the US Environmental Protection Agency’s
(EPA) Underground Injection Control (UIC) program
governs all injection wells, including Class II injection
wells, which are used to inject nonhazardous waste fluids
that are by-products of oil and natural gas production or
storage of fluids used for enhanced recovery of oil or natu-
ral gas. Often, state agencies administer the UIC program
for the EPA, and Utah has administered the program since
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1983. Utah’s Department of Natural Resources (DNR),
Division of Oil, Gas and Mining (DOGM) regulates all
operations related to the production of oil or natural gas,
including the UIC program.

In Utah, service wells include all Class II injection well
designations (Fig. 1): water injection wells used in enhanced
recovery, waste water disposal wells, and gas injection wells.
Service wells also include water supply wells, which are
pumping wells. Many of the records for the wells are public
record and available online through a searchable database.
Injection volume data for the wastewater disposal wells is
available from 1986 to the present. UIC permitting requires
reporting of monthly well injection volumes and maximum
injection pressure. Fig. 1A shows four areas of clustered
injection wells that are targets of this study. The areas were
chosen based solely on the location of the injection wells.

Seismic data

The study areas are located within or near the Intermoun-
tain Seismic Belt (Fig. 1A). Focal mechanisms show pre-
dominantly WNW-ESE extension (Arabasz et al. 2007).
Maximum focal depths of the natural seismicity are 15—
25 km; however, focal depths are well constrained only for
a small fraction of the events because of insufficient cover-
age of seismic stations (Arabasz ez al. 2007).
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Fig. 1. Study areas and service well locations. Service well locations, from Utah's DNR, Division of Oil, Gas and Mining, are represented by the diamonds
(active wells), inverted triangles (inactive wells), and stars (abandoned wells) with red = gas injection wells; blue = water injection wells; purple = water sup-
ply wells; and green = wastewater disposal wells. Red polygons outline the areas of active coal mining. (A) Boxes 1-4 show the areas chosen for study based
on the well locations; (B) Area 3 enlarged with seismicity since 1981 in gray dots (magnitudes range from —0.84 to 5.17), from the USGS ComCat Search
(http://earthquake.usgs.gov/earthquakes/search/), and service well locations. Area 3's Clusters 1 and 2 are boxed and labeled. Well locations with black cir-
cles are wells of interest, and yellow filled circles mark the center location of the wells of interest.
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In this study, we use the seismic data from the United
States Geological Survey (USGS) (http://earthquake.usgs.-
gov/carthquakes/search/); most of the records are from
the UUSS network that began digital recording on January
1, 1981 (Arabasz er al. 2007). Magnitudes in the catalog
(ranging from M < 0 to M5.17) are mostly based on local
magnitude (M) scales and coda magnitude scales (44),
which is an empirical estimate of local magnitude. Compar-
isons of revised magnitudes to moment magnitudes (M)
show that the M} magnitudes are almost equivalent to A4,
magnitudes (Pechmann ef a/. 2007). Quarry blasts and
other artificial seismic events are routinely identified and
removed from the UUSS catalog based on the character of
the recorded waveform and information on the location
and time of day of the event (Arabasz et al. 2007).

From October 2000 through April 2001, the University
of Utah installed a temporary seismic array in Emery
County, Utah, to evaluate the effects of the MIS on a
nearby reservoir. Relocation of seismic events collected
from this array indicates that most were located at depths
<1 km and within £0.6 km of mine level (Arabasz et al.
2002). Almost all of the 1829 relocated seismic events
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were located within Area 3 (Fig. 1). We compared the
times of the 1829 relocated seismic events and found only
1784 of the events were included in our data set. Because
Arabasz et al. (2002) confirmed their data set of seismic
events to be MIS using relocation techniques, we removed
the 1784 events that were in both data sets to assure this
seismicity was not the cause of the increased seismicity; the
increased rate remained. Therefore, the Arabasz et al.
(2002) data were included in our data set for the compar-
isons and calculations to evaluate the occurrence of mining
and injection-induced seismicity.

CHANGE OF SEISMICITY RATES

To determine whether the seismicity in central Utah has
changed significantly since 1986, when wastewater injec-
tion started, we plotted the cumulative seismicity of the
study four areas over time. Figure 2 shows that Areas 1
and 2 have had a nearly constant seismicity rate since
1981, indicating that seismicity in these areas are not
affected by wastewater injection, which was substantial.
Area 1 (Fig. 2A) has nineteen wastewater disposal wells,
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Fig. 2. Cumulative seismicity over time since 1981 for the areas of interest. Slope of the curves is the seismicity rate.
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including seven active, of which at least two have been
active since 1980s (UIC public record well files). The wells
have injected approximately 2.44 x 10% barrels (bbls)
(2.93 x 107 m?) of wastewater as of October 2014 (UIC
public record well files). Area 2 (Fig. 2B) has 80 wastewa-
ter disposal wells, 61 of which are active, and 1265 active
water injection wells used for enhanced recovery (UIC
public record well files). The total injected volume from
the 80 wastewater disposal wells is 6.3 x 10% bbls
(7.56 x 107 m?®) as of January 2015 (UIC public record
well files). Injections in these areas had no significant
impact on seismicity, so we will not examine data from
these two areas. We will also exclude data from Area 4 —
although it shows changes of seismicity rates, the rate is
too low there to determine whether it is collocated with
injection or not (Fig. 2D).

Area 3 has had >18 000 seismic events (magnitudes
ranging —0.84 to 5.17) and clear changes of seismicity rate
since 1981 (Fig. 2C). We chose two subregions of Area 3,
Cluster 1 and Cluster 2, based on the spatial clustering of
seismicity and injection wells (Fig. 1B), to further examine
the changes in seismicity rates. The clusters were chosen to
center around the wells of interest and seismicity directly
adjacent to the wells, particularly in the direction of regio-
nal groundwater flow (Hood & Patterson 1984). Both
subregions show clear increase in seismicity rate after the
injection (Fig. 2E,F).

Area 3

Cluster 1

The concept of magnitude of completeness, M, the
minimum magnitude of complete earthquake record in a
catalog, is a concept based on the assumption of a power-
law relationship between magnitude and number of events
(Wiemer & Wyss 2000; Woessner & Wiemer 2005). This
assumption fails at the two ends, with the smallest events
and the largest events. Choosing a conservative M, can
cause an under sampling of events, especially in the events
of interest at the lower magnitudes. We calculated a con-
servative M, based on the maximum curvature method
(Wiemer & Wyss 2000; Woessner & Wiemer 2005), which
defines the magnitude of completeness as the point of
maximum curvature in the frequency—magnitude curve.
This point often matches the highest frequency magnitude
bin in the noncumulative frequency—magnitude distribu-
tion. The magnitude—frequency distribution of earthquakes
is based on the power-law equation:

log,)N =a—-bM (1)

where M is the magnitude, N is the number of observed
events greater than or equal to magnitude A, and a and b
are constants (Gutenberg & Richter 1944). Figure 3
shows the frequency—magnitude distribution for pre- and
post-injection in Area 3, Cluster 1, and Cluster 2 in both
cumulative event and noncumulative event form. A conser-
vative M. for the entire time span of the study is M2.0.
When the seismicity rates of Area 3 and Clusters 1 and 2

Cluster 2

Cumulative number

Number

Magnitude

Magnitude

Magnitude

Fig. 3. Cumulative frequency-magnitude distribution of events and number of events of each magnitude bin for Area 3, Cluster 1, and Cluster 2 pre- and
post-injection. Magnitudes are binned in intervals of 0.1. Open-dots are pre-injection data, and filled triangles are post-injection data.
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are plotted with only events over the conservative A as in
Fig. 4, the rates change.

CORRELATIONS WITH MINING AND
INJECTION

Because of abundant seismicity and clear change of seismic-
ity rates in the Area 3, we focus on this area to further
explore the potential correlation between the seismicity
and mining activity and wastewater injection. Area 3 has
32 active wastewater disposal wells, 27 of which inject into
the Navajo Sandstone, Kayenta Formation, and Wingate
Sandstone (UIC public record well files) since 1996. These
formations are considered one hydrogeological unit in the
area, the Navajo aquifer (Freethey & Cordy 1991). We
removed the volumes injected into other formations in the
wells that first injected into formations other than the
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Navajo aquifer. Cluster 1 takes into account the well vol-
umes of five wells of interest that inject into the Navajo
aquifer, and Cluster 2 takes into account the well volumes
of three wells that inject into the Navajo aquifer.

Figure 5 compares the temporal variation of the rate of
seismicity with that of mining activity and injection. For
Area 3 as a whole, significant increases of seismicity rates
occurred a couple of years after the beginning of wastewa-
ter injection, while the mining activity kept a similar rate,
which actually decreased since around 2001 (Fig. 5A). This
is clearer from the comparison of annual rates. Although
the peaks of seismicity show strong correlation with mining
activity (Fig. 5B), the correlation of the peak of seismicity
between 2006 and 2010 with mining activity may be artifi-
cial — mining induced seismicity should be concurrent with
mining activity, but there is an approximately 1-year shift
in the temporal correlation. On the other hand, the two
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Fig. 4. Cumulative seismicity over time since 1981 for all earthquakes and earthquakes above the conservative M. 2.0. Area 3 (A & B) shows an increased
seismicity rate with all earthquakes and no significant rate changes when using a conservative M. Cluster 1 (C & D) shows an increased seismicity rate with
all earthquakes and continues to show an increase in seismicity rate, although a more subdued one, when using a conservative M. Cluster 2 (E & F) shows
an increased seismicity rate with all earthquakes and a decrease in seismicity over the conservative M.
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peaks of seismicity since 1998 are clearly correlated with
wastewater injection, and the approximately 2 year-lag
between the peak of seismicity and the beginning of injec-
tion is consistent with the time needed for pore pressure
diffusion to induce earthquakes.

Similar correlations are observed in the subregions of
Cluster 1 and Cluster 2. In both areas, seismicity rates
increased sharply after injection began (Fig. 5D and G).
Whereas seismicity rates show strong temporal correlations
with both mining activity and wastewater injection, mining
alone cannot explain the time shift between the peak seis-
micity and mining activity (Fig. 5B and E). Neither can it
explain the drastic decrease in seismicity after 2004 in
Cluster 2 (Fig. 5H), while mining activity has continued.
The correlations do become less clear if only events above
the conservative M. value are used.

To investigate the spatial distribution of the seismicity
and its potential correlation with wastewater injection, we
calculated and plotted the surface distance between each

seismic event and the center point of the cluster of wastew-
ater disposal wells for Clusters 1 and 2 (Fig. 6). Before
injection, the seismicity was scattered over a large range of
distances from the wells. After the injection, the seismicity
in both areas seems to be clustered between 10 and 12 km
from the well cluster center. This clustering is observed
when the evaluation uses all the seismic events or only the
events above the conservative M, value.

PORE PRESSURE CHANGES BY INJECTION

We tested whether or not injection could have raised pore
pressure sufficiently to cause the increased seismicity in
Area 3. Increase in the Coulomb stress by more than
0.01 MPa statistically  significant
increase in seismicity rates (King ez al. 1994), which

is needed to cause
implies an increase in the hydraulic head by 1 m or more
for pore pressure to be the cause. Hence, the test is to see
whether injection in Area 3 could raise the hydraulic head
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Fig. 5. Temporal correlation between seismicity (red), wastewater injection volumes (blue), and coal production (gray) for Area 3, Cluster 1, and Cluster 2.
Axes labels are color coded to match the data displayed. (A, D, and G) Seismicity rates, injection rates, and coal production rates for Area 3 as a whole, and
Clusters 1 and 2. (B, E, and H) Annual coal production and earthquake totals. (C, F, and 1) Annual wastewater injection volumes and earthquake totals.
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by 1 m or more within 1-5 years after injection started
and over a distance 10-12 km from the injection wells, as
indicated by the spatiotemporal patterns of seismicity and
injection (Fig. 5).

Theis (1935) provides an analytical solution for change
in hydraulic head as a result of a pumping or injection well
in a homogeneous, isotropic aquifer:

-
Ah(r,t):%/g = (2)
n
where # = 12S/4Tt is dimensionless time parameter, Q is
the injection rate, 7'and § are the transmissivity and stora-
tivity, 7 is the distance from the well, x is the variable of
integration, and ¢ is the time since injection began. The
Theis solution assumes an infinite, flat confined aquifer of
constant thickness, which is homogenous and isotropic.
While these assumptions do not accurately represent the
Navajo aquifer, the Theis solution gives a first-order result
for pore pressure change under the average injection con-
ditions. We calculated the change in hydraulic head for a
constant injection rate of 1370 m® day '
(Fig. 7). This rate of injection is three times the average

for 10 years

injection rate in Area 3 to represent the three injection
wells in Area 3’s Cluster 2. We tested a range of transmis-
sivity and storativity values based on properties of the
Navajo Sandstone, which makes up the majority of the
aquifer (Hood & Danielson 1979; Hood & Patterson
1984; Freethey & Cordy 1991).

Figure 7A is an example graph explaining how to read the
results, and Fig. 7B presents the results of the Theis
solution. As shown in Fig. 7B, low transmissivity and low
storativity ~ promote raising pore  pressure.  With
T'< 400 m? day " and $ < 0.0003, the injection could have
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raised the hydraulic head more than 1 m over a distance 10—
12 km from the wells within 10 years after injection
(Fig. 7B(i) and (iii)). For T> 125 m? day ' and § > 0.008,
hydraulic head increase is less than a couple of meters and
within 2-4 km from the wells (Fig. 7B(ii) and (iv)). The
ranges of the transmissivity and storativity in Fig. 7 are based
on the values of the Navajo aquifer (Freethey & Cordy
1991); these results suggest that the wastewater injection
could cause the increased seismicity in Area 3.

To more accurately represent the Navajo aquifer with
the injection area’s shallow dip, we also modeled the
change of hydraulic head by injection using the Ground-
water Modeling System (GMS), which provides a graphical
user interface for the MODFLOW 2000 model. MOD-
FLOW solves the transient groundwater flow equa-
tion (McDonald & Harbaugh 1988):

oh 9 (. on\ o[ o\ 9 [ o

= (K o) 4 Ky o) + o (Ko o

S ot Bx(( 8x)+8y(<”8y)+8z(< 8z)+W
(3)

where §; is specific storage of the aquifer, 4 is hydraulic
head, #is time, K is hydraulic conductivity along the indi-
cated coordinate axes x, y, or z, and W is the volumetric
flux per unit volume representing sources and/or sinks of
water (such as an injection well).

We built an isotropic, homogeneous, one-layer grid
model dipping 3°, based on the mapped dip for the area
(Witkind 1988); the model domain is 250 m thick
(Fig. 8). In this model, the z-component of the transient
groundwater flow equation is zero. To minimize the
impact the poorly constrained lateral boundary conditions,
we use a large 80 km by 80 km model domain. The
numerical grid is 250 m by 250 m by 250 m. In this
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Fig. 6. Surface distance of seismicity pre- and 0 0
post-injection as measured from the cluster 0 10 20 30 0 5 10 15 20
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(B) T=125 m? day !, § = 0.0003 T'=400 m? day !, S = 0.0003 graph and how to read the results. (B) Theis
i) 8T (iii) 3 solution results with change in hydraulic head
(Ah), in meters, as a function of distance from
_ 61 2 the injection well, in kilometers, in
E 4 :E/ homogeneous, isotropic aquifers with a single
4 < = injection well with a constant injection rate of
2 —— ! 1370 m® day '. The location X =0, and
e —— _B—_{ therefore the y-axes, represents the location of
0 : . . ; " 0 " " T ; ; { the injection well and time increases away
6 2 4 6 8 10 12 14 02 4 6 1012 14 from the origin of each graph, with each line
Distance from well (km) Distance from well (km) representing the Ah for each successive year of
injection up to 10 years. The black lines are the
(i) ¢ T=125m? day !, §=0.008 (iv) 2 7'=400 m” day !, § = 0.008 5 years of injection change in hydraulic head
data. Red dashed lines represent the 1 m
1.5 4 change in hydraulic head threshold, which can
g 7 induce seismicity. The gray areas are the
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< from the injection well. Transmissivity (T)
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0o 2 4 6 0 12 14 m?2 day ", S=0.008; (iii) T=400 m? day ',
Distance from well (km) Distance from well (km) 50:082'30003; and (iv) T=400 m* day ", S=

semi-generic model, a single injection well was located in
the center of the model domain with a constant injection
rate of 1370 m® day~'. The single well is used to approxi-
mate the injection in the actual aquifer using a rate three
times the average rate of the injection wells of interest. We
set the model as a confined aquifer and used hydrostatic
pressure as the initial condition. Hydrostatic conditions are
also applied to the lateral boundaries to allow groundwater
flowing out of the model domain.

We ran the model with four hydraulic conductivity (K)
values (0.001 m day™*, 0.01 m day™!, 0.5 m day ™', and
1.6 m day™!) and at two specific storage (S, values
(1.2 x 10°° m ' and 3.2 x 107® m™ ") each. For the dip-
ping aquifer, the greatest change in hydraulic head is in
the down-dip direction in which the natural hydraulic

gradient is also the greatest. The results in Fig. 9 are those
in the down-dip direction. Figure 9 presents the results in
terms of transmissivity and storativity, which are K and §;
multiplied by the aquifer thickness (250 m), respectively.
The results graphs in Fig. 9 can be interpreted in the same
manner as the example in Fig. 7A.

Figure 9 shows the results are similar to those of the
analytic model — low to mid-range transmissivity and low
storativity help to raise pore pressure. Within the estimated
range of the transmissivity and storativity for the Navajo
aquifer (Hood & Danielson 1979; Hood & Patterson
1984; Freethey & Cordy 1991), injection is shown to be
able to raise hydraulic head more than 1 m over a region
up to 10-12 km from the injection wells to account for
the observed seismicity increase.
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Fig. 8. Cross-sectional view of the numerical model domain. This line drawing is shown with 10 times vertical exaggeration. The 3° dipping model is 250 m
thick and spans 80 km by 80 km in map view (not shown). The well is located in the center of the model domain (shown in red). Results of the model are

shown in the down-dip direction in a later figure.

Fig. 9. Model results for a 3° dipping,
numerical model; distance from the injection
well is in the down-dip direction. Result
graphs can be read as described in Fig. 7A.
Change in hydraulic head (Ah), in meters, as
a function of distance from the injection well,
in kilometers, in a homogeneous, isotropic
aquifer with a single injection well with a
constant injection rate of 1370 m? day .
The location X = 0, and therefore the y-axes,
represents the location of the injection well
and time increases away from the origin of
each graph, with each line representing the
Ah for each successive year of injection up to
10 years. The black lines are the 5 years of
injection change in hydraulic head data. Red
dashed lines represent the 1 m change in
hydraulic head threshold, which can induce
seismicity. The gray areas are the distances of
interest, approximately 10-12 km from the
injection well. Transmissivity values are (A)
025 m?day” ", (B) 25m’day', (O
125 m? day ', and (D) 400 m? day ", and
the storativity values are 0.0003 (first row)
and 0.008 (second row) for each panel (A—
D).

© 2016 John Wiley & Sons Ltd

(A) T=0.25m?2 day! (B) T=2.5m?day!
6
=, LI SRR
g £ S E
S = S o=
[ <2
& I B I \\\§
r 0 — ———
2 4 6 8 100 12 14 0 2 4 6 8 10 12 14
Bl
o
= gzt
? = S =
n J} < 2 —
2 4 6 8§ 10 12 14 0 2 4 6 8 10 12 14
Distance from well (km) Distance from well (km)
(C) T=125m? day! (D) ] T =400 m? day!
3 S _ 4
S E S E
S = S =
o< <2
) )
0
6
z g4
S =
= <, ]
“n < “n 2
- 0 | |
2 4 6 8§ 10 12 14 0 2 4 6 8§ 10 12 14
Distance from well (km) Distance from well (km)




10 M. R. M. BROWN & M. LIU

Table 1 b-value and uncertainty.

Pre-injection Post-injection
Area Pre-injection  uncertainty Post-injection  uncertainty
Area 3 1.12 0.03 2.00 0.06
Cluster 1 1.25 0.05 1.95 0.18
Cluster 2 1.23 0.04 2.65 0.32
Nomenclature
Symbol Units Description
Theis and Groundwater
Flow Equations
4h [m] Change in hydraulic head,
drawdown
r [m] Radial distance from well
t [d] Time
Q [m? day "] Volumetric injection rate
u [1] Dimensionless time
parameter
T [m? day~"] Transmissivity of the
confined aquifer
S [1] Storativity of the
confined aquifer
K [m day "] Hydraulic conductivity
of the confined
aquifer
Ss m~"] Specific storage of

the confined aquifer
b-value calculations

M [1] Earthquake magnitude

N [1] Number of observed
events greater
than or equal to
magnitude M

a [1] Constant

b [1] Constant; b-value

Mc [1] Magnitude of
completeness

AM [1] Magnitude interval used
for grouping
of the data

il [1] Sampling average of
the magnitudes

o [1] b-value uncertainty

Cm [11 Modified b-value

uncertainty

CHANGES IN B-VALUE

Injection-induced earthquakes have a fundamentally differ-
ent mechanism than mining induced seismicity. As differ-
ential stress and &-value have an inverse relationship, &-
value can be used as a stress indicator (Schorlemmer et al.
2005).

The b-value characterizes the magnitude—frequency dis-
tribution of earthquakes presented in Eq. 1 (Gutenberg &
Richter 1944). A b-value of 1 is the global average for tec-
tonic earthquakes, while injection-induced earthquakes
have larger #-values (National Research Council of the
National Academies 2013). Seismicity in Area 3 has long
been considered entirely MIS, with only extremely rare tec-
tonic events. Therefore, prior to injection, all the seismicity

is mining induced. Relatively higher b&-values have been
observed in other fluid influenced environments like vol-
canic areas (Wiemer & McNutt 1997), hydrothermal areas
(Farrell et al. 2009) and geothermal areas (Bachmann ez al.
2012). Figure 3 presents the cumulative frequency magni-
tude distribution of events and the noncumulative fre-
quency magnitude distribution of events for Area 3,
Cluster 1, and Cluster 2 pre- and post-injection.

We evaluated temporal variation in the 4-value for pre-
and post-injection using a modified maximum likelihood
estimation that takes into account the binning process (Aki
1965; Utsu 1965; Bender 1983; Marzocchi & Sandri
2003). The formula for -value is

b 1 (4)

In(10) [ — (2*)]

where [ is the sampling average of the magnitudes, M. is
the magnitude of completeness, and AM is the magnitude
interval used for grouping of the data. A AM value of 0.1
is used for instrumental measurements (Marzocchi & San-
dri 2003), and this value was used for our estimations.
Uncertainty in 4-value calculations is estimated by a for-
mula modified from the original (Aki 1965):

o= (5)

where N is the number of earthquakes. The modified for-
mula we used is

SN (M- )’

= 2.3007
N N(N-1)

()

where o,, is the modified uncertainty and N is the number
of earthquakes. The &-values and uncertainties calculated
using a M. of 2.0 are presented in Table 1. In Area 3,
Cluster 1, and Cluster 2 the 4-value increases following the
start of consistent injection. We also calculated the &-values
using lower M, values, and while the magnitude of the &-
values changed, the increase in &-value following the start
of injection remained regardless of the chosen M. value.

DISCUSSION

The variations of seismicity rates after consistent injection
in central Utah show clearly that not all injections induce
seismicity (Fig. 2), as has been observed elsewhere (Ells-
worth 2013). This may be explained by either insufficient
amount of injection, or the stress state in the crust that is
far from the failure conditions, or a combination of both
factors. In Area 1, approximately 2.44 x 10% bbls
(2.93 x 107 m®) of wastewater has been injected by
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October 2014 (UIC public record well files), which is
approximately 61% of the amount injected into Area 3.
The relatively low injection volume could be a factor for
the lack of induced seismicity in Area 1. In Area 2, the
total injected volume from 80 wastewater disposal wells is
6.3 x 10® bbls (7.56 x 107 m?) as of January 2015 (UIC
public record well files), approximately 1.6 times the
amount injected into Area 3. Therefore, the lack of injec-
tion-induced seismicity there has to be explained by other
factors, perhaps including it being located away from the
Intermountain Seismic Zone so the stress in the ambient
crust is too low for injection-induced seismicity. As for
Area 4, the total volume injection, about 3.3 x 107 bbls
(3.96 x 10° m?®) (UIC public record well files), is approxi-
mately 8.3% of the volume injected in Area 3. Although
the area shows some variation in seismicity rate since 1981,
the small sample size does not permit meaningful analysis.
Our analysis focused on seismicity changes in Area 3,
where seismicity increased significantly since the injection.
Previous studies have attributed all seismicity in the area to
mining activity (Arabasz & Pechmann 2001; Arabasz et al.
2005, 2007). Although mining is clearly a major cause of
the induced seismicity in central Utah (Arabasz ez al.
2002), we cannot explain the significant increase in seis-
micity during the 2000s by the mining activity alone. First,
although mining in Area 3 has been active since well
before the 1980s, the significant increase in seismicity
started only after the consistent injection began around
1998 (Fig. 5). Second, whereas the peak seismicity rate
seems temporally correlated with peak mining activity, the
1-2 year shift between them indicate other processes are
involved, because mining induced seismicity should be coe-
val with mining activity. On the other hand, the peak seis-
micity rate also correlate well with injection volumes
(Fig. 5), and the time shifts between them can be
explained by the time needed for pore pressure diffusion to
Finally, the
appears to cluster at specific distances (Fig. 6) from the
wells, which would be consistent with pore pressure

trigger ecarthquakes. increased  seismicity

induced seismicity along preexisting faults. The clustering
distance is close to the coal mines and could be due to coal
mining activity; however, the variable spatial pattern prior
to injection when coal mining was also active suggests the
change is due to another process.

Our results of J-values of these seismic events are com-
parable with previous studies for the Utah mining region
(Smith et al. 1974; Pechmann et al. 2008; Kubacki et al.
2014). These calculations, however, were completed over
two years or less. The &-values we calculated for Area 3,
Cluster 1, and Cluster 2 (Fig. 7) spanned at least 9 years.
Our results show temporal and spatial variations. Prior to
injection, Area 3 and the two clusters have &-values
approximately the same and slightly higher than the tec-
tonic average of 1. This &-value represents only MIS.

© 2016 John Wiley & Sons Ltd
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Following the start of injection, Area 3, Cluster 1, and
Cluster 2 show an increase in 4-value. The increase in 4-
value following the start of injection is consistent with
changes in differential stress (Schorlemmer et al. 2005),
which is consistent with a change from exclusively MIS to
a mix of MIS and injection-induced seismicity.

CONCLUSIONS

We conclude that not all injection in central Utah has
induced seismicity. In Area 2 of our study area, in the
Uinta Basin area of central Utah, where 6.3 x 10% bbls
(7.56 x 107 m®) wastewater has been injected in 80 wells
from the mid-1960s to January 2015, no clear increase in
seismicity has been found.

On the other hand, we find strong evidence for injec-
tion-induced seismicity in Area 3. Our analysis confirms
that much of the increased seismicity is related to coal min-
ing, but mining activity alone cannot explain the significant
increase in seismicity since 2000, and the increased seismic-
ity can be better explained with additional seismicity
induced by wastewater injection. The injection-induced
seismicity apparently clusters on preexisting faults, indicat-
ing that tectonic conditions are a key factor even for
induced seismicity.
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