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Abstract

Injection-induced seismicity across the US midcontinent has almost exclusively occurred
in the crystalline basement that underlies the Arbuckle Group aquifer and its equivalents, the
primary wastewater disposal zone in this region. However, the properties of the basement are not
well known. Newly compiled data, from Class | wells in Kansas, provide a unique record of
pressures in the Arbuckle and an opportunity to constrain the reservoir-scale properties of the
basement such as permeability, diffusivity, and specific storage. Constraints on these parameters
are critical for modeling fluid flow and pressures across the entire Arbuckle-basement system, and
are necessary for accurate evaluation and prediction of injection-induced earthquakes. Here, we
present a detailed, three-dimensional geological and pressure history-matched numerical model
for the Arbuckle and basement, based on data from >400 wells covering a large region in south-
central Kansas, where injection-induced seismicity has been concentrated since 2014. Simulations
of dynamic data from 319 wells indicate that Arbuckle pressures have increased by 1.1 MPa in
high injection rate areas and an overpressure of <0.1 MPa may be the cause of seismicity in the
basement. Pressure-history matching also yields the likely range in porosity (0.3-7%), permeability
(0.1-0.7 mD), and diffusivity (0.004-0.07 m?/s) for the basement. The resulting estimates suggest
reservoir-scale properties of the basement are enhanced by faults and fractures. Importantly, the
diffusivities determined in this study are lower than estimates derived from Kansas earthquake
triggering fronts, and suggest that such seismicity-based techniques may have limitations,

particularly where space-time patterns between injection and seismicity are complex.

1 Introduction

The revolution in unconventional oil and gas resource development, and associated
injection of coproduced wastewater into deep aquifers, has increased seismicity rates across the
US midcontinent over the last decade (Ellsworth, 2013; Langenbruch & Zoback, 2016; Weingarten
etal., 2015). Although the target disposal zone in this region is the Cambrian-Ordovician Arbuckle
Group (herein referred to as the Arbuckle) and age equivalent saline aquifers, the seismicity has
almost exclusively occurred in the underlying Precambrian crystalline basement. These
earthquakes have illuminated a complex network of faults below the sedimentary cover that can

slip under small stress changes; however, the hydrologic characteristics of the basement are not
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well known, due, in part, to a dearth of data. Kansas, for example, has more than 400,000 oil and
gas wells, but less than 1% penetrate the basement and of those, only 15% percent extend more
than 20 m into it. Fewer still have well log and core data, and it’s not clear if the limited data that
exist are representative of the average reservoir-scale hydrologic properties of the basement. The
hydrogeological characteristics of the basement are essential for modeling the pressure evolution

from the overlying Arbuckle aquifer and its relationship to midcontinent seismicity.

Seismicity in the Kansas and Oklahoma occurs at a median depth of 6.5 km below the
surface and continues down to ~10 km depth (Schoenball & Ellsworth, 2017) (Figure S1). The
ubiquity of these earthquakes across these states and their substantial depth below the Arbuckle
suggest that hydraulically conductive basement faults are widespread and may be enhancing the
average reservoir-scale properties of the basement such as porosity, permeability, diffusivity, and
specific storage. The crystalline basement in intraplate settings is known to have an average
permeability three to four orders of magnitude higher than that measured on core samples
(Townend & Zoback, 2000). Although this scale dependence for permeability (and storage) has
been confirmed by meta-analysis of global in situ permeability measurements from shallow (< 2
km depth) basement (Ranjram et al., 2016), relationships in the deeper basement are not well
established. Lacking needed measurements, many researchers have used earthquake triggering
fronts (Shapiro et al., 1997; Goebel et al., 2017; Peterie et al., 2018; Schoenball et al., 2018) to
estimate the basement properties, resulting in a wide range of values (Table 1). For example,
Schoenball et al. (2018) use the earthquake front concept for tracking seismicity diffusion in the
vicinity of a wellbore and calculate a hydraulic diffusivity range of 0.012-0.06 m?/s for the
basement, while Peterie et al. (2018) use the same concept to calculate a hydraulic diffusivity of 7
m?/s and conclude that seismicity diffuses far-field (> 90 km) of causal wells. The modeling efforts
in Table 1 report reservoir-scale average values and reason that injection occurs over a broad
spatial extent, densely covered by wells (2 to 5 km spacing), that results in pressure communication
between wells and thus justifying the large-scale of analysis.

Here, we use geological modeling and pressure history matching to characterize the
porosity, permeability, diffusivity, and specific storage of the crystalline basement in south-central
Kansas, where injection-induced earthquakes have been concentrated since 2014 and limited data

on the basement are available. We take advantage of available well log, core, and dynamic data
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(injection volumes and pressures) for the Arbuckle to develop numerical models that fix the
aquifer’s properties with different geological realizations. The fixed models are used to optimize
the basement properties by matching pressure data measured in the Arbuckle. The approach is also
useful for understanding pressure transmission into the basement and its relationship with

midcontinent seismicity.

Table 1. Hydrologic properties of the Precambrian basement reported for the central US

Source Basement Basement Basement storage | Basement
porosity permeability (m™1) diffusivity
(fraction) (x 10715 m?) (m?/s)
Zhai et al., 2020 - - - 0.0001
Dempsey & Riffault, 2019 0.01 0.32-0.47 - 0.26-0.37
Peterie et al., 2018 - - - 7
Langenbruch et al., 2018 2 0.01 2 1x1077 0.38
Goebel etal., 2017 - - 1.18 x 1077 0.05-0.1
Schoenball et al., 2018 © - 0.01-1 - 0.012-0.06
Zhang et al., 2013 ¢ - 0.02 1077 NA
Keranen et al., 2014 © - - 10°° 0.0001-0.01
Zhang et al., 2016 - 1 10°° 0.01-1

2 Permeability obtained by matching pressure profile and seismicity rate at 6.5 km depth. They obtain basement
porosity value from Freeze & Cherry, 1979. Diffusivity is derived from their reported values.

b These values are for basement faults and assume negligible diffusivity for the bulk. They use seismicity
migration and attribute obtained diffusivity values of 0.1 to 2 m? /s to the Arbuckle aquifer.

¢ They use seismicity migration to calculate diffusivity values for the basement fault system.

dThey have reported a vertical permeability of 10~13 m? for the basement faults.

¢ They assume a depth-decreasing basement diffusivity of 0.01 m?2 /s at the top and 0.0001 at the bottom.

f Assigning a diffusivity range of 0.01-01 m? /s to the basement bulk and diffusivity of 0.1 — 1 m?/s to the fault
zone reproduced the pressure needed to trigger seismicity at depth.

2 Background

49 Class | and 2,381 Class Il wells inject wastewater into the Arbuckle aquifer across
Kansas (Figure 1). Class | wells refer to UIC (Underground Injection Control) wells that inject
industrial waste fluids, commonly under gravity (no pump pressure), following a strict set of EPA
(Environmental Protection Agency) regulations, which include annual monitoring of injection
zone formation pressure (P*, Text S1) via fall-off tests. The formation pressure data are unique
and important because their changing rate contains the Arbuckle’s response to fluctuations in
wastewater injection and are valuable for understanding flow mechanisms in the aquifer and their

relationship to observed seismicity.
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3 Data and Methods
3.1 Geological-simulation models and data

A geological model of the Arbuckle and basement was constructed in Schlumberger’s
Petrel™ (Text S2, Figure S1). The model area, shown in Figure 1, is approximately 152 km in the
X (longitude) and 118 km in the Y (latitude) directions, and consists of twelve Arbuckle and five
basement layers (Figure S2; Table S1). The structure and layering of the Arbuckle were established
from formation tops and log correlation for 486 wells in the area. The Arbuckle thickness ranges
between 245 m to 365 m in the area, with a depth ranging from 348 m to 1330 m subsea. The
porosity in the Arbuckle is inferred from core measurements in four wells and the permeability is
inferred from drill-stem tests in three wells (Figure 1). A layer of low-permeability baffle,
interpreted from well-logs, separates the upper and lower Arbuckle and reduces the vertical
hydraulic connection in the aquifer (Hearn et al., 2018). We used sequential Gaussian simulation
to create five geological realizations of the aquifer and distributed porosity and permeability in the
grid blocks (Figure S2, Tables S2-S11). Arbuckle porosities and permeabilities range from
0.018 — 0.089 and 3 — 2580 mD, respectively. The basement consists of five layers (1.2 km
thick) that follow the Arbuckle structure. The porosity and permeability of the basement are
assumed to be uniform and homogeneous, and obtained by history matching the pressure for

several key Class | wells (described below).

We use the geological model to simulate dynamic data from Arbuckle wells since 2000.
The injection volumes come from 319 Class | and Il wells in south-central Kansas. For Class |
wells, we use the annual injection volumes, obtained by summing reported monthly injection
volumes data. For Class Il wells, we used the reported annual volumes. Pressure data used for
history matching were obtained from annually performed pressure fall-off tests (Text S1) from
three Class | wells in the model area, KS-01-077-002 in Harper County and KS-01-173-001 and -
002 in Sedgwick County, which are adjacent to one another (<100 m apart) (Ansari et al., 2019;
Ansari and Bidgoli, 2020). The Computer Modeling Group (CMG) IMEX simulator (CMG-IMEX
User Manual, 2016) was used for dynamic flow modeling and CMG CMOST (CMG-CMOST
User Manual, 2016) was used for matching the modeled data to the measured pressure at the Class

I wells and for calculating the basement porosity and permeability. After basement properties were
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obtained, the cumulative pressure change and pressure rate in the Arbuckle and at hypocentral

depths in the basement were obtained.
3.2 Numerical history matching

Basement properties were calculated using two different models: (A) a finite extent
basement with large thickness and no leakage at the bottom and (B) a basement connected to a
leaking analytical aquifer at the bottom boundary. The difference between the two model types is
that the numerically discretized finite basement with large thickness in the first model type is
connected to an analytical aquifer model with the same petrophysical properties (permeability and
porosity) to account for its infinite thickness.

(A)Finite aquifer with no leakage at the bottom: This approach has been used by
Langenbruch et al. (2018) and assumes a numerical discretization for a large thickness
basement. We use Neumann-Type (no-flow) boundary conditions for all outer boundaries
including the bottom of basement and explore the pressure distribution in the reservoir and
and deep basement (up to ~7.5 km depth).

(B) Basement connected to a leaking analytical aquifer at the bottom boundary: The
previous model is further improved by connecting an analytical aquifer with leakage
(Carter-Tracy model, Dake, 2008) to the bottom of the basement to represent the infinite
capacity and extent of the basement at the bottom side (Text S3; Figures S3 and S4). The
permeability and porosity of this analytical aquifer are the same as values for the
numerically discretized basement and found during the history matching process. Other
sides of the model are considered as Neuman-Type (no flow boundary condition), similar
to the previous model. The flow leaks from the Arbuckle into the numerical (gridded)
basement, and from the basement into the analytical basement aquifer, when the pressure

is high in each of the formations, to assure a pressure equilibrium in the entire model.

Table S12 summarizes the Arbuckle properties used for numerical simulations of both model types
(following Langenbruch et al., 2018). Injection starts in the year 2000 and the three Class | wells
are history matched using CMG particle swarm optimization method (Text S5). The basement is

assumed to be isotropic and the search space for its properties is summarized in Table S13.

4 Results
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Figure S2 shows the 3D porosity and permeability distributions in the Arbuckle aquifer for
the five geological realizations. To obtain a pressure history match for these realizations of the
geocellular model, the basement porosity and permeability are adjusted and tuned using each
model type (A and B) through more than 2000 iterative simulation runs. The process is illustrated
in Figure 2, which shows the historical pressure data (blue points), iterative runs (light blue curves),
and the best-fit model (red curve). The error term for each well is defined as the sum of squares of
the difference between the blue points (observations) and the red line (prediction). The best-fit
model is determined by minimizing the sum of the error terms for all three wells combined. While
the optimization algorithm finds a best-fit for all of the wells, for well KS-01-077-002 (Figure 2a),
the best-fit model is better aligned with the pressure measurements than in the other two wells
(Figure 2b and 2c). Note that this is likely a consequence of differences in injection at each well
site. Injection into well KS-01-077-002 is relatively low and the recorded pressure increase mostly
reflects high regional injection in southern Kansas. In contrast, the best-fit model for wells KS-01-
173-001 and KS-01-173-002, which are in close proximity to one another, has a poorer match to
the measured data because these wells experience substantially higher in-well disposal.
Additionally, several other high-rate Class I injection wells are in close proximity to these wells
(Ansari et al. (2019). These results are aligned with Zhai et al. (2020), who also argue that local

injection is the likely cause of excessive pressure increase observed in well KS-01-173-002.

Figure 3 summarizes the results obtained from history matching all realizations (types A
and B). The specific storage (S,) and diffusivity (D) were determined using the values in Table

S12 and solving:

Ss = pflg((pﬁfl + ﬁr)

=kpflg

D
n S

in which, ¢ is porosity, p; is fluid density, B, and 3, stand for bulk compressibility of water and

rock, k is permeability, 7 is fluid viscosity, and g is the gravitational acceleration. Overall, the
pressure history match yields low porosity (0.3-7%), permeability (0.1-0.7 mD), and diffusivity
(0.004 — 0.07 m?/s) values for the basement (summarized in Table S14).
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Figure 4 shows an example of the numerical simulation results with our basement
properties established from the history matching (see model 3, Table S14). The figure shows that
pressure increase affects an extensive area in south-central Kansas, peaking at ~1.1 MPa in 2015
and decreasing in 2016 while further diffusing into the basement. Although the pressure starts to
decrease in the Arbuckle after 2015, the pressure in the basement increases because of a pressure
diffusion time lag (Schoenball et al., 2018). The total pressure increase at ~1.8 km below the top
of basement (thickness of basement grid blocks are 1.2 km) remains elevated in 2015 and 2016 at
<0.5 MPa. By comparison, the pressure rate in both the Arbuckle and the basement peaks in 2014
and decreases in 2015 and 2016. The pressure rate in the Arbuckle maxes at ~0.4 MPa/year in
2014. The pressure rate maxes at ~0.2 MPa/year at ~0.6 km average depth below the top of the
basement and <0.1 MPa/year in deeper areas in 2014, and slowly drops to <0.1 MPa/year in 2016.

Similar results were obtained with all model realizations.
5. Discussion

Unlike previously published works that fine-tune the Arbuckle’s properties using
seismicity rates (Dempsey & Riffault, 2019; Langenbruch et al., 2018), we use available well data,
including vital Class | pressure data, and modeling to characterize the Arbuckle. The resulting 3D
pressure history matched models (e.g., Figure 4) yield representations of the pressure change
magnitude and distribution in the Arbuckle and basement. The simulation results indicate that
pressure increases peak at ~1.1 MPa in the Arbuckle and then fall in 2016, following both state-
mandated and market-driven reductions in wastewater disposal. The pressure distributions suggest
a coalesced pressure plume in the Arbuckle aquifer, a consequence of pressure interference
between wells due to the high permeability and diffusivity of the Arbuckle, consistent with the
results of Langenbruch et al. (2018) and Dempsey & Riffault (2019).

The pressure distributions provided in Figure 4, and produced in other realizations of the
model, are also in line with the seismicity trends in the state. Seismicity in southern Kansas peaked
in 2015 and dropped in 2016 (Rubinstein et al., 2018), a pattern also confirmed by physics-based
hydromechanical and seismicity rate models (Zhai et al., 2020). Further, the results suggest that
pressure rate is the dominant control on the seismicity rate (see Figure 4c-f where pressure rate in
the basement increases in 2015 relative to 2014 and then drops in 2016, despite elevated

cumulative pressure). However, the cumulative pressure increase due to historical injection makes
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faults susceptible to smaller pressure changes and thus, decreases the minimum pressure required
to initiate seismicity. Another important insight is that cumulative pressure increases can reach
farther distances than the changes in pressure rate, which appear to stay confined to areas near
injection wells. This may imply that for mitigation of induced earthquakes, regulating wells

proximal (<30 km distance) to an earthquake source should be prioritized over distant wells.

Our results indicate that the cumulative pressure increase at 4.5 km below the top of the
basement in south-central Kansas is <0.1 MPa, which is lower than the values reported by
Schoenball et al. (2018), who find that pressure at this depth in Guthrie-Langston region of
Oklahoma has steadily increased since injection began in 2002, reaching ~0.2-0.3 MPa in 2011.
However, similar to their work, we also observe that the large permeability contrast between the
Arbuckle and basement delays the onset of pressure decay to hypocentral depths. Nevertheless,
our results are consistent with prior studies that have found that stress changes of 0.01 to 0.1 MPa
in the basement are sufficient to trigger near-failure fault slip and induce seismicity (Gomberg &
Johnson, 2005; Keranen et al., 2014; Rubinstein et al., 2007).

The basement properties obtained from the 3D history matching are within the range of
values from the studies in Table 1 and Townend and Zoback (2000), who conclude that the
permeability of the upper crust is =0.01-0.1 mD over 1 to 10 km scales. The obtained basement
properties, however, are higher than site specific data for deep crystalline rocks (Coyle and
Zoback, 1988; Huenges et al., 1997; Lockner et al., 1991; Morrow and Byerlee, 1988, 1992;
Morrow et al., 1994). While core, well log, and well test data provide basement properties in the
vicinity of a well, such data fail to account for secondary enhancements created by faults and
fractures. Importantly, these data systematically underestimate hydrological properties needed
for the large scale of analysis, necessary for developing seismic hazard maps (e.g., Langenbruch
et al., 2018) and for efficiently predicting seismicity rates (Dempsey & Riffault, 2019). The
exception to this is porosity; our reported range is similar to the limited laboratory- and well log-
based porosity estimates for the crystalline basement in the midcontinent (Freiberg et al., 2014;
Kibikas et al., 2019, 2020). The consistency of results using such different scales of analysis,
in part, reflects the wide range in reported values (<1% to 15%), but it may also imply that faults
and fractures that enhance the other properties of the basement are volumetrically limited as a

proportion of the basement.
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The basement diffusivities in Table 1 range from 0.0001 m?/s, one order of magnitude
lower than our results, to 7 m?/s, two orders of magnitude higher than our results. One reason for
the wide range in published estimates is that researchers use different earthquake triggering fronts
(Shapiro et al., 1997) in their calculations. For example, Peterie et al. (2018) use earthquake fronts
established by the whole of the earthquake catalog in south-central Kansas to calculate a diffusivity
of 7 m?/s across the area of our model. In contrast, Schoenball et al. (2018) apply the same
seismicity migration concept to discrete clusters of earthquakes along faults in Oklahoma and find
a much lower diffusivity (up to 0.06 m?/s) for the basement. Diffusivities reported here are more
in line with values reported by Schoenball et al. (2018) and may imply that caution must be taken
in determining diffusivities from earthquake triggering fronts, particularly where prior injection
history (cumulative injection) and pressure interference from multiple wells can complicate spatial
and temporal patterns in seismicity, as is the case in south-central Kansas.

6 Limitations

Our study has several limitations. The Horner false pressure (P*) obtained from fall-off
tests slightly underestimates the average formation pressure and this underestimation increases
with time (Ansari et al., 2019). Thus, a perfect history match may not be possible and a tolerance
of 5% for the matches may be acceptable. The Arbuckle is also known to be a highly fractured
and heterogeneous aquifer (Franseen et al., 2004), and likely follows a dual porosity model;
however, the Horner analysis used to derive P* assumes homogenous rock properties. These
limitations, however, may have negligible or secondary effects on the results because the
interpretations from transient testing techniques for homogeneous reservoirs appear to be
representative, even when applied to heterogeneous reservoirs, and show average values for the
properties of the system (Earlougher, 1977; Horne, 1995; Lee et al., 2013).

Other intrinsic limitations of the current work relate to the sparseness of the reservoir
property and pressure data, which the models and the properties of the basement are conditioned
upon. Because formation pressure data are recorded in only three wells in the study area (two of
which come from the same site), and these pressure profiles are sensitive to local permeability
distributions and injection (Fig. 2), the inferred basement properties should be seen as large-scale
averages. Thus, the obtained estimates provide lower bounds for porosity and permeability and
may be biased for small-scale models (e.g., faults or local models). Additionally, our models
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ignore potential heterogeneities in the basement that could be the cause of poorer pressure
matches in wells KS-01-073-002 and KS-01-073-003 in Sedgwick County. The geological model
is also restricted to southern Kansas and ignores high-rate disposal in Oklahoma. Although
Kansas disposal was sufficient to obtain a match for well KS-01-077-002 in Harper County, the
inclusion of the Oklahoma wells could improve the pressure matches for the other Class | wells

and better align our results with those of Zhai et. al. (2020).

7 Conclusion

Our 3D pressure-matched models show that the Arbuckle pressure has increased up to =1.1
MPa in high injection rate areas near the Kansas-Oklahoma border and a pressure rate of less than
0.1/yr MPa triggers deep (>2.4 km from the top of the basement) seismicity. The history matching
also vyields low porosity (0.3%-7%), permeability (0.1-0.7 mD), and diffusivity (0.004 —
0.07 m?/s) values for the basement, indicating that the Arbuckle could be effectively studied
using 2D analytical models. In addition, the time lag for the Arbuckle pressure changes to penetrate
deep into the basement implies that seismicity does not decrease immediately post shut-in. Our
results suggest that pressure rate (pressure gradient in time) controls the seismicity rate; whereas,
the total pressure increase due to historical injection decreases the minimum pressure required to

initiate seismicity.
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Figure 1. 49 Class | wells (red triangles) and 2381 Class Il wells (blue triangles) dispose
wastewater into the Arbuckle (size indicates cumulative injection into the well since 2000). The
green polygons are areas where the Arbuckle wastewater injection is mostly balanced with
hydrocarbon production. The yellow box shows south-central Kansas, where seismicity has surged
markedly and a detailed geological and numerical model was constructed. The pressure profile for
the wells that fall in the yellow polygon are used for history matching. Black dots correspond to
M 3+ earthquakes from the USGS ComCat database.

Figure 2. Matching the measured Arbuckle pressures for wells (a) “KS-01-077-002”, (b) “KS-01-
173-0017, and (c) “KS-01-173-002” (matched model 3; Table S14). Blue points are the historical
pressure data, light blue curves show different simulation runs, and the red curve shows the best
model determined by tuning the basement properties (permeability and porosity). More than 2000

runs are performed to obtain the best match.

Figure 3. Calculated crystalline basement porosity, permeability, specific storage and diffusivity

for 10 different models.

Figure 4. (a-c) Cumulative pressure change (MPa) and (d-f) annual pressure change rate
(MPa/year) across the south-central Kansas model area (Figure 1) since 2000, obtained from

geological and numerical history matching. Vertical exaggeration is 10x.
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