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Abstract

Over the past eight years, north-central Oklahoma has experienced a significant increase in seismicity.
Although the disposal of large volumes of wastewater into the Arbuckle Group basement system has been sta-
tistically correlated to this increased seismicity, our understanding of the actual mechanisms involved is some-
what superficial. To address this shortcoming, we initiated an integrated study to characterize and model the
Arbuckle-basement system to increase our understanding of the subsurface dynamics during the wastewater-
disposal process. We constructed a 3D geologic model that integrates 3D seismic data, well logs, core measure-
ments, and injection data. Poststack-data conditioning and seismic attributes provided images of faults and the
rugose top of the basement, whereas a modified-Hall analysis provided insights into the injection behavior of the
wells. Using a Pareto-based history-matching technique, we calibrated the 3D models using the injection rate
and pressure data. The history-matching process showed the dominant parameters to be formation-water prop-
erties, permeability, porosity, and horizontal anisotropy of the Arbuckle Group. Based on the pressure buildup
responses from the calibrated models, we identified sealing and conductive characteristics of the key faults. Our
analysis indicates the average porosity and permeability of Arbuckle Group to be approximately 7% and 10 mD,
respectively. The simulation models also showed pockets of nonuniform and large pressure buildups in these
formations, indicating that faults play an important role in fluid movement within the Arbuckle Group basement
system. As one of the first integrated investigations conducted to understand the potential hydraulic coupling
between the Arbuckle Group and the underlying basement, we evaluate the need for improved data recording
and additional data collection. In particular, we recommend that operators wishing to pursue this type of analy-
sis record their injection data on a daily rather than on an averaged basis. A more quantitative estimation of
reservoir properties requires the acquisition of P-wave and dipole sonic logs in addition to the commonly ac-
quired triple-combo logs. Finally, to better quantify flow units with the disposal reservoir, we recommend that
operators acquire sufficient core to characterize the reservoir heterogeneity.

Introduction
According to The Office of the Secretary of Energy

and Environment (Oklahoma), the state of Oklahoma
has experienced limited but consistent levels of seis-
micity in the recorded history dating back to 1882
(earthquakes.ok.gov). However, north-central Okla-
homa has experienced a recent and dramatic rise in the
number of earthquake events. This cannot be solely
attributed to natural causes. Walsh and Zoback
(2015) provide a discussion of the increase in seismicity
(Figure 1). They mention that no other state has wit-
nessed an increase in seismicity as much as Oklahoma
in recent years. Jacobs (2016) reports more than 2500
seismic events with >2.5 Richter magnitude between
2010 and 2015 in Oklahoma.

Multiple studies including but not limited to Zoback
(2010), Horton (2012), Kim (2013), McGarr et al. (2015),
and Walters et al. (2015) indicate that the seismicity is
linked to wastewater disposal. To address this issue, the
Oklahoma Corporation Commission implement a
“stoplight” plan of action that required the reduction
(a yellow light) or cessation (a red light) of injected
wastewater volumes. Since the plan has been imple-
mented, there has been a reduction in earthquakes ex-
ceeding a magnitude of three or greater from 903 in
2015 to 623 in 2016, 302 in 2017, and 196 in 2018 (Tulsa
World, 2019). This decrease in seismicity occurred
when the volume of oil produced increased from 166
MMBBL in 2015 to 192 MMBBL in 2018 (EIA, 2019). The
increased cost of wastewater disposal, public relations
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concerns, and new exploration opportunities have
shifted oil and gas production from the high water-
cut Mississippian Limestone play of north-central Okla-
homa (e.g., Matson, 2013) to the lower water-cut
STACK and SCOOP plays of central and south-central
Oklahoma (Pickett, 2018). Outside of Oklahoma,
hydraulic-fracturing operations have been attributed
to be the primary cause of induced seismicity (British
Columbia Oil and Gas Commission, 2011; Holland, 2013;
Friberg et al., 2014; Walters et al., 2015). Although sev-
eral seismic events in Oklahoma have been linked to
hydraulic-fracture stimulation (Holland, 2013), none
have been reported in north-central Oklahoma where
most seismic events have occurred and where our study
focuses. Therefore, this study does not focus on
hydraulic-fracture-induced seismicity.

The United States Environmental Protection Agency
(EPA) designates class II wells as those used to inject
fluids associated with oil and gas into the subsurface.
In general, permeable formations are the target of class
II wells. According to the U.S. Geological Survey (2019),
40,000 out of 150,000 class II wells operating in the
USA are used for oil and gas wastewater (primarily
brine) disposal. Other class II wells include those used
for enhanced recovery and hydrocarbon storage. The
total produced water volume in the USA exceeded 20
billion stock-tank barrels (STB) in 2007 as reported by
Clark and Veil (2009). Enhanced recovery operations
consumed more than 55% of this water, whereas approx-
imately 39% of the water was disposed of through waste-
water injection wells. A small fraction of these disposal
wells has caused induced seismicity, thereby triggering a
large concern among the public and governmental organ-
izations. This increase in seismicity has led federal and
state bodies to find ways to mitigate the risk of induced
seismicity. The State of Oklahoma Underground Injec-
tion Control division recognizes three necessary compo-
nents for significant injection-induced seismicity:
(1) sufficient pressure buildup from disposal activities,
(2) the presence of faults, and (3) a pathway allowing
the increased pressure to communicate with the faults.

Resource plays such as the Mississippian Limestone
of Oklahoma and Kansas are characterized by up to

95% hypersaline water production. Although the entire
state of Oklahoma has thousands of water disposal wells,
it is only north-central Oklahoma that has experienced a
recent increase in seismicity. Walsh and Zoback (2015)
state that in north-central Oklahoma, most wastewater is
disposed of in the high-porosity, high-permeability, and
often karsted Arbuckle Group. In addition, these authors
hypothesize that this formation is in hydraulic com-
munication with the underlying crystalline basement.
Increases in pressure in the Arbuckle Group are trans-
mitted into the basement, thereby modifying the ambient
stress field and facilitating slippage along the preexisting
zones of weakness. The exact details of such pressure
transmission are unknown, with some scientists sug-
gesting fluid flow into the basement along faults and
others proposing a somewhat simpler loading process.

Although various authors have established spatiotem-
poral correlations between wastewater injection and
earthquakes across the USA and other countries (Evans,
1966; Walsh and Zoback, 2015; van der Baan and Calixto,
2017), there is still a poor understanding of the mecha-
nisms of earthquake triggering in north-central Okla-
homa. However, one aspect is clear: that geologic
variability controls the occurrence of such events and
basement rocks in Oklahoma and is not homogeneous
(Elebiju et al., 2011; Chopra et al., 2018; Kolawole et al.,
2018). To further investigate these issues, data for this
study include modern wide-azimuth 3D seismic data vol-
umes, well logs, and injection volumes in Payne County,
Oklahoma. These data were used to provide a better
understanding of the subsurface geology and ideally,
insight on how to mitigate future seismic events. We
conduct, to our knowledge, the first integrated, multidis-
ciplinary characterization study of the Arbuckle Group-
basement wastewater disposal system.

We begin our paper with a review of the geologic set-
ting and the data available, followed by a summary of
our three-step data-integration workflow. The first step
includes establishing the structural and stratigraphic
framework for the basement, Arbuckle Group, and
overlying strata and constructing a 3D reservoir model
of the subsurface geology. The second step includes
correcting and analyzing the injection-well data. The
third step includes history matching where we evaluate
whether key faults act as fluid conduits or seals and we
also discuss some of the limitations for the methodol-
ogy presented. Each of these steps required perturbing
the other two steps. We conclude with a summary of
our results: a discussion of the strengths and weak-
nesses of our analysis and a list of conclusions includ-
ing recommendations for data acquisition for improved
wastewater reservoir characterization studies.

Geologic setting
The Arbuckle Group of central and northern Okla-

homa was deposited during the Cambrian and Ordovi-
cian as an extensive carbonate platform that covered
most of the region. Strata in the study area are 100s
to 1000s of feet thick and were altered, in part, by

Figure 1. Cumulative number of magnitude 2.5+ earthquakes
in Oklahoma (after the study by Walsh and Zoback, 2015).
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fracturing, dolomitization, and karstification processes.
Cambrian and Ordovician carbonates are underlain
by 50–100 ft of interbedded sandstones and dolomites
of the Reagan Sandstone (Stringer, 1958), which in
turn lies upon faulted Pre-Cambrian/Cambrian gra-
nites and rhyolites that form the shallow part of the
basement throughout much of Oklahoma (Johnson,
1991). The heavily fractured and karsted carbonate
formations have been the main disposal units for
salt-water disposal wells throughout much of Oklahoma
(Murray, 2015).

Data used
Figure 2a shows the location of Payne County in

Oklahoma. The availability of a modern 3D seismic sur-
vey imaging the Arbuckle Group and basement along
with other overlying formations was a key factor in se-
lecting the study area. Figure 2b shows the location of
29 wastewater disposal wells penetrating the Arbuckle
Group in the study area. Figure 2c shows a chair display
through the seismic amplitude volume. Obtaining
modern 3D seismic data for a study related to induced
seismicity can be difficult. As an active player (and gen-
erator of wastewater), the operator of this area was mo-
tivated to provide a data license to better understand
the subsurface complexity and devise disposal tech-
niques to mitigate any potential risk of seismicity. Be-
cause they are actively developing the shallower
objectives, the license agreement proscribed the dis-
play of seismic data above the top Arbuckle Group.
Well-log data includes digitized raster logs for 29 wells
that penetrate the Arbuckle Group for a depth range of
3000–6000 ft (914–1282 m). Log curves include gamma
ray (GR), bulk density (RHOB), neutron porosity
(NPHI), density porosity (DPHI), spontaneous poten-
tial, shallow resistivity (RESS), medium resistivity

(RESM), and deep resistivity (RESD). Sonic or velocity
logs were not available. Various data were available
from the Amoco No. 4 Shads, slim-hole cored well, Rog-
ers County, Oklahoma (70 mi to the east— northeast of
the study area), which was drilled to basement. Data
include porosity, permeability, grain density, mineral-
ogy using Fourier transform infrared spectroscopy,
and sonic velocities. Figure 3 shows the depth ranges
of the seven cored intervals and the related formations.

Figure 2. (a) Map showing the location of
Payne County, Oklahoma. (b) Boundaries
(in crimson) of the 3D seismic survey and
(in blue) of the 3D cellular model. The black
dots indicate the wells that penetrated the
Arbuckle in the study area. (c) A chair display
through the seismic amplitude volume. The
top of the survey has been cropped 20 ms
above the top Arbuckle Formation. The time
slice is approximately 800 ms below the top
of the basement.

Figure 3. Core from the Catoosa, OK, Amoco Shads no. 4
well, with its formations and their respective depths, located
approximately 15 mi from the study area (Gogri, 2018).
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Methods
Our first objective was to construct a

stratigraphic and structural framework
consistent with our understanding of
the stratigraphic and tectonic history
of the area that honored the well-log,
core, and 3D seismic data.

3D seismic processing, interpreta-
tion, and attribute analysis

We processed and interpreted a wide-
azimuth, high-fold, 3D-seismic survey
acquired in Summer 2014 using state-
of-the-art processing techniques, includ-
ing modern surface-consistent statics,
careful velocity analysis, and prestack
time migration to optimally focus on the
shallower Mississippi Lime and Red
Fork exploration targets. The image of
the deeper, stratigraphically complex
but tectonically simple Arbuckle Group
is excellent, whereas that of the still
deeper more structurally complex base-
ment is suboptimal. Without access to
the original shot gathers at the time,
we were unable to reprocess the data
using prestack depth migration to ac-
count for the lateral velocity variation
of the overburden (Figure 4a). Never-
theless, we were still able to improve the
signal-to-noise ratio (though not the fo-
cusing and position) of these deeper re-
flectors using a structure-oriented filter
to remove noise components cutting
across the structural dip, along with
spectral balancing. Next, guided by the
data owner, we applied a phase shift
of −114° to properly allocate reflectors
sign to the corresponding lithologies
(Figure 4b).

A suite of different seismic attributes
was computed to characterize the sys-
tem, using the software developed at
the University of Oklahoma (AASPI,
2017). Figure 5 shows a suite of horizon
slices through three of the attributes
that proved to be most useful in map-
ping structural features along the top
Arbuckle Group.

Coherence, which normally delin-
eates faults that exhibit finite reflector
offset, is the workhorse of most modern
3D seismic structural interpretation
workflows (Bahorich and Farmer,
1995; Chopra and Marfurt, 2007). How-
ever, in this study, the resulting images
were disappointing because the chaotic
nature of the basement does not permit
for faults to be clearly delineated by this

Figure 4. Vertical slice through the 3D seismic amplitude volume (a) before and
(b) after structural-oriented-filtering and spectral balancing with a −114° phase
shift as guided by the data owner. The red sub-vertical lines are example faults
interpreted in the basement.

Figure 5. Horizon slice of the Arbuckle Group top through (a) seismic ampli-
tude, (b) coherence, (c) negative curvature, and (d) positive curvature.
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attribute (Figure 5b). Along the top Arbuckle and top
basement where the seismic image quality is excellent,
the fault displacements are either too small, or alterna-
tively, too smeared (where the displacement is distrib-
uted by conjugate faults over a finite zone) to be
delineated by coherence. Curvature provided a better
delineation of some faults (Figure 5c and 5d). An alter-
native geologic interpretation is that many of these
faults are strike-slip in origin, where the deformation is
accommodated by Riedel shears and flexures that
exhibit little vertical offset, forming a fault damage
zone.

In contrast to coherence, structural curvature “sees”
such smeared images as a flexure (Figure 5c and 5d).
Numerically, curvature is defined in two dimensions
as the inverse of the radius of a circle tangent to and
fitting a curve, with anticlines having positive curvature
and synclines having negative curvature. Planar fea-
tures exhibit zero curvature (Chopra and Marfurt,
2007). For a normal fault, the footwall will exhibit a pos-
itive curvature anomaly (an antiform), whereas the
hanging wall will exhibit a negative curvature anomaly
(a synform). In general, these two curvature anomalies
will bracket a normal fault. Analyzing the strike-slip El
Reno Fault 65 mi west of the study area, Liao et al.
(2017) find that curvature could delineate not only
Riedel shears but also a suite of rhombochasms forming
a wide damage zone. Most-positive curvature will
delineate the axis of upthrown structures.

Aberrancy measures the lateral change (or gradient)
of curvature along an interpreted or inferred surface.
Whereas curvature anomalies will bracket a fault, aber-
rancy will track the coherence anomaly and fall be-
tween the most-positive curvature anomalies defining
the footwall and the most-negative curvature anomalies
defining the hanging wall. For this reason, aberrancy
can delineate faults whose throw falls below the seis-
mic resolution (Qi and Marfurt, 2017). Aberrancy is
the third derivative of the structure, highlighting discon-
tinuities with a small vertical displacement. We can use
this attribute to further characterize discontinuities by
their azimuthal orientation (Figure 6). The seismic azi-
muth is perpendicular (±90°) to the geologic strike and
defined as 0° from the north, increasing in the clock-
wise direction to a maximum of 359°; e.g., if the struc-
tural strike of a seismic feature is east–west dipping to
the south, its corresponding azimuth is 180°.

In general, seismic attributes such as coherence, cur-
vature, and aberrancy provide excellent images of
subtle features in well-imaged seismic data volumes.
In contrast, deeper within the basement, prestack
time-migration operator aliasing artifacts and misalign-
ment of reflectors with fault edges make most attribute
analyses difficult.

Well-log cross sections and formation correlation
Well-log data were used to interpret formation tops

and to create a grid of structural and stratigraphic cross
sections. The interpreted formations included the

Ordovician Arbuckle Group through the Pennsylvanian
Oolagah (“Big Lime”) Formation (Figure 7). Structure-
contour and isopach maps were generated for the
Arbuckle Group and each of the other overlying sedi-
mentary formations.

Structure-contour and isopach mapping
We created structure-contour maps (surfaces) for

the formations that overlie the Arbuckle Group using
only interpreted well-log tops. We could not use 3D
seismic data for these overlying formations due to re-
strictions based on the seismic licensing agreement. We
constructed the structure-contour map for the top of Ar-
buckle Group from both formation tops in 29 wells and
the corresponding depth-converted seismic horizons
using least-squares to fit the seismic horizon trend to
the well tops map. We followed a similar approach for
the top of the basement. In this case, however, because
there was no marker for the basement in most wells be-
cause it is not an exploration target, we assumed that
for each well, the drilling stopped once the basement
rock was hit. With this, we approximated the depth of
the basement to the true depth of the wells. Figure 8
shows that the surface constructed for the Arbuckle
Group top is structurally highest in the northeast and

Figure 6. Time slice at the approximate location of the
Arbuckle Group top through total aberrancy corendered
with the azimuth of the aberrancy. An opacity curve is applied
such that high aberrancy features appear transparent. Events
are colored according to the azimuth in which they flex
downward.
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dips toward the southwest. We also constructed an iso-
pach map for the Arbuckle Group by subtracting the
basement top depths from the Arbuckle top depths.

Construction of a 3D reservoir model
Interpreted faults (or fault surfaces) from the 3D

seismic data do not exhibit significant vertical offset;
therefore, we did not explicitly include them in the
3D reservoir model grid. However, we subsequently
mapped porosity trends using the fault surfaces within
the Arbuckle-basement interval and included the faults
in the fluid-flow simulation model for calibration. We
included a part of the basement (500 ft or 152.4 m thick
interval) in the 3D simulation grid below the Arbuckle
Group. The choice for the 500 ft interval of basement in
the model was due to the lack of well log deep into the
basement, and also because we do not expect pressure
effects to extend too deep into the basement. We in-
cluded the Arbuckle Group, as well as the Simpson
and Viola Formations in the 3D reservoir model grid
based on the interpreted surfaces. The 3D grid consists
of cells with aerial dimensions of 500 × 500 ft
(152 × 152 m) and an average layer thickness of 3 ft

(0.9 m) resulting in a total of approximately 6.5 million
cells.

Porosity modeling
Upscaled total porosity logs (based on neutron and

density porosity logs) and variogram parameters con-
strained the 3D porosity models. Core data do not exist
within the study area. We calculated the total porosity
logs (ϕt) using the root-mean-square method using the
NPHI and DPHI curves. The total porosity logs were up-
scaled to the cell dimensions and modeled using vario-
gram-based sequential Gaussian simulation. For the
Arbuckle Group and shallower formations, the vario-
gram ranges were set to 7000 ft (2134 m) for both hori-
zontal directions and 10 ft (0.6 m) for the vertical
direction. Due to the lack of well-log data for the base-
ment, we modeled the porosity distribution in the base-
ment assuming that the porosity for igneous and
metamorphic lithologies is in general greater near the
faults and essentially zero in nonfaulted areas. This
porosity distribution was computed using a “distance-
to-object” property using commercial software in which
the interpreted fault surfaces are the objects. This

Figure 7. Type log of a GR (to the left) and
resistivity and porosity (to the right) showing
the major formation tops picked from the Or-
dovician Arbuckle Group up through the
Pennsylvanian Oolagah Limestone showing
their ages, as seen on well E. We can see sig-
nificant contrasts of resistivity and porosity
values below the Simpson and Arbuckle
Group tops.
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approach resulted in porosity values of φ ¼ 6% near
fault surfaces and linearly decreasing to φ ¼ 0%
3000 ft away from the fault

Permeability modeling
The porosity models, discussed above and a Buckle’s

(Buckles, 1965) relationship between calculated irre-
ducible water saturation and porosity constrained the
3D permeability models. Buckle’s method estimates
the irreducible water saturation, Swirr, using an empiri-
cal relationship between the effective porosity φe, the
fractional volume of shale V sh, and the Buckle’s number
κBUCKLE:

Swirr ¼
κBUCKLE

φeð1 − V shÞ
: (1)

The term V sh is commonly calculated using the GR
log. In our case, V sh was set to be zero to assume only
the presence of water.

After irreducible water saturation was estimated,
qualitative permeability estimates were calculated
using the Tixier equation:

κ ¼
�
250

φ3
e

Swirr

�
2
; (2)

and the Timur equation (Tixier, 1949; Timur, 1968):

κ ¼
�
100

φ2.25
e

Swirr

�
2
; (3)

which are a function of the irreducible water saturation
and the total porosity model. Three iterations of this
process using equations 2 and 3 were run using
κBUCKLE ¼ 0.01 for vuggy, κBUCKLE ¼ 0.005 for crystal-
line, and κBUCKLE ¼ 0.001 for fractured rocks, corre-
sponding to the three possible rock matrix types. An
additional six models were run, assuming 100% water
saturation and the absence of any hydrocarbons. A
vuggy to fine vuggy matrix was assumed for the
Arbuckle Group.

Analysis of the injection data
We investigated the well performance of the 29 dis-

posal wells within the seismic survey area, analyzing
the daily injection rates, surface-tubing pressures,
and well-completion data. We carefully examined the
available data to identify anomalous entries. We either
corrected (whenever possible) or removed the ano-
malous data from further analyses. Completion re-
ports provided the perforation depths for all wells.
To perform the analysis at subsurface conditions, we
converted the wellhead pressures to bottom-hole pres-
sure using commercial software. This conversion also
entailed carrying out sensitivity analyses using sali-
nity, multiphase-flow correlations, and water-injection

temperature to identify any artifacts introduced in this
pressure conversion process.

We used the modified-Hall analysis (MHA) described
by Izgec and Kabir (2011) to investigate the well perfor-
mance of the 29 disposal wells. The average ambient
pressure around the wells is required to calculate the
Hall integrals. Next, we used Silin slope analysis (Silin
et al., 2005) to calculate the ambient reservoir pressure.
Note that Silin analysis yields reliable results only with
injection data within a transient flow regime. We iden-
tified the flow regimes using material-balance-time
diagnostics plots (Anderson and Mattar, 2004). The
material balance time is the ratio between the cumula-
tive injection and the instantaneous injection rates.
A log-log plot of the daily injection rate against the
material balance time helps diagnose the well-flow
regimes. The steady-state regime corresponds to the
unit slope in the resulting log-log plot. Ascertaining the
onset of the steady-state regime provides a means to
identify the appropriate range for pressure and injec-
tion data for subsequent MHA.

In MHA, we plot Hall integrals and their derivatives
(modified-Hall derivatives) with respect to cumulative
injection (Izgec and Kabir, 2011) against the cumulative
injection. One can consider the Hall integral as a mea-
sure of injection-pressure buildup with time, whereas
the modified-Hall derivatives indicate the rate of pres-
sure buildup with incremental injection. In a normal
injection scenario, both curves (Hall integrals and the
modified-Hall derivatives) will have similar slopes
against cumulative injection. Whenever the two curves

Figure 8. Arbuckle Group structure contour map. The
depths increase approximately 1000 ft (approximately 300 m)
from northeast to southwest.
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deviate away from each other, normal injection ceases.
If the slope of the Hall derivatives increases faster than
the Hall integral, the well is struggling to inject fluid
causing the pressure to build up rapidly. This rapid
pressure buildup is an injectivity-loss scenario: for
instance, formation plugging and any other kind of for-
mation damage. In contrast, if the slope of the Hall
derivatives declines rapidly compared with the Hall in-
tegrals, the injected fluid has found a less resistant flow
path and the pressure is not building up any further. In
fact, the disposal well may experience a pressure de-
cline at this point. This decrease in pressure is a typical
disposal well-pressure behavior after formation fractur-
ing has occurred.

We diagnosed the injectivity pattern of all 29 disposal
wells using MHA diagnostics explained above. Finally,
we formed clusters of wells with similar injection pat-
terns. This provided insights into the history matching
of the simulation model discussed next.

History-matching methodology
We considered the Viola, Simpson, Arbuckle Group,

and basement formations as flow units in the geologic
model. The model has 500 × 500 ft grid cells, 164 grid
points in the x (north), 217 grid points in the y (east),
and 185 grid points in the z (vertical) directions, result-
ing in a 6.5 million cell model that extended laterally
approximately 66;500 × 98;300 ft. Figure 9 shows the
schematic of the simulation model.

After the creation of the major formations, we as-
signed geologic porosity and permeability parameters
to the simulation model. We assigned rock properties
based on the type of formations. With respect to the ini-
tial fluid distribution, we considered the Arbuckle
Group and the basement formations to be water-filled.
We modeled completions of all 29 wells according to
the available completion reports. In the simulation,
we used well injection rates and bottom-hole pressures
for the period between January 2005 and May 2016. We
included the faults delineated from the seismic interpre-
tation in the simulation models.

We used a Pareto-based history-matching process,
first identifying regions of interest for history matching

where the Arbuckle Group Formation is the main dis-
posal zone of interest in our study. We used bottom-hole
pressure and injection rates as the model response var-
iables for the history match.

The next step was to identify uncertain parameters
for history matching. In this study, we used permeabil-
ity, horizontal and vertical anisotropy, porosity, and
compressibility of the Viola, Simpson, Arbuckle Group
and basement formations as the uncertain parameters.
We also considered formation-water properties such
as the compressibility, viscosity, density, and forma-
tion-volume factor to be uncertain. After attaining a
moderate history match, we adjusted the injection-well
productivity multipliers.

We used reasonably broad ranges for all of the uncer-
tain parameters at the start of history matching. At each
stage of history matching, we performed a screening
analysis, using Pareto plots to determine those parame-
ters that most impacted the response variables. These
key parameters were those associated with the Arbuckle
Group Formations and wells. Based on the degree of im-
pact, we adjusted the ranges of the values for subsequent
stages of history match. We repeated this process until
we obtained an acceptable match of the bottom-hole
pressure and the injection rates.

Results
Core and log properties of the Arbuckle Group

Figure 10 displays a type log of the Arbuckle Group
showing the primary log curves used in picking the
formation tops. From left to right, we display GR,
depth, resistivity, porosity, and bulk density tracks.
GR values in the Arbuckle range from 25 to 50 API
units with a few more clay-rich units near the top of
the group with porosities consistently ranging from
5% to 10%.

Top basement structure-contour map including
key faults based on seismic data

We analyzed the seismic attributes through the seis-
mic surfaces corresponding to the Arbuckle Group and
basement tops. This indicated three major faults from
the Arbuckle Group top surface recognized throughout

the seismic survey extending into the
basement (Figure 11). Fault A, to the
north, has an east–west strike orienta-
tion, as does Fault C to the south,
whereas Fault B has a strike orienta-
tion of northwest–southeast. Additional
smaller basement faults were inter-
preted as potential flow barriers.

Arbuckle Group structure-contour
and isopach trends based on
seismic and well data

Figures 12 and 13 show the inter-
preted faults for the basement and
Arbuckle Group, respectively. The topo-
graphy appears to be striking at the

Figure 9. Simulation model schematic showing the four major formations. The
3D grid consists of cells with aerial dimensions of 500 × 500 ft (152 × 152 m) and
an average layer thickness of 3 ft (0.9 m) resulting in a total of approximately
6.5 million cells.
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same orientation as the middle fault suggesting that the
topographic features are controlled by Fault B.

Figure 14 displays an isopach map of the Arbuckle
Group. The interval becomes thicker toward the south-
west and northwest and has an average thickness of ap-
proximately 1200 ft.

3D reservoir model grid (3D stratigraphic and
structural framework)

Given the absence of seismic control above the top
Arbuckle Formation, we used a simple proportional
layering scheme, resulting in a grid containing approx-
imately 6.5 million cells. Figure 15 shows the resulting
stratigraphic zones from the basement interval to the
top of the Viola Limestone. The basement zone was con-
structed by creating an arbitrary surface 500 ft (152 m)
below the top of the basement surface.

Porosity distribution of the Arbuckle Group and
basement

Porosity in the basement ranges between 0.1%
and 6%, and log-derived porosity in the Arbuckle

Group ranges between 5% and 10%. For the over-
lying Simpson group, the porosity is significantly
higher (15%–20%), whereas in the shallower Viola
Limestone porosity ranges between 0.1% and 5%
(Figure 16).

Permeability distribution of the Arbuckle Group
and basement

Permeability in the Arbuckle Group ranges between
1 and 5 mD based on the cores discussed previously.
Higher permeability exists in the faulted region in the
basement and Arbuckle Group ranging between 10
and 100 mD (Figure 17).

Quality control and preconditioning of the
injection data

The quality of publicly available data can be debat-
able. Variation in the reporting formats, changes in
the types of measurements and tools, and human
errors — all can contribute to significant variation
in record-keeping. For this reason, we used a five-step
quality control process:

Figure 10. Type log of the Arbuckle Group
with the following tracks: (a) GR curve, (b) re-
sistivity, (c) porosity, and (d) bulk density.
This well was located outside of the seismic
survey, but within the limits of the reservoir
model, as can be seen in Figure 14.
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Figure 11. Horizon slice along the top Arbuckle Group
through the negative curvature volume showing lineaments
corresponding to faults seen on vertical slices through the
seismic amplitude volume. Blue arrows indicate three of
the larger faults that continue up through the Red Fork For-
mation (personal communication from the data owner).

Figure 12. Structure map of the basement top. The white
lines represent the location of faults interpreted from curva-
ture attributes.

Figure 13. Structure map of the Arbuckle Group top. The
white lines represent the location of faults interpreted from
curvature attributes.

Figure 14. Arbuckle Group Isopach map. The average thick-
ness is approximately 1200 ft (approximately 380 m) for most
of the survey with the unit thickening to the southwest and
northwest. The white circle represents the location of the type
log shown in Figure 10.
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Data quality analysis
We first analyzed the pressure and injection-rate data

to detect anomalies and rectify them accordingly. Data
quality analysis for a random well is shown in Figure 18.

We did not consider pressure data with null records
in the study. We also ignored outliers, such as extremely
high pressure or injection rates. Possible reasons for

null records or anomalous data could be erroneous
measurements, meters not being operational, lack of
calibration, lack of injection, and so forth.

Conversion of wellhead pressures to bottom-hole pressures
For reservoir studies, we require bottom-hole pres-

sure, whereas we measure pressures at the wellhead.
We therefore used well-hydraulic correlation models
to convert the surface pressure to bottom-hole pres-
sures. Figure 19 shows the results of the pressure con-
version for a well.

We conducted sensitivity analysis of the pressure
conversion for water salinity, well-hydraulic correlation
models, and injection-water temperature. For the base-
case pressure conversion, we used a salinity value of
190,000 ppm as recommended by an operator in the
region and a water-injection temperature of 60°F.

Figure 15. Stratigraphic framework (3D grid). A propor-
tional layering scheme was used, and the resulting grid con-
tains approximately 6.5 million cells. The 3D grid consists of
cells with aerial dimensions of 500 × 500 ft (152 × 152 m) and
an average layer thickness of 3 ft (0.9 m).

Figure 16. Porosity model of the basement through Viola
intervals (vertical magnification 10×).

Figure 17. Permeability model of the basement through
Viola intervals. Permeability values range from 0.1 to 100 mD,
with the highest permeability values being associated with
faults interpreted from the seismic survey (vertical exaggera-
tion 10×).

Figure 18. Pressure and injection-rate data for a well high-
lighting various forms of data quality issues. WHP stands for
wellhead pressure.
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Flow-regime identification
To analyze the well performance, we first identified

the flow regimes to determine the transient or boun-
dary-dominated nature of the injection wells. In the
boundary-dominated state, the rates versus material-
balance-time curve attains unit slope in a log-log plot.
The material balance time is the ratio of the cumulative
injection volume and the instantaneous injection rate.
Figure 20 shows the material balance time plot of a well
indicating the onset of a boundary-dominated state by
the dashed line.

Estimation of ambient reservoir pressure
To determine the ambient pressure around the well,

we resorted to Silin slope analysis (Silin et al., 2005) be-
cause we do not have any other means to determine the
pressure at the start of the injection process. Note that
such analysis only yields an approximation of the am-
bient pressure. Additionally, we need early-time tran-
sient-state pressure and rate data to determine a
reasonable estimate of the ambient pressure. Figure 21
shows the Silin-slope plot for a well.

The slope of the line was found to be 2350 psi, which
is the ambient reservoir pressure for this well.

Modified Hall analysis
Figure 22 shows the modified Hall analysis carried

out on a well. As evident in the figure, the Hall derivatives
increase faster than the Hall integral after a certain

point. It indicates normal injection ceases at this point,
and the well is struggling to inject fluid causing the pres-
sure to build up rapidly.

History-matching results
As mentioned previously, we calibrated the simula-

tion model using the observed injection rates and pres-
sure data. Initially, we considered some 50 uncertain
parameters through sensitivity runs. The major im-
pactful parameters based on history matching include
permeability, porosity, and horizontal and vertical
anisotropy of the Arbuckle Group, permeability and
horizontal anisotropy of the overlying Simpson and
the underlying basement formations, and water density
and viscosity. Such an impact of the Arbuckle Group
properties is understandable because most of the
wastewater injection occurs in the forming formations
of this unit, and only a few fault planes intercepting the
Arbuckle Group penetrate the overlying Simpson and
underlying basement. The Viola Formation properties
had little impact on the history-matching process, cor-
roborating the limited number of injection-fluid path-
ways to reach the Viola Formation.

We carried out multiple stages of history matching,
focusing on the key wells and formations. The injection-
rate match for most of the wells was good. Figure 23

Figure 19. Conversion of wellhead pressure to bottom-hole
pressure for a well. BHP stands for bottom-hole pressure.

Figure 20. Material-balance-time diagnostics plot of a ran-
dom well for flow regime identification.

Figure 21. Silin-slope plot.

Figure 22. Modified-Hall plot analysis of a well.
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presents an aerial view of the wells showing the bottom-
hole pressure match where the color coding is based on
the percent mismatch. Some of the wells were not used
for model calibration because they did not have reliable
injection data. These latter wells are color-coded in
gray. Green indicates those wells with a pressure mis-
match less than 10%, yellow indicates the wells with a
mismatch between 10% and 50%, and red indicates wells
with a mismatch greater than 50%.

Whereas we are permitted to present the profiles of
the bottom-hole pressure and injection rates to validate
our scientific analysis, our license agreement does not
allow us to disclose actual well names or locations. For
the sake of brevity, we only show the bottom-hole pres-
sure and injection rate match for 2 of the 29 wells in
Figure 24.

Based on the history match, Tables 1 and 2 present
the minimum, maximum, and average porosity and per-
meability results, respectively, for the Arbuckle Group
and Simpson Formations. The average porosity of the
Arbuckle Group is approximately 7%, and the average
permeability is approximately 10 mD. We observed a
slight lateral permeability anisotropy of 1.25 toward
the northerly direction with respect to the easterly
direction in the Arbuckle Group. We also observed a
vertical-to-lateral permeability anisotropy of 0.01. Even
though these numbers are different from those initially
considered in the initial modeling steps, these were
the values that best adjusted to the observed water
injection.

Figure 25 displays the simulated pressure distribu-
tion in the basement formation in January 2005 and
January 2016. Figure 26 shows the distribution of the
corresponding pressure buildup due to wastewater in-
jection measured with respect to the initial pressure
before the disposal commenced. These figures clearly

indicate pockets of pressure buildup around some of
the disposal wells.

We further determined the impact of faults in the
Arbuckle Group based on the pressure buildup or the
lack of it around the disposal wells. We hypothesize that

Figure 23. Bottom-hole pressure history-match quality.
Color-coded based on mismatch: gray — inconsistent or
no data, green — less than 10%, yellow — within 10%
and 50%, and red — greater than 50%. In the background,
we display the elevation of the Arbuckle Group Formation
top: blue represents deeper regions, whereas red represents
the shallower regions.

Figure 24. Bottom-hole pressure and injec-
tion-rate match for two wells: (a) bottom-hole
pressure for well 1, (b) water injection rate for
well 1, (c) bottom-hole pressure for well 2,
and (d) water injection rate for well 2.
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some of the faults may be acting as seals, whereas
others may be acting as conduits. However, to conclu-
sively verify the hypothesis, we will need further inves-
tigation. Based on the history-match results, we
propose the working hypotheses (refer to Figure 27):

• The recorded injection pressure in the wells
around the faults F1–F4 was too high. Global
and layer-wise adjustments of the history-match
parameters in the numerical simulation models
could not account for such high pressures. The
likely explanation for such high pressure could
be (1) incorrect reporting of the pressures, (2) poor
storage efficiency of the disposal formation in this
area, or (3) these faults are sealing in nature.

• The seismic survey did not extend into the shaded
area marked as R1; therefore, it was not possible
to identify faults in this region. However, history-

match results for several wells in this area indi-
cate the possibility of sealing faults nearby.

Limitations
• Compatibility of injection water and in situ forma-

tion water was not investigated. We assumed full
compatibility between injection water and forma-
tion water (same thermophysical properties). If
fluid incompatibility were to be considered, we
would expect a higher resistance to flow, which
would lead to higher pressure buildup due to in-
jection.

• There was no control on the initial fluid distribu-
tion in the disposal zone. In this study, we as-
sumed it to be an aquifer (completely water
saturated). We would expect that a multiphase
fluid-distribution model would show capillary
trapping or residual trapping. This means more re-
sistance to flow, which would translate into
higher pressure buildup.

• We did not account for geomechanical stress and
strain changes, which may lead to fault reactiva-
tion, different pressure, and stress propagation
due to injection, among others.

Table 1. Minimum, maximum, and average porosity
values for the Arbuckle and Simpson Formations
based on history matching.

Formation Minimum
porosity (%)

Maximum
porosity (%)

Average
porosity (%)

Arbuckle
Group

3 15 7

Simpson 2 22 12

Table 2. Minimum, maximum, and average
permeability values for the Arbuckle and Simpson
Formations based on history matching.

Formation Minimum
permeability

(mD)

Maximum
permeability

(mD)

Average
permeability

(mD)

Arbuckle
Group

1 40 10

Simpson 1 130 40

Figure 25. Distribution of pressure in the
basement formation at the (a) beginning of
2005 and (b) beginning of 2016.

Figure 26. Distribution of pressure buildup due to waste-
water injection in the basement formation at the beginning
of 2016.
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• We did not use well hydraulic modeling. There-
fore, the back pressure in the well is not ac-
counted for.

• We did not account for communication between
any producing interval and the disposal zones. If
there is communication, we expect a lower pres-
sure increase due to injection.

Conclusion
In an attempt to better understand the occurrence of

basement earthquakes, we used well-established reser-
voir characterization workflows to construct an inte-
grated characterization study of the Arbuckle Group-
basement wastewater disposal system. The Arbuckle
Group average porosity is approximately 7%. The corre-
sponding permeability averages approximately 10 mD,
with a lateral permeability anisotropy of 1.25. The Ar-
buckle Group vertical-to-lateral permeability anisotropy
is kv∕kh ≈ 0.01 for the Arbuckle Group.

The dominant parameters affecting history matching
are the porosity as well as the horizontal and vertical
permeability of the Arbuckle Group, the permeability
and the horizontal anisotropy of the overlying Simpson
and the underlying basement formations, the formation
water density and the viscosity, and productivity index
multipliers of the injection wells. Faults play an impor-
tant role in fluid movement within the Arbuckle Group

and basement formations. We observed pockets of non-
uniform and large pressure buildup in these formations.

Given the public sensitivity to seismicity, operators
should consider characterizing their disposal reservoirs
in a manner similar to their hydrocarbon reservoirs.
This study shows the need for improved data recording
and additional data collection. In particular, we recom-
mend that operators wishing to pursue the reservoir
characterization analysis used here record their injec-
tion data on a daily rather than on a monthly or quar-
terly averaged basis. Although disposals wells are
considered to be an costly, a more quantitative estima-
tion of reservoir properties requires the acquisition of
P-wave and dipole sonic logs in addition to the com-
monly acquired triple-combo logs. Finally, to better
quantify flow units with the disposal reservoir, we rec-
ommend that operators acquire sufficient core to re-
present the reservoir heterogeneity.
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