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ABSTRACT
The results of monitoring of carbon dioxide (CO2) injection at the Illinois Basin—Decatur
Project (IBDP) and the companion Illinois Industrial Carbon Capture and Sequestration
Sources (IL-ICCS) project—have shown that reservoir response to fluid pressure changes
can vary significantly at different injection locations within the same reservoir. Predrill res-
ervoir characterization is important to identify potentially seismogenic faults. However,
interpretations of newly reprocessed 3D seismic reflection data illustrate the challenges
related to their identification in a region dominated by faulting with small vertical offsets.
Faults interpreted in the 3D seismic volume range from ∼ 300 to 1200 m wide and are in
the same size range as faults that could have been the source of historical events up to
Mw 2.7 in central Illinois. The array of monitoring sensors that was installed for the IBDP con-
tinues to collect data, as injection operates in IL-ICCS, the second injection well. CO2 injection
rates for the IL-ICCS well are on average 1.7 times the rates injected in the IBDP well, but a
significantly reduced rate of induced seismicity is observed. This article presents results of
passive seismic monitoring for the duration of the project to date, integrating active and pas-
sive seismic data to develop a new interpretation of the subsurface structure at the Decatur
site that explicitly identifies pathways for fluid flow into the basement leading to induced
seismicity, and provides a geological explanation for the sharp reduction of induced seismicity
during injection at higher rates into the second well. The use of seismic moment to estimate
the length of seismogenic slip planes in the local subsurface suggests that faults large enough
to produce felt seismicity are unlikely to be present at or near the Decatur site.

KEY POINTS
• We estimate potential earthquake sizes from CO2 injection

at a central United States site using geologic information.

• Geologic setting, preinjection fault characterization, and
reservoir quality are needed for these estimates.

• Geologic information may provide insights as to whether

large induced events are likely or not.

Supplemental Material

INTRODUCTION
The Illinois Basin–Decatur Project (IBDP) and the Illinois
Industrial Carbon Capture and Sequestration Sources (Il-
ICCS) projects have injected 2.8 million tonnes of CO2 into
a 500 thick saline sandstone reservoir at a depth of 2140 m.
Injection into the base of the Mt. Simon sandstone began
in November 2011 at the CCS1 well and was stopped in
November 2014 after injection of 999,215 tonnes (Bauer et al.,
2019). Twenty-eight months after operations ceased in the first

well, injection began in the CCS2 well at 50 m shallower depth
and with average wellhead pressure of 12MPa. As of April 2020,
1.8 million tonnes of CO2 has been injected into CCS2, bringing
the total injected into both wells to nearly 2.8 million tonnes.
Passive seismic monitoring has been continuous at the site,
starting 564 days prior to injection. Over 68,000 seismic events
were recorded during that period, but most were related to drill-
ing activities and other well operations, with about 1100 distant
events considered to be related to quarry or mine blasting oper-
ations (Smith and Jaques, 2016). One dozen distant events cor-
related in time to events in the U.S. Geological Survey (USGS)
earthquake catalog. Eight events were interpreted to be local
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microseismic events not related to drilling operations and
indicative of the natural background seismicity level at the site.
After the start of injection, nearly 20,000 detected andmore than
5000 locatable events have been recorded, with magnitudes
ranging from −2:1 to 1.2 (as detected by the downhole array),
and no felt seismicity was associated with this project.

Prior knowledge of the presence of faults susceptible to
earthquake-inducing slip is crucial for assessing seismic haz-
ard, and predictions of ground motion have become more
important, as the connection to human activity continues to
be identified. The spatial distribution of the microseismicity
clusters indicates reactivation of faults in and beneath the res-
ervoir (Goertz-Allmann et al., 2017; Bauer et al., 2019), some of
which are spatially coincident with faults interpreted in the
reprocessed seismic data. Couëslan, Butsch, et al. (2014)
named event clusters by the order in which events first appear
in each location over time, identifying 18 different clusters that
developed during CCS1 injection.

Wastewater disposal operations in, for example, Oklahoma
and Kansas, hydraulic fracturing activities in western Canada,
and geothermal operations in northern California, South
Korea, and Switzerland have been associated with felt and
sometimes damaging earthquakes. In contrast, felt seismicity
has not been reported as a result of CO2 injection activities
(Rinaldi et al., 2014). Because of the goal of long-term injection
and containment of large volumes, the public perception of the
similarity to wastewater injection, for which some of the largest
injection-induced earthquakes have been reported, needs to be
addressed. Whether CO2 injection will lead to significant felt
seismicity is still not known.

Microseismic events have been detected only at the few
sites with commercial injection rates of ∼1 Mt=yr or more.
Injection at the Weyburn Field in Saskatchewan, Canada, pro-
duced more than 200 locatable events with magnitude range
−3:5 to −0:5 (Verdon, 2016). Over 5000 microseismic events
(Mw ≤ 1) were detected during the injection of CO2 at the In
Salah Carbon Capture and Storage site in the Krechba Field,
Algeria, even though the monitoring configuration was sig-
nificantly limited with only two geophones in a monitoring
well at about 80 m depth (Goertz-Allmann et al., 2014).
Stork et al. (2014) reported maximum event magnitude at
the Algeria site as Mw 1.7, and there were no reports of felt
seismicity.

Restricting comparisons to CO2 injection only, the IBDP
was able to record significantly more induced seismicity than
two other projects that injected CO2 at commercial rates, the In
Salah CCS site, and the Weyburn Enhanced Oil Recovery site.
The difference in the number of detected events between sites
may be influenced by the number and placement of sensors,
vertical separation from the injection layer, and distances
and distribution of injection wells in relation to the geo-
phone(s). The largest event magnitudes at IBDP and In
Salah are comparable and larger than at Weyburn. The small

vertical offset faults in the subsurface at the IBDP and IL-ICCS
site are difficult to identify in active seismic imaging. In con-
trast, faults at In Salah are more easily identified, measuring
2 km or more (Goertz-Allman et al., 2014, see Fig. 1), and addi-
tional geological factors, such as lithology, thickness, and
reservoir in situ stress likely also contributed to differences
in reservoir response at the two sites.

Because monitoring has taken place continuously at the
IBDP site, it is possible to observe changes in the micro-
seismicity from injection in the first well (CCS1) and from
injection in the second well (CCS2) as well as the reservoir
response during the period when no injection was taking
place. A significant reduction in seismicity has occurred des-
pite the 1.7-fold increase in the injection rate, with the number
of microseismic events being comparable to the level observed
during the noninjection period between CCS1 and CCS2
injections.

This article discusses the influence of the following analyses
on reservoir characterization efforts at IBDP: reprocessed seis-
mic reflection volume and porosity inversion, subsurface pres-
sure monitoring results, and focal mechanism analysis on 50
microseismic events. A fault-size analysis is combined with
fault-size estimates calculated from event seismic moment
to further constrain the size distribution of existing faults in
the reservoir and assess the likelihood of felt seismicity from
CO2 injection. The data collected while no injection operations
were active and after injection in the second well provided
additional information to support and enhance the subsurface
interpretation.

Faults that were not visible in the first processing of the vol-
ume are interpretable in the reprocessed volume, which helped
to confirm the existence of faulting in some of the locations
where microseismicity was detected and helped to identify pre-
viously unrecognized stratigraphic relationships that influence
pressure propagation. The lack of strong reflectors in the base-
ment rocks inhibits fault interpretation in the reprocessed vol-
ume as well, but the improved imaging of the reservoir rocks
increased our confidence for interpreting faults that extend
from the overlying rocks into the basement. The passive seis-
mic monitoring data collected, after the CCS1 well was shut in,
are described for the first time in this study, with discussion
of those results with respect to the updated geological and
structural interpretation. These interpreted faults are similar
in size to possible faults indicated by microseismicity, ranging
from 100 m mapped length to 1200 m for the largest faults.
Estimates of fault sizes calculated from event seismic moment
using relationships by McGarr and Fletcher (2003) and
Thingbaijam et al. (2017) are also similar to the sizes of the
interpreted faults associating Mw ∼ 1 events with fault or fail-
ure planes ranging from 500 to 1000 m in length. The very
different reservoir response to two different injection wells
showed that relatively small changes in well location and in-
jection interval can significantly impact the injection response.
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In this case, changing the injection interval of the well led to a
starkly lower microseismicity response, despite the higher
injection rate.

PROJECT DESCRIPTION
The IBDP is a large-scale demonstration project for integrated
carbon capture and geological storage in a saline reservoir con-
ducted at the Archer Daniels Midland (ADM) Company’s corn
processing plant in Decatur, Illinois. The project is the first exam-
ple of a bioenergy CCS project and is led by the Midwest

Geological Sequestration
Consortium at the Illinois
State Geological Survey (ISGS)
with funding from the U.S.
Department of Energy—
National Energy Technology
Laboratory. Nearly 1 million
tonnes of CO2 were injected
into the base of a 500 m thick
saline sandstone reservoir at a
depth of 2140 m for more than
3 yr from November 2011 to
2014 in the CCS1 well. Prior
to injection, an extensive inves-
tigation of site conditions
included monitoring of air, soil,
groundwater, and bedrock.
Monitoring activities are sched-
uled to continue into the first
quarter of 2021. A second injec-
tion well, CCS2, part of the
IL-ICCS project, was brought
online in April 2017. As a result,
data collection also encom-
passes induced seismicity
related to the IL-ICCS indus-
trial-scale demonstration
project. Injection in the CCS2
well is scheduled to take place
for 3 yr or longer, with a total
injection volume target of up
to 5 million tonnes, and its
average rate to date is
about 570;000 tonnes=yr.

Reservoir modeling and risk
assessment were priority goals
for the IBDP, including exten-
sive monitoring, verification,
and assessment activities.
Establishing the National
Carbon Sequestration
Education Center at Richland
Community College in

Decatur, Illinois, provided a venue where the public can learn
about the science and technology of CCS and an educational
pathway for students who are interested in CCS careers.
The IBDP also served as a testbed for existing and new tech-
nologies, such as wellbore monitoring engineering design
advancements.

Geological setting
The Illinois basin is a broad, spoon-shaped depression (380 km
wide and 650 km long at the maximum extents) that spans
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Figure 1. Location map of the Illinois basin in the north-central United States. The inset map shows the depth to
Precambrian basement in the states Missouri, Illinois, and Indiana. The green polygon is the outline of the Illinois
basin. The map on the left shows historical seismicity in Illinois from the Illinois State Geological Survey (ISGS) catalog
of earthquakes reported and detected from 1795 to 2017. The four largest earthquakes within 100 km of the Decatur
site are displayed as boxed circles. Source mechanisms determined by the U.S. Geological Survey (USGS) for some
earthquakes are shown near their epicenters. The area in the south labeled New Madrid seismic zone (NMSZ)
corresponds to the northern part of the NMSZ. The small black box in the central part of the state indicates the
approximate location of the Illinois Basin–Decatur Project (IBDP), shown with intersecting 2D seismic acquisition lines.
Fault lines (light gray) include faults from all depths as mapped from surface and subsurface information. LE, Lake Erie;
LM, Lake Michigan. The color version of this figure is available only in the electronic edition.
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most of Illinois, and parts of Indiana and Kentucky (Fig. 1).
The deepest part of the basin is to the south, where structure
is also significantly more complex. The southern end of the
Illinois basin, near the border with Kentucky and Missouri,
includes the Wabash Valley seismic zone and intersects the
seismically active NewMadrid seismic zone. Felt natural earth-
quakes occur in the southern parts of Illinois and in some
counties in the northern part of Illinois, but they are rare in
the central part of the state. Since 2002, 36 felt events in 19
counties have been recorded in Illinois, all tied to faults in base-
ment rock. Subsurface data are more extensive for southern
Illinois because of energy industry activities. Faults have been
mapped through underground coal mines and identified using
data from the high density of oil and gas wells. Historical seis-
micity (since 1795), determined from local newspaper account
descriptions of damage, has a similar earthquake occurrence
distribution. Approximately 90% of historical earthquakes
occurred in southern Illinois. Only four (likely) felt (Mw > 3)
events were reported within approximately 100 km of the
Decatur site since 1908 and recent revisions of the estimated
magnitudes of those events in the Central Eastern United
States–Seismic Source Characterization earthquake catalog
lowered all of the moment magnitudes of these events, so that
three of these events now have estimated Mw < 3. The revised
magnitude of the closest event, 45 km to the south of the injec-
tion site, is estimated asMw 2.7. The largest of these four events
is also the farthest away (103 km west-northwest), with original
estimated Mw 4.8 and revised Mw 4.4. Mapped faults in
southern Illinois can reach the surface, and many are inter-
preted to be tens of kilometers long in subsurface data from
seismic imaging, reflecting a complicated structural history
in this area. Several distinct deformation phases have been
identified (Potter et al., 1997; Duchek et al., 2004). Seismic
reflection imaging shows that deformation and faulting in cen-
tral Illinois is less intense than in the southern parts of the state,
as fault displacements are more frequently large enough in
southern Illinois to be easily identifiable in seismic data.
Historical seismicity is also spatially correlated with the increas-
ing structural complexity of southern Illinois. The Decatur site is
located near the center of an area that is relatively free of his-
torical seismicity within approximately 100 km, suggesting that
large faults on which felt earthquakes can occur are not present.

Four representative source mechanisms from naturally
occurring earthquakes in Figure 1 show the solutions as deter-
mined in the USGS catalog. The magnitudes of the two asso-
ciated earthquakes in the northern part of Illinois are Mw 3.8
and 4.2 and occurred at 11 and 7 km depth. The two large
earthquakes indicated by source mechanisms in the southern
part of the state occurred at a depths of 14 and 18 km, and are a
magnitude 5.2 mainshock follow by a magnitude 4.0 after-
shock. An analysis of different types of stress measurements
in the Illinois Basin by Lahann et al. (2017) shows that the
azimuth of the maximum horizontal stress has a fairly constant

northeast azimuth for northern and central Illinois, consistent
with the orientations of the strike-slip failure. The source
mechanisms determined from induced seismicity in the
Decatur area (marked by the small box labeled IBDP in Fig. 1)
also show strike-slip failure with similar failure plane orienta-
tions, discussed in this article and also reported by Langet
et al. (2020).

The injection target of the IBDP is the lower part of the
Cambrian Mt. Simon sandstone, an extensive formation that
underlies much of the Midwestern United States, which is also
used regionally for seasonal geological storage of natural gas.
Geological site characterization of the IBDP is based on exami-
nation of more than 250 m of whole core, well logs, 2D and 3D
seismic, and a range of core and sample tests and analyses
(Freiburg et al., 2014). The maximum reservoir thickness of
approximately 790 m occurs near the injection site, and the
lithostratigraphy of the Mt. Simon is divided into lower,
middle, and upper sections. Freiburg et al. (2014) identified
fluvial braided stream, floodplain, and alluvial plain deposits,
eolian sheet sand, dune and interdune deposits, and shallow
marine deposits. Thin (1.5–3 m thick) discontinuous lenses of
low permeability mudstones occur throughout the Mt. Simon
that act as baffles, partially restricting vertical fluid flow within
the reservoir (Couëslan, Smith, et al., 2014). In the CCS1 well,
CO2 was injected into the lower Mt. Simon sandstone in which
the highest porosity occurs, averaging 22%, and average per-
meability is 200 mD ranging up to 1000 mD (Leetaru and
Freiburg, 2014). Current injection in the CCS2 well is at a
depth about 46 m shallower than the CCS1 injection zone
(Fig. 2) but still within the lower Mt. Simon. The permeability
in the perforation zone averages about 250 mD but can be as
high as 1066 mD (Freiburg et al., 2014). The average porosity
in the interval is 28%. The overlying Eau Claire formation is a
150 m thick, very low permeability package that hydraulically
isolates the Mt. Simon from overlying strata (Palkovic, 2015).
The lower 70 m of the Eau Claire is a shale that serves as a
highly effective seal to vertical fluid movement. The base of
the Mt. Simon lies nonconformably on top of a series of strata
informally designated by the ISGS as the Argenta formation,
previously identified as the pre-Mt. Simon, to distinguish it
from both the Precambrian basement and the Mt. Simon sand-
stone (Freiburg et al., 2014). This underlying unit consists of
compacted sandstones and pebble conglomerates with clay
cements and angular clasts of basement rock. Average porosity
of this unit is 9% and permeability averages around 2 mD
(Leetaru and Freiburg, 2014). The Argenta formation base is
a sharp, nonconformable contact with the Precambrian crys-
talline basement.

Reservoir characterization
Pre-existing regional 2D seismic data were the primary source
of structural information for predrill site characterization. In
2007, two additional 2D seismic profiles were acquired along
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east–west and north–south roads that pass the ADM plant and
injection site. After a positive preliminary assessment of the
area, four additional 2D seismic data lines were acquired at the
site in November 2009 and February 2010 to obtain additional
geological detail and supplement predrill planning (Bauer et al.,
2019).

Three separate 3D seismic acquisition efforts were carried
out. The first in 2010 was designed for detailed site characteri-
zation over the anticipated CO2 plume area, and the second
acquisition in 2011 extended this survey. Together these sur-
veys served as the baseline for time-lapse monitoring work.
The third survey, conducted in 2015, took place after comple-
tion of CO2 injection in CCS1. Themain processing objectives for
the 2010 and 2011 3D seismic surveys focused on site characteri-
zation, with processing flows designed for merging the 2010 and
2011 survey, seismic data inversion, and structural interpretation.

The noise level at the site is high,
and applying a series of premi-
gration filters improved the
image quality. Another objective
for the seismic imaging was
identification of faults in the
subsurface zone of interest.
Figure 3 shows the components
of the seismic acquisition at
Decatur, including the area of
the 3D survey and two of the
2D reflection lines. The 3D
reflection seismic data acquired
in 2015 were reprocessed in
2019, using processing work-
flows, with this purpose in mind.

The improvement in seis-
mic image quality from the
2019 reprocessing was
obtained by carefully defining
the wavelets defining the
reflectors of the major horizons
in the seismic data. The precise
wavelet determination cali-
brated with the wellbore veloc-
ity information increased the
definition of the reflectors
(Fig. 4). The acoustic imped-
ance from the well logs was
then used to produce an acous-
tic impedance volume from the
active seismic data. Data input
to the porosity volume
included the seismic reflection
volume, the acoustic imped-
ance inversion volume, and
the effective porosity logs. A

multivariate statistical approach was run using different sce-
narios to select the best possible combination of seismic attrib-
utes to match effective porosity logs, and the parameters
derived from the best multivariate model were used as input
to a probabilistic neural network analysis to derive predicted
porosity. The neural network analysis produced a relationship
of actual porosity to predicted porosity values with a correla-
tion coefficient of 0.97.

The differences in average porosity for different units are
well imaged in the porosity volume (Fig. 5). A stark porosity
contrast exists at the base of the high-porosity Mt. Simon
sandstone at the contact with the Argenta formation. The
increased resolution reprocessing combined with the neural
network predicted porosity enhanced porosity contrasts that
were difficult to distinguish in original processed volume.
The seismic inversion associated the lowest porosity with

Figure 2. Schematic view of the two injection and two monitoring wells. The black bars (labeled I) indicate the
perforation zones for CO2. The labeled boxes next to verification wells (VW1 and VW2) show the ports or gauges
for pressure measurements in the monitoring wells. For details of the completions in CCS1 and VW1, see figure
19.5 in Bauer et al. (2019). The gray line indicates the approximate location of a mudstone baffle below which
pressure increases were much greater in CCS1 during injection. Pressure increases above the mudstone are much
greater during CCS2 injection, which is interpreted to have restricted vertical migration of injected CO2 and fluid
pressure. MSL, mean sea level.
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the Precambrian crystalline basement rocks, and a second very
distinct porosity boundary is now visible beneath the top of the
Argenta. Only the top 30 m of the basement was penetrated in
the CCS1 well, in which intact core recovery was difficult, and
the resistivity image log analysis indicates that it is highly
fractured.

The MOVE 2019.1 structural geology and analysis software
suite was used to visualize the relationship of the fault geom-
etry to the spatial distribution of microseismic clusters and to
create dip planes from the source mechanisms (Fig. 6).
The maximum horizontal stress orientation determined from
wells at the site is 68° azimuth (Figs. 1 and 6). Microseismic
events in the basement were the initiation point of one of
the earliest clusters near the CCS1 injection well, indicating early
reservoir connection to the basement. Goertz-Allmann et al.
(2017), working on a microseismic cluster north of this high,

proposed a subseismic base-
ment connected fault-enabling
fluid and pressure migration
into the basement; a fault fluid
pathway that was also suggested
by Couëslan et al. (2013) and
Kaven et al. (2014).

The much lower porosity
and permeability of the
Argenta formation may enable
it to act as a “bottom seal”
between the base of the Mt.
Simon and the Precambrian
basement, wherever it is
present. The reflectors inter-
preted as top basement and
top Argenta are very close in
some places (Figs. 3 and 4),
indicating areas primarily on
the topographic highs where
the Argenta may be missing
either due to erosion or nonde-
position. The updated porosity
inversion supports an addi-
tional contributing factor
influencing pressure migra-
tion, which is that the Argenta
formation may not be thick
enough everywhere to effec-
tively inhibit downward flow
into the basement.

Passive seismic
monitoring
The primary elements of the
passive seismic monitoring
array are in the CCS1 well, with

an access for repeat geophysical logging, and comprises a two-
level array of four-component geophones in tetrahedral con-
figuration (Bauer et al., 2019). The adjacent GM1 well hosts a
31-level array of three-component geophones in orthogonal
configuration for repeat vertical seismic profile data acquisi-
tion, which enabled it also to serve as a vital component of
the passive seismic monitoring network. Data were also col-
lected from a five-level array of three-component geophones
that were temporarily installed in a monitoring verification
well (VW2) to be used for the IL-ICCS project. All of the ele-
ments of the monitoring array and of the active seismic acquis-
ition are described in detail in Bauer et al. (2019), and the
reader is referred to that publication for additional infor-
mation.

A local network of surface and shallow borehole seismom-
eters was installed by the USGS about 18 months after injection

Figure 3.Map of the active and passive seismic acquisition configurations for the IBDP. This location is shown as the
black square in Figure 1. The small (∼10 km2) 3D seismic footprint covers Archer Daniels Midland property, which
comprises 40% of the area located in the southern part of the survey area, and the rest is land owned by 160
individual owners used predominantly for farming. The north–south and east–west dotted black lines crossing the
3D acquisition survey points are the locations of two of the 2D seismic lines acquired through the site. The dark
squares are USGS seismometer locations and the dark triangles are locations of ISGS seismometers. The two
injection wells, CCS1 and CCS2, and two monitoring wells, VW1 and VW2, are indicated by the black symbols. The
solid white north–south line shows the approximate location of the seismic lines in Figures 4 and 5. Richland
Community College is a few hundred feet to the north of the CCS2 well location. The white dashed rectangle is the
boundary of the subsurface model shown in Figure 8. The color version of this figure is available only in the
electronic edition.
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commenced (Kaven et al., 2015). The ISGS also installed five
additional surface seismometers, and the two installations
comprise a local network of 22 seismometers on or near surface
above the IBDP injection site with an aperture of about 10 km
centered on the injection and monitoring wells (Fig. 5).

One month after CO2 injection commenced, in December
2011, two microseismic events were detected, followed by 14
locatable events in January 2012. A large spike in microseismic
activity occurred in February 2012, when over 500 locatable
events were recorded. Microseismicity continued to occur at
mostly lower but variable rates per month for the duration
of the injection. After the CCS1 well was shut, seismic activity
was observed to decline for a period of approximately six
months, reaching a level of activity of between 2 and 15 events
per month which persisted for the remaining 22 months of
shut in prior to the start of injection in the CCS2 well. The
seismicity rate showed negligible increase after injection in
the CCS2 well, which to date has averaged 0:5 Mt=yr
injection for its 2.8 yrs of operation.

The USGS reported 150 located events from July 2013 to
February 2015 in Kaven et al. (2015), representing only a small
subset of the events located by the downhole sensors, but the
azimuthal coverage of the surface stations provided important
information about the failure mechanisms for improved
understanding of the reservoir stress and geomechanical
response.

The waveforms used for
analysis in this study are a sub-
set of 50 events from the USGS
catalog (Kaven et al., 2015)
using data from the USGS net-
work combined with the five
seismometers at the site oper-
ated by the ISGS. Source mech-
anisms were determined for
the 50 selected events and
included events from multiple
clusters chosen for interpreta-
tion based on data signal-to-
noise ratio to explore, if failure
plane orientations correspond
to the orientation trends of
the microseismicity clusters.

Post-CCS1 injection
monitoring
The number of detected events
per month does not show a sig-
nificant increase, after injec-
tion begins in the CCS2 well
(Fig. 7b). The original injection
plan for CCS1 and CCS2 wells
was designed to investigate the

interaction between two wells with simultaneous injection into
the same reservoir zone and to also inject into a shallower
interval in the CCS2 well. Permitting delays allowed time to
reassess the geologic controls on the microseismicity. The deci-
sion was made to raise the bottom of the injection in CCS2 to a
higher interval above a mudstone baffle, which constrained
CCS1 pressure increases and microseismicity from progressing
upward.

The presence of mudstone baffles is supported by pressure
data collected from the subsurface gauges illustrated in
Figure 2. The VW1 well is in an area where many microseismic
clusters occur, but there is significantly less seismicity in the
area immediately adjacent to the CCS1 well (Fig. 6). The
CCS2 injection pressure changes observed in the VW2 well
from gauges in zones above the mudstone baffle are signifi-
cantly larger than the pressures observed during the CCS1
injection (Fig. 2). The pressure increase above the mudstone
baffle was up to 6.7% higher than the original formation pres-
sure. During CCS1 injection, the pressure increased in this area
by only as high as 0.75%. In comparison, below the mudstone
baffle, the pressure increase during CCS1 injection was 5.4%,
and during CCS2 injection, pressure increase in the same area
is only 2.2%. These pressure relationships suggest upward
restriction of pressure migration during CCS1 injection, lead-
ing to induced seismicity in the basement to the north of the
CCS1 well where the Argenta formation is thin or absent,

30
0 

m

2.8 km

NORTH CCS1VW1CCS2
(a)

(b)

Figure 4. (a) Original processed seismic and (b) reprocessed seismic comparison of the same cross section through
the 3D volume, showing greater detail and higher resolution imaging of features that indicate faulting. The CCS1,
VW1, and CCS2 wells are projected onto the seismic; all three wells are less than 32 m from the cross section,
projected orthogonally on to the cross section. Depth range of the cross section is from −1100 to −2260 m. The
color version of this figure is available only in the electronic edition.
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and downward restriction during CCS2 injection, in which the
baffle may have restricted pressure communication to the
basement.

FAULT CHARACTERIZATION
Features that have been interpreted as faults and converted to
modeled surfaces are shown in Figure 8. The faults are displayed
in the MOVE 2019 structural analysis software truncated close
to the top of the Precambrian basement, which is shown
partially transparent, so that the events and the fault dips remain
visible. The fault lengths range from approximately 250 to
1000 m, although some may be composed of multiple intersect-
ing fault planes or intersecting smaller faults. The vertical dis-
placement of most of the faults is at or below seismic resolution,
but their presence is interpreted by the disruption in the char-
acter of the seismic reflector at their location.

Orientations from the source mechanisms were compared
to the fault planes from the reflection seismic. Using passive
seismic data from more than one acquisition array type and
combining with active seismic data to make an integrated data
interpretation require the use of a consistent velocity model for
all the different data sources, and much of the data have been
processed and interpreted separately. Seismometers and geo-
phones have different instrument responses; corrections can
be applied, so that it is generally not a problem for the model.
Using the same frequency range for both active and passive
data eliminates the need to consider frequency-dependent
seismic velocities. Even with the appropriate corrections for
instrument response and consistent velocity model, the loca-
tions and magnitudes of the surface seismometer data are
not the same as those associated with the events acquired from
the downhole monitoring. Such mismatch of events is some-
times observed in datasets in which both surface and downhole
data were acquired (Eisner et al., 2010; Peyret et al., 2012) and

is related to both the general velocity model characteristics and
the waveform propagation effects for a travel path that is pri-
marily horizontal versus vertical. The event relocation effort
using the combined sensors for a 3D detection array described
in Langet et al. (2020) was focused on cluster 18 and signifi-
cantly reduced the event location error, collapsing most loca-
tions into the shape of a well-defined east–west plane. The
alternate approach used in this study does not lead to reduction
in location error but integrates event failure plane information
from origin time matched events using information unique to
each acquisition method to develop an integrated geological
interpretation.

5500 ft / 1676 m

6000 ft / 1828 m

6500 ft / 1981 m

Mt. Simon A- lower 

Argenta

Precambrian

Low-permeability baffle

1SCC1WV2WV

2000 m

Figure 5. Porosity inversion of the same volume slice shown in Figure 3,
showing distinctly in which the rock property inversion indicates zones
of high and low porosity. The darker hues in the lower middle part of the
section indicate the high-porosity zones of the Mt. Simon. A white arrow
near the middle lower part of the image points to a basement high in which
Argenta may be thin to absent. The enlarged detail (left) around the bottom
of the CCS1 and VW1 wells show where the top of the Mt. Simon A
reservoir target zone is interpreted. The lighter color below the base of the
Mt. Simon is the lower porosity Argenta, where the neural network pre-
dicted porosity of the reprocessed 3D seismic volume now distinguishes the
Argenta porosity from the Precambrian basement porosity (darker gray
below the Argenta). The logs shown on the left side of the well are colored
by permeability, ranging from about 200 to 1000 mD, and the right side log
indicates gamma-ray values showing darker colors for more shaley layers
with values for the displayed intervals ranging from about 50 to 150 gAPI.
The lower black line marks the top of the crystalline basement, showing that
Argenta is thin or missing on the paleotopographic high to the north of the
VW1 well. The dashed line indicates the location of a fault interpreted
between VW1 and CCS1, where there Argenta porosity abruptly thickens.
Section is displayed with 2× vertical exaggeration. The white line on the
map in Figure 2 indicates the location of this cross section. Wells and
microseismic events are projected onto the section from up to 70 m. The
color version of this figure is available only in the electronic edition.

8 • Bulletin of the Seismological Society of America www.bssaonline.org Volume XX Number XX – 2020

Downloaded from https://pubs.geoscienceworld.org/ssa/bssa/article-pdf/doi/10.1785/0120200112/5129628/bssa-2020112.1.pdf
by 12141 
on 18 August 2020



The subset of 50 events that were relocated using the USGS
and ISGS surface seismometers is shown as black spheres cen-
tered on a line parallel to the strike of the failure plane in
Figure 6. The rose diagram in Figure 6 shows the strike distri-
bution of the likely failure planes orientated within 30° of
the maximum horizontal stress determined from the borehole

data, and majority of these
have dips ranging from 50° to
90°. Faults interpreted from the
active seismic volume include
some north–south and north-
west–southeast orientations,
which would not be likely to
slip in the current stress field,
and none of the clusters dis-
play these trends. One surface
array-located event corre-
sponds by time to an event
near the middle of cluster 12
and has a failure plane strike
parallel to the northeast trend
of that cluster. Two surface
events correspond to events
in cluster 14, and they also
strike east–west, parallel to that
cluster. Cluster 18, the cluster
analyzed in Langet et al.
(2020), has an east–west trend.
Although the failure planes
from this study strike primarily
parallel to the cluster elonga-
tion trend, they are spread sig-
nificantly to the north and
south of that cluster, indicating
large relative mislocation. The
largest relative mislocation is
for the four surface-located
events inside the dashed circle
in Figure 6 that correspond to
downhole locations in cluster
5. These events have unique
waveforms, which increased
their location uncertainty due
to higher picking uncertainty
and velocity model uncer-
tainty. Their failure plane ori-
entations also do not strike
parallel to the trend of cluster
5, suggesting that the clusters
could be associated with multi-
ple faults and/or fault splays.
The east–west-faulting compo-
nent interpreted in the active

seismic data is clearly seen in the northernmost event cluster
18 and is present in some of the other clusters as a subtrend in
the microseismicity.

The general spread of microseismic activity toward the
north of the CCS1 well and west and north of the CCS2 well
suggests that pressure migrated in a direction either at a high
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Figure 6. (a) Map of induced seismicity during injection in the CCS1 well. Dots are epicenter locations of downhole
sensor-detected events. The strike of source mechanism failure planes is indicated by the black lines (sized by
relative magnitude) centered on a black dot located at the epicenter of events located using the USGS and ISGS
seismometer stations and without using additional constraints from downhole data. The rose diagram shows the
(bidirectional) strike azimuths of the source mechanism failure planes with the azimuth of the maximum horizontal
stress. The dark portion of the petals indicate strikes associated with dips less than 50°. (b) The histogram shows
the frequency of events per month for the entire injection period of CCS1. The numbers next to some of the clusters
indicate their relative appearance over time, with the same number over the histogram bin for the month the cluster
appeared. (c) Depth section view of microseismicity from the west showing location of events relative to the top of
the Precambrian basement. The color version of this figure is available only in the electronic edition.
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angle to the fault failure planes, open fractures of other orien-
tations connect the fault planes imaged by microseismicity,
stress transmission was a factor determining locations and
extent of induced seismicity, or there are fewer critically oriented
fault zones in different areas. Because of the difficulty imaging
potentially seismogenic faults, modeling possible fault and frac-
ture networks based on estimates of fault sizes in the population
could be done to investigate the degree of fault connectivity and
provide input to reservoir simulation models. A methodology
for constraining fault sizes is discussed in the following sections.

Fault-size estimates
The fault interpretations from the 3D reflection seismic vol-
ume provide coarse constraints for a preliminary estimate of
the size range of faults in the subsurface at IBDP that were
reactivated by CO2 injection. The trace of the longest inter-
preted fault length, shown in Figure 7, is approximately
1.2 km, with the faults as small as 0.25 km mapped. These
trace lengths likely represent a minimum length, as displace-
ment near the fault tips is generally below seismic resolution.
The sinuous character of most of the interpreted faults
suggests that they are composed of multiple fault splays.
Estimates of fault area, including fault tips, have been pub-
lished by workers in the oil and gas industry, because of
the importance of fault displacement for estimating juxtapo-
sition of sealing rocks and reservoir rock for reservoir forma-
tion (Rotevatn and Fossen, 2011). Given the uncertainty in
the source-scaling relationships and with fault interpretation
geometries, we assume the mapped fault trace to be a reason-
able constraint for calculating fault-plane size to compare to

interpreted fault-plane size. Using the relationship given in
equation (1), a fault-plane size can be calculated from the
rock rigidity, the average slip on the plane, and the moment
magnitude:

EQ-TARGET;temp:intralink-;df1;320;237M � μAD; �1�

in whichM is the moment, μ is the shear modulus of the rock
(Pa), A is the fracture surface area (in meters), and D is the
average displacement length (in meters). The shear modulus
used in the calculation is 2:34 × 109 MPa, measured experi-
mentally on rock samples recovered from the top of the
Precambrian. In the case of large earthquakes with surface
rupture, displacement can be measured directly and further
constrained by locations of aftershocks on the main fault
plane. In the case of earthquakes without measurable surface
rupture, as is the case for all induced events at the IBDP, nei-
ther the length of a seismogenic fault or the average slip can

–88.92 –88.91 –88.90 -88.89 –88.88 –88.87

39.87

39.88

39.89

Magnitude

November 2014

June 2015

February 2016

September 2016

April 2017

–88.92 –88.91 –88.90 –88.89 -88.88 –88.87

39.87

39.88

39.89

Magnitude

April 2017

December 2017

August 2018

April 2019

December 2019

April 2015 December 2015 August 2016 April 2017 December 2017 August 2018 April 2019 December 2019

C
ou

nt

0

25

50

75

Start of CCS2 injection

12
14

18

(a) (b)

(c)

Figure 7. (a) Maps of microseismicity detected by downhole sensors
during the period in which no CO2 injection took place and (b) after
injection started in the CCS2 well. The dashed loupe indicates approximate
areas and locations of some of the clusters, with three clusters labeled for
comparison to their locations in Figure 6, showing that postinjection events
occur within the previously established clusters. (c) Histogram of number of
events detected by month starting with the noninjection period and
including CCS2 injection through the end of December 2019. A negligible
increase in seismicity occurs after a 1.7-fold increase in injection rate in the
CCS2 well. The color version of this figure is available only in the electronic
edition.
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be measured. Published slip length relationships have
been established for large earthquakes (Wells and
Coppersmith, 1994; Martin Mai and Beroza, 2000;
Shaw and Scholz, 2001; Thingbaijam et al., 2017). Studies
of microseismicity in mines indicate that the frequency–
magnitude relationships are valid to very small events
(Abercrombie, 1995; Kwiatek et al., 2011). Fewer studies
are available that address whether fault plane–slip-distance
relationships also hold for events in the microseismicity
range. McGarr and Fletcher (2003) investigated whether rup-
ture processes are different for small and large earthquakes
and discovered that the maximum slips to seismic moment
relationships inferred for large earthquakes are consistent
with those measured from stick-slip laboratory experiments.
We use source-scaling relationships derived by McGarr and
Fletcher (2003) and Thingbaijam et al. (2017) to estimate failure

plane sizes of the IBDP events.
The McGarr and Fletcher
(2003) relationship is given in
equation (2), as

EQ-TARGET;temp:intralink-;df2;433;692D � 10−5:83 × �M0�1=3; �2�

in which D is the displacement
distance and M0 is the seismic
moment, calculated using the
relationship given in Hanks
and Kanamori (1979):

EQ-TARGET;temp:intralink-;df3;433;587 logM0 � 1:5Mw � 16:1: �3�

The microseismic energy of the
IBDP-induced events is calcu-
lated as Mw. Thingbaijam et al.
(2017) determined an empirical
source-scaling relationship by
examining different types of
faulting. The scaling relation-
ship from their analysis, using
the strike-slip relationship, is
shown in equation (3):

EQ-TARGET;temp:intralink-;df4;433;419D � 10−4:032�0:558×Mw : �4�

The resulting fracture and fault-
plane sizes are shown in
Figure 9. The size is given by
source radius, assuming a circu-
lar slip patch, in which twice
the radius is used as a proxy
for the maximum length of the
fault-slip patch in the reservoir.
The McGarr and Fletcher

(2003) relationship generates failure planes that have shear-
plane areas less than 2 m diameter to a maximum length asso-
ciated with the largest magnitude event of less than 80 m. The
relationship of Thingbaijam et al. (2017) calculates much larger
slip planes, from 8 m to more than 120 m in diameter for the
magnitude range of microseismicity detected at this site. In each
case, the calculated slip patch radius is much smaller than the
any half-length of mapped fault trace lengths in the reservoir.

The shapes of many of the mapped faults suggest that they
are composed of multiple interconnected faults with different
strike. The longest individual fault trace (fault A in Fig. 8) is
sinuous, but mostly east–west in orientation, nearly inter-
secting microseismicity cluster 4 at an angle approximately
30° to its elongation direction. This fault bends to strike nearly
parallel to the trend of cluster 4, a few tens of meters before it
intersects the cluster, supporting an interpretation of more
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Figure 8. Microseismicity displayed with the interpreted top of the Precambrian surface displayed with transparency,
so that events below the surface are visible. Darker gray colors on the surface are deeper, and relative highs are
lighter in color. The faults interpreted from the 3D seismic volume are shown as mostly sinuous 3D surfaces. The
longest interpreted east–west fault is marked by a dashed line. Some of the microseismicity clusters are labeled in
black; the northeast-trending cluster 4 is cut by multiple faults with east–west strike. Note that many of the events
fall outside of the 3D seismic coverage, and the fault nearest to cluster 14 has strike similar to the orientation trend
of that cluster, but that fault is likely truncated because it is outside of the seismic volume. A loose correlation can
be seen in which some fault trends (or parts of faults) parallel to microseismicity. The white dashed rectangle in
Figure 3 indicates the extent of the view in the figure. The color version of this figure is available only in the
electronic edition.
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than one fault. Cluster 4 developed prior to installation of the
surface seismometers, so data for source mechanism inversion
of these events were not acquired. The shape of cluster 4 also
shows a rather sharp east–west boundary on its northern end,
suggesting a splay or intersection with a fault in that orienta-
tion, possibly the large interpreted fault (B) that intersects the
northern end of the cluster. Clusters 14 and 18 each have a
fault interpreted nearby with a similar orientation, but the
locations are not exactly coincident, which could be due to
stronger influence of horizontal velocity differences on down-
hole-detected events.

An important outcome from the microseismic monitoring
is the information that can contribute to assessment of risk
related to induced seismicity (Skoumal et al., 2015; Barbour
et al., 2017). Identifying the locations of faults with the poten-
tial to cause damaging earthquakes can sometimes be done
prior to activities that perturb the subsurface stress state when
high resolution, good-quality seismic reflection data are avail-
able, and any strike-slip faults have enough vertical offset to be
detected. Structural interpretations from well data can also be

used to identify faults, but they are not as useful when there are
few wells or the well spacing is sparse or features are nearly
vertical and paralleling the borehole. The microseismic data
serve to fill the gap between the two scales and can validate
interpretations on seismic reflection data or provide informa-
tion between structural well data.

DISCUSSION
A question that is important to answer when analyzing
induced seismicity is “how big could the events be?” In the
IBDP, no felt seismicity occurred with injection, and changing
the injection interval greatly lowered the number of detected
microseismic events. Using the assumption that the size of the
faults in an area is an important control on the potential size of
induced events, the fault-size estimates could potentially be
used to provide an answer to that question (e.g., Magnani et al.,
2017; Scales et al., 2017). Instances of fluid injection associated
with felt seismicity are also associated with faults in the subsur-
face that are much larger than the faults identified beneath the
Decatur site. Although the sharp increase of induced seismicity
from wastewater injection has led to a sharp increase in the
amount of information in the peer-reviewed literature about
subsurface faulting in Oklahoma, indications of the size and
extent of these faults have been in the oil and gas industry lit-
erature for decades. Benoit (1958) produced maps of the base
of Pennsylvanian rocks in Oklahoma and Canadian Counties
for an area of approximately 150 km2 that is located less than
20 km north of Oklahoma City. Interpreted fault lengths of
5 km or more were mapped in the study area using information
from the numerous, nearly regularly spaced wells. By the
1970s, oil geologists understood the importance of faults as
an oil-trapping mechanism, and careful mapping faults in
the subsurface were often used to define reservoir provinces
and aid in exploration (Hollrah, 1979). The mapped trace
length of a fault only provides part of the fault-size informa-
tion, and the amount of mappable displacement on a fault can
also be used to estimate the 2D size of the fault plane. The sub-
surface mapping of a 5 km long fault trace by Benoit (1958), for
example, shows at least 100 m maximum displacement. It is
not unreasonable to expect faults with displacement and length
in this range to be deep enough to penetrate the crystalline
basement (Dawers et al., 1993; Gudmundsson et al., 2013).

Fault maps of Oklahoma updated with industry-provided
data show fault traces hundreds of kilometers long
(Holloway et al., 2016). Many of the largest faults are not ori-
ented optimally for slip in the current stress regime, but in the
assessment by Walsh and Zoback (2016), the relatively small
portions of the faults they determined were likely to slip in
response to injection are 10–15 km in length. Mapping of
events using a relocated template-matching catalog changed
the locations of seismic events, so that they align very nicely
with the more east–west trends of faults that are likely to slip,
many of which were also previously identified in the industry
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Figure 9. Slip-distance relationship to magnitude using McGarr and Fletcher
(2003) and Thingbaijam et al. (2017), calculated using magnitudes of all
downhole events and the 50 events acquired from the surface seismometer
stations. The gray dots show the source radius calculated using McGarr and
Fletcher (2003), which are smaller than the source radius calculated using
Thingbaijam et al. (2017) shown by the black dots. Three source radii that
are significant to the IBDP are indicated on the plot for both relationships:
the source radius for the largest event detected during injection (Mw 1.2),
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Decatur (Mw 2.7), and the source radius of a potentially damaging
earthquake (Mw 4.5). The star in the middle of the two lines represents a
fault-size estimates in which the source radius is approximately equal to the
size of the largest faults interpreted in the reflection seismic data.
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literature but not generally publicly available. Wastewater
injection in Oklahoma and in other oil field operations has
taken place since the 1960s, but the growth of hydraulic frac-
ture stimulation in unconventional oil and gas production, and
the increased production in conventional resources with very
large produced water content during the late 2000s signifi-
cantly increased the volume of wastewater needing to be dis-
posed (Scanlon et al., 2019). The resulting increase in felt
seismicity suggests that although oil and gas operators were
aware of significant faulting in the subsurface, waste disposal
operators may have had insufficient knowledge of hydraulic
connectivity with the basement or of the reservoir geome-
chanics and the impact on the reservoir from the introduction
of much larger fluid volumes at high injection rates.

When considering historical felt seismicity in the Illinois
basin, natural earthquakes larger than magnitude 3 have not
been reported within approximately 100 km from IBDP site.
In comparison, at least one historical earthquake larger than
Mw 5 was recorded in 1952 near El Reno, Oklahoma, near
areas where wastewater injection occurs, and reports of other
felt earthquakes were made as early as 1918 (Miller, 1956).

The relationships of moment magnitude to slip area of
McGarr and Fletcher (2003) and Thingbaijam et al. (2017) esti-
mate the slip patch size for the largest induced seismic event at
the IBDP site (Mw 1.2) could have a radius of 40–130 m. The
largest clusters of induced events span a distance of about
800 m, potentially indicating the length of a reactivated fault.
Slip on the entire surface of a fault of this size could correlate
with Mw 2.7, similar to the largest nearby historical earth-
quakes in Illinois. The Dallas–Fort Worth Airport fault has
a mapped trace length of 35 km, with a relatively large displace-
ment across the fault of 300 m (Hennings et al., 2019). A dis-
placement of 300 m would be easily identified in reflection
seismic data. The displacements across the largest fault inter-
preted in the IBDP seismic volume are about 10 m and the
trace length approximately 1 km, consistent with the observed
microseismicity.

The depth of the induced seismicity confirms that some of
these faults penetrate the basement where it is more difficult to
identify horizon offsets in the reflection seismic. It is possible
that significant fault displacement occurred in the Precambrian
rocks prior to deposition of the Argenta formation and was
subsequently eroded, so that the fault displacement visible
in the overlying sediments is significantly smaller than that
of the basement. However, a strong reflector in the seismic
reflection data has been imaged in the 3D volume about
1700 m below the top of the Precambrian basement. This
reflector is also imaged in the 2D seismic lines acquired across
the Decatur site and has been interpreted as a mafic igneous sill
that corresponds to a nearly 30 km wide magnetic anomaly
(McBride et al., 2016). Within the 3D volume, a few disrup-
tions of this reflector that could be interpreted as small dis-
placement faults are visible, and in some of the 2D seismic

lines imaging more marginal areas of the basin, approximately
30 km west of the IBDP site, larger offsets have been inter-
preted as possible faults (Freiburg et al., 2020). McBride et al.
(2017) proposed that the sill could have caused the develop-
ment of damage zones with fractures of varying orientations
in the overlying rocks from processes related to intrusion.

Studies of hydraulic fracture monitoring in oil and gas may
provide some clues regarding reservoir properties that could
influence induced event energy. Hydraulic fracturing micro-
seismic monitoring in the Williston Basin Bakken Formation
detects very low amplitude events (Williams-Stroud et al.,
2013; Dohmen et al., 2017), and there is also no change in
regional seismicity in North Dakota associated with the sub-
stantial increases in wastewater disposal from oil and gas
production (van der Baan and Calixto, 2017). Wastewater
injection activities may be more correlative with CO2 injection
in which a product is injected for storage than with hydraulic
fracturing where the fluid is pumped back out of the well.
Earthquake data recorded by the USArray between 2008
and 2011 detected very few earthquakes near injection wells
in the Williston basin (Frohlich et al., 2015). The Williston
basin has structural similarities with the Illinois basin, as both
are shallow depressions with an apparent lack of significant
large displacement faulting near the injection locations.
Frohlich et al. (2015) did not offer a conclusion to
explain why the induced seismicity rates in the Williston basin
were also lower than in Oklahoma but speculated that some of
the injection wells in Oklahoma had higher injection rates. In
comparison, the average CO2 injection rates of 1123 m3=day
for CCS1 and 1951 m3=day for CCS2 are in the range and in
many cases far greater than rates associated with induced felt
and damaging earthquakes from wastewater injection. Frohlich
(2012), for the Barnett Shale, found induced seismicity associ-
ated with eight wells with maximum monthly injection rates
exceeding 14;000 m3=month (800 m3=day), and these rates
were maintained for a year or more prior to the onset of earth-
quake activity. In other areas of the Barnett Shale, there were
100 similar wells, with rates exceeding this and no nearby
earthquakes. Horton (2012) reported eight wells with peak
rates ranging from 631 to 2021 m3=day along nearby
faults that induced earthquakes. A general analysis by
(Weingarten et al., 2015) attributed injection rates greater than
1540 m3=day, with a greater than expected likelihood of asso-
ciation with earthquakes, as shown by map view proximity
to each other. In the Michigan Basin, 30 wells operate at
maximum injection rates greater than 1026 m3=day with no
seismicity (Weingarten et al., 2015, their Supplementary
Materials). The lack of seismicity detected could be explained
by a lack of monitoring, but in Illinois, an industrial complex
has injected waste since 1966, with rates as high as
2600 m3=day, with a massive total of 75 million cubic meters
injected without any felt or networked detected seismicity,
which would likely have been detected during the period of
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coverage by the USArray. Finally, chemical effects and the
nature of the injection fluid, brine as opposed to supercritical
CO2, may play an important role in reservoir response and
need to be better understood; but they are beyond the scope
of this article.

During the In Salah CO2 project, injection was stopped
because of surface elevation changes from slip on faults, which
was directly observed using Interferometric Synthetic Aperture
Radar (White et al., 2014). In addition, a large number of
microseismic events were detected in different clusters at that
project, which could be contributed to periods of injection
pressures above the fracture pressure and triggered seismicity
on pre-existing faults. Detailed locations and the detection of
more of the smallest events were not possible at In Salah due
to an absence of deep sensors, in comparison to the IBDP and
IL-ICCS project (Goertz-Allmann et al., 2014).

CONCLUSIONS
Fault size and reservoir character are important factors con-
tributing to the potential for felt seismicity, but other reservoir
properties may also influence the detection of seismic energy.
Although felt seismicity has not been reported from CO2 injec-
tion activities, projects may not have benefitted from sufficient
instrumentation. In these and other situations, induced micro-
seismicity could go completely undetected, if appropriate
instrumentation is not installed. The importance of the acquis-
ition network geometry and coverage should not be underes-
timated, as the results of other fluid injection experiments have
shown. A dense surface network or multiple downhole strings,
or both, may be the minimum geometry required to effectively
characterize microseismic events. The ability to compare sep-
arate results from different acquisition configurations provides
useful information for future monitoring array designs that
could be applied to other projects in which acquisition is lim-
ited to one method.

These two companion projects, IBDP and IL-ICCS, provide
important information about the impact of injection-well
placement with respect to the subsurface geology. Significant
induced seismicity resulted from injection in the first well, in
which the injection zone was near the base of the Mt. Simon,
and is also located near an area where the potential “bottom
seal,” the Argenta formation could be absent. Migration of
fluid pressure into the basement rocks may have been facili-
tated by this combination of location, stratigraphy, and rock
properties. The scarce microseismicity currently being detected
during injection in the second well could be explained by the
presence of mudstone baffles below the injection interval,
which likely inhibited vertical flow and thus led to connection
with faults in the basement. In addition, core and image log
observations of the Mt. Simon indicate very little fracturing
in the rock. The paucity of fractures combined with the very
continuous nature of seismic reflectors in the 3D volume sup-
ports an interpretation that the Mt. Simon does not contain

faulting in the shallow zones that are large enough to penetrate
the basement, and faults could not be interpreted above the
middle Mt. Simon zone. The mudstone baffle may also have
played a role in early migration of fluid pressure down into
the basement by restricting upward migration shallower into
the Mt. Simon. Although the baffles are discontinuous, they
appear to be common, and the high permeability and porosity
zones in the Mt. Simon sandstone can easily accommodate
horizontal fluid and pressure migration.

Acquisition of high-quality 3D seismic imaging is a critical
part of the preinjection site assessment. The use of fault-size
analysis prior to injection operations can be an important fac-
tor to determine the potential for generating felt seismicity.
Estimating the sizes of faults in the population that are likely
to slip can be done, if preinjection seismic imaging is of suffi-
cient quality to identify a representative fault population. The
injection-induced seismicity clusters indicate additional fault
locations, some of which partially coincide with the microseis-
micity. If interpretable faults in the target reservoir are small
(a few hundred meters or less in length or radius), the potential
for felt seismicity is more unlikely than in a reservoir with
numerous interpretable large faults with lengths of several
kilometers and more. Interpretable faults in the Dallas–Fort
Worth basin are significantly larger than in the Illinois basin.
Hennings et al. (2019) stated that induced seismicity in the
Dallas–Fort Worth basin is associated with many faults less
than 8 km long. Several significant injection-induced earth-
quake sequences with events Mw > 2:5 occurred on smaller
faults with trace lengths ranging from about 3 to 6 km (see
fig. 5 in Horne et al., 2020). These faults also are mapped with
a longer width-to-depth aspect ratio, in which the longer
dimension is 6 to over 10 km.

The detailed geometry of the IBDPmicroseismicity cluster 4
and nearby interpreted faults suggests that it is composed of
multiple shorter fault segments of different orientations, and
that larger events could occur on a single fault plane with
the same dimensions as the cluster. Nearby historical events
up to Mw 2.7 could be considered a baseline to predict poten-
tial induced event magnitudes for the IBDP area. This study
suggests that the absence of historical seismicity Mw > 3 in
the vicinity and the presence of relatively small mapped fault
sizes indicates the induced seismicity detected at the IBDP site
may not necessarily be a precursor to the development of felt
seismicity. However, injection periods of a few years may not
be long enough to fully assess the impact of long-term injection
from multiple wells at rates required for commercial carbon
dioxide sequestration. High-quality seismic imaging prior to
commencing injection operations would allow an a priori
assessment of potential seismic hazard, but even when such
data are available, identifying the relevant faults in the imaging
can still be challenging. This integration of pressure, microseis-
mic, and reservoir properties data at the IBDP demonstrates
how a detailed geological characterization of the reservoir
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can be applied to mitigate seismic hazard during project devel-
opment and operation.

DATA AND RESOURCES
Seismograms used in this study were collected by the U.S. Geological
Survey (USGS) and the Illinois State Geological Survey (ISGS). The
data collected by the USGS can be obtained from the Incorporated
Research Institutions for Seismology (IRIS) Data Management Center
at www.iris.edu (last accessed July 2019). Seismograms, active seismic
data, and well log data collected by the ISGS are not yet publicly
available, but they will be accessible after June 2021 through the
U.S. Department of Energy (DOE) Energy Data eXchange (EDX) plat-
form (https://www.netl.doe.gov/edx, last accessed May 2020).
Additional information about the Move structural analysis and mod-
eling software, which was used to analyze interpreted faults and event-
source mechanisms, is available at http://www.petex.com/products/
move-suite/ (last accessed June 2020). The supplemental material
available online only includes the source mechanisms for the 50 events
analyzed, example waveforms, additional porosity version cross
sections, and a well-log cross section.
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