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Figure 9. Map of southwestern Indiana showing location of Class II injection wells with the top 100 highest recorded 
monthly injection rates from 2004–2014 (di�erentiated by Class II well type).
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the Illinois Basin (fig. 12). Cumulative injection volume 
ranges from less than 100,000 barrels (Mbbls) to more 
than 1,000 Mbbls (fig. 12). The maximum injection rates 
vary from 0.1 to 1,000 Mbbl/month for Class II wells 
with a median injection rate between 10 and 100 Mbbl/
month (fig. 13). The average maximum injection rate for 
2004–2014 is 15,541 barrels/month.
To test spatial correlations of earthquakes and well loca-
tions from 2004–2014, the two data sets were overlain 
(fig. 14). The map shows a number of earthquakes in 
southwestern Indiana within close proximity to Class 
II wells. Illinois and Kentucky also experienced earth-
quakes within that decade, but the potential spatial corre-
lation with active well locations and injection data for 
2004–2014 for those two states has yet to be determined.

INTERPRETATION
After conducting spatial/temporal analyses on all earth-
quakes within the 2004–2014 records, four earthquakes 

were found to be located within 5 km of active wells (fig. 
15). These earthquakes occurred in 2006, 2008, 2009, 
and 2010. Magnitudes vary from MW 1.71 to 2.7, all 
occurring in southwestern Indiana near the Illinois and 
Kentucky borders. If the radius length is increased to 15 
km, the number of wells associated with the 2008, 2009, 
and 2010 earthquakes increases significantly (fig. 15). 
Another aspect to note is that several of the buffer radii 
of influence extend outside the state into neighboring 
areas of Illinois and Kentucky, where accurate data on 
active wells is currently unavailable to the IGS (figs. 15A, 
C, D, and 16A, B). However, if there are active wells in 
these areas of Indiana, it is highly likely that there are also 
active wells within the Illinois and Kentucky portions of 
the buffer zones. The addition of this information would 
be a significant improvement to this study.
Extending the radius of associativity from 5 km to 15 
km produced several other earthquake-to-well matches 
in 2011 and 2012, again with radii extending into 
neighboring states. These earthquakes had magnitudes 
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Figure 10. Histogram showing all recorded completion depths of Class II injection events in the Indiana Geological 
Survey Petroleum Database Management System. Records include events prior to 2004.

Figure 11. Histogram showing the total number of Class II injection events divided by their strati-
graphic completion interval.
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between MW 2.65 and 3.23 and all occurred in south-
western Indiana. 
A time-series analysis of injection with nearby earth-
quakes allows for more detailed correlation between 
earthquakes and active wells, because analyzing injection 
trends over an extended time period before the earth-
quake occurs adds another constraint on the relationship, 
beyond using proximity alone. There is also the possibility 
that an earthquake occurs as the result of combined injec-
tion from a number of wells concentrated in a given area. 
By examining the pressure and volume injection histories 
associated with a given earthquake it could be possible 
to come to more definitive conclusions on the potential 
causal connections of injection to individual earthquakes. 
If seismicity appears to be temporally correlated with high 
values in either the pressure or the volume injected, such 
correlation can be used to infer a causal relationship. Such 
correlation has been established in Oklahoma. However, 
examination of the histories of pressures and volumes in 
Indiana’s injection wells that are located in proximity ot 
injection wells do not show such a correlation (fig. 17).
To assess the potential relationship of injection to 
inducing seismic events, Murray (2014) conducted a 
study of Oklahoma’s yearly injection data. We note that 
more water was injected into several individual strati-
graphic sections in Oklahoma in an individual year than 
the total of all the water injected in Indiana over the past 
10 years. In 2013, the Arbuckle stratigraphic section had 
more than 700 million barrels injected (fig. 18) (Murray, 
2014). In that same year, the total volume of injected fluid 

in Indiana was less than 60 million barrels (fig. 19). This 
difference may be a factor in explaining the apparent lack 
of induced seismicity in Indiana, when contrasted with 
injection practices in Oklahoma.
Analysis of the practice of subsurface injection of oil field 
fluids in relation to seismicity in Indiana is constrained 
by the relatively low resolution of hypocentral locations 
along with high moment magnitude recording thresholds 
(both, in turn, constrained by the low density of seismic 
stations in and around the state), the short duration of 
the monthly pressure/volume records in digital form 
(one decade), and restricted access to precise injection 
data for wells across adjoining state borders in Illinois 
and Kentucky. Because Indiana does not have its own 
network of deployed seismic stations, it relies on national 
networks such as the U.S. Geological Survey Advanced 
National Seismic System and the St. Louis University 
Earthquake Center Seismic Network for all earthquake 
data. Almost all earthquakes recorded in Indiana are 
subject to significant depth uncertainty, because of the 
lack of a dense local seismic network and the fact that 
the state has only a small number of operating stations. 
The current network is configured to reliably record and 
accurately locate larger magnitude earthquakes. To more 
accurately record the lower magnitude quakes that may 
be associated with injection, a more densely deployed 
network located close to injection wells is required. In 
addition, earthquakes occurred within Indiana state 
lines (figs. 15A, C, D, and 16A, B), but portions of the 
5- to 15-km buffer zones extend into adjacent parts of 
Illinois and Kentucky. It is difficult to comprehensively 

Figure 13. Histogram showing the maximum monthly volume (Mbbl/month) reported for each well in the Petroleum 
Database Management System (2004–2014).
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Figure 14. Map of Indiana showing Class II well locations relative to all known recorded earthquakes (2004–2014). 
Compiled earthquake data obtained from Central and Eastern United States seismic network and the American 
National Seismic System.
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analyze these events lacking concurrent injection data 
from active wells in Illinois.

RECOMMENDATIONS FOR  
FURTHER RESEARCH
Several improvements can be made to aid future anal-
yses. These include enhancing the observations of seismic 
events and the volumes and pressures of injected fluids.
As mentioned previously, the current density and char-
acter of the seismic network in the region significantly 
inhibits the ability of observing small magnitude seismic 
events and also accurately locating their hypocenters. 
Recently, as part of the EarthScope U.S. Array experi-
ment, a mobile flexible array of seismometers was tempo-
rarily deployed across the southern portion of the Illinois 
Basin. This deployment lasted more than a year and 
resulted in a large amount of high-resolution seismic data 
being collected (Pavlis and Gilbert, 2015). Although the 
duration was relatively short, there is value in examining 
these data to more closely assess seismic events in prox-
imity to injection wells.
Another aspect that could be addressed is the relatively 
short period of currently available injection data. If earlier 
injection data (prior to 2004) were accessed, as well as any 
new data from August 2014 onward, it could readily be 
appended to the current database. We note that the sole 
case of proposed injection-related seismicity in Indiana 
(Eagar and others, 2006) occurred in 1995–1996; thus 
data from this period are essential to further assess this 
claim of induced seismicity. To do space-time analyses of 
the small earthquakes recorded, monthly pressure and 
volume data for active wells within 15 km of the field 
sites must first be acquired for at least one year prior to 
the time of the study. It is important that all the monthly 
injection volume and pressure data are current in case an 
earthquake does occur and time-series analysis is needed. 
In instances where injection was determined to induce 
seismic activity, higher resolution (for example, daily) 
pressure and volume data have proven to be valuable in 
assessing spatial and temporal connections (for example, 
in Oklahoma).
Other potential action items include more detailed assess-
ment of injection and reporting practices. At present, it 
is unclear whether the increase in injection volumes and 
number of active injection wells recorded from 2007–
2010 are an accurate reflection of increased activity in 
that period or simply a reporting artifact. During this 
time, the Division of Oil and Gas reporting policies for 
oil and gas operators became stricter, so it is likely that 
some fraction of that increase in active wells was affected 
by changes in reporting, but to what extent is unknown. 
Systematic reporting errors or deviations may also exist 
as a result either from errors in the operators’ reporting 

procedures or in digitally converting the reported data. 
To address this uncertainty, it is important to perform 
quality control on all the data before further analyses 
can take place. One possible method is to calculate the 
mean rate of each entry and individually assess and filter 
out those entries that deviate from a certain percentage of 
that rate. For example, for the  i  th well of the  j  th month, 
the percentage error associated with it (eij) is:

(Percentage error) eij =
Qobserved(ij) − Qmean(i)

Qobserved(ij)
    (6)

where Q is the quantity of either the injection volume or 
the pressure that is reported for the i  th well during the 
j  th month and Qmean(i) is the monthly mean injection or 
pressure for the total duration of well i (Weingarten and 
others, 2015).
After the data are filtered of any reporting artifacts/errors, 
the next step in determining a case for induced seismicity 
in Indiana is to choose a past earthquake and conduct a 
detailed case study. One possibility is to investigate more 
thoroughly the area assessed by Eagar and others (2006) 
in their study of a 1995–1996 cluster of 534 microearth-
quakes located near New Harmony, Indiana (fig. 20). 
However, we note that these events are located in the 
Indiana-Illinois border region along the Wabash River, 
and, hence, constraints on injection activities from both 
states are critical for a complete analysis.
Perhaps the biggest obstacle in conducting case studies 
in Indiana is that the resolution of seismic data is rela-
tively low. To address this need, Eagar and others (2006) 
used a temporarily deployed seismic network consisting 
of ten three-component, short-period seismometers 
and a ten-component dense phased array for 211 days 
from November 1995 through June 1996. The network 
recorded mostly shallow microearthquakes (less than 4 
km depth) that occurred within the Paleozoic sedimen-
tary rock column and had magnitudes with a small degree 
of variance (0.6–1.8 Mw). Similarly, an enhanced seismic 
network located in close proximity to injection wells is 
needed to accurately locate and measure any potentially 
induced seismic events; EarthScope U.S. Array data could 
be used for this purpose.
An additional point to consider when trying to deter-
mine potential causality is the distance and character of 
the sedimentary rock in the interval from the injection 
reservoir to the top of the crystalline basement complex, 
the unit in which the earthquakes usually occur. As docu-
mented in several cases in Oklahoma where the injection 
zone was relatively close to basement, this proximity is a 
factor in conveying changes in pore pressure into the base-
ment complex and inducing greater seismicity as a result 
(Weingarten and others, 2015). A means to assess this is 
to use a set of structure and isopach maps, which could 
be used to assess magnitude of the vertical separation 
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Figure 17. Example of time series showing injection pressures and volumes for the three wells located within 5 km of 
a Mw 1.71 earthquake that occurred in western Gibson County in 2009 (see fig. 15). Well number corresponds to a 
unique Indiana Geological Survey ID. Red diamond marks date of earthquake (5/2/09).
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between the injection reservoir and the top of the base-
ment complex. It would also be of value to analyze the 
petrophysical character of the intervening strata to qualify 
its ability to transmit elevations in pore pressure to the 
basement (Zhang and others, 2013). Another assessment 
that could prove useful is to measure the vertical distance 
from the hypocenter of the earthquakes and aftershocks 
to the top of the basement. 
The distribution of faulting and fracturing in the base-
ment is poorly constrained. If the density and orien-
tation of the fractures in a sample area of the basement 
can be assessed using reflection seismology and potential 
field techniques, these interpretations could be extrapo-
lated across the state. Understanding the distribution of 

potentially seismogenic fractures in the state is useful 
to the regulatory community when building policies to 
more effectively regulate the practice of subsurface injec-
tion, with the goal of mitigating the risk of induced 
seismicity. 
Engineering activity has the ability to alter the local stress 
regimes near operational sites and, as a result, induce 
seismic activity. This can happen by increasing the elastic 
shear stress, as in the case of loading by the mass of the 
water in a reservoir-induced seismicity or by increasing 
pore pressure and reducing effective normal stress as 
caused by fluid injection near an existing fault plane, or 
both. The Coulomb failure criterion remains the most 
commonly used mathematical representation of the shear 
stress required to bring a rock on a plane to failure:

τ = S0 + μσn,              (7)

where τ is the shear stress required for a fault plane to 
reach failure from any existing strength (S0), a coefficient 
of internal friction μ and normal stress on the plane σn 
However, this equation ignores the effects of fluid pres-
sures introduced from water, gas, or oil that enters the 
pore spaces of pressurized rocks and fault planes. Hydro-
static pressure acts in all directions and reduces the effec-
tive normal stress (σn ′) on the fault plane so that the 
equation becomes

τ = τ0 + μσn ′,              (8)

and σn ′ = (σn − P),            (9)
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Figure 18. Chart showing Oklahoma’s one-year (2013) volume totals by completion interval. Modified from Murray 
(2014).

Figure 19. Chart showing annual Class II injection 
volumes in Indiana from 2004 through 2014.
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Figure 20. Map of New Harmony cluster (from Eagar and others, 2006).

where P is the pore pressure from the injected fluid. 
Therefore, introducing water decreases the shear stress 
(τ) required to bring the fault plane to failure. Byerlee 
(1967) tested the validity of this adjusted criterion in 
a laboratory with two slabs of granite and verified the 
expression (Jaeger and others, 2007).

CONCLUSIONS
This report presents the preliminary findings of an initial 
effort to investigate the possibility of seismic events that 
occur within Indiana associated with the practice of 
subsurface injection of oil and gas industry-related fluids. 
Preliminary results indicate that there is a spatial and 
temporal coincidence of injection and seismicity at six 
localities in the southwestern part of the state. Additional 
research is ongoing to evaluate if the observed correla-
tion can be advanced to the more definitive conclusion of 
injection causing or inducing seismicity.  
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APPENDIX A
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Figure A1. Graph showing stratigraphic period of completion interval for saltwater disposal wells in Indiana.

The following charts and table are complementary to 
the figures presented in the body of this report. Figures 
A1–A3 complement Figure 11 and show the number 
of SWD wells completed in each stratigraphic interval 
(Pennsylvanian–Cambrian). The Indiana Department 
of Natural Resources, Division of Oil and Gas, the 
Kentucky Geological Survey, and the Illinois Office of 
Oil and Gas Resource Management provided the data. 
Table A1 shows the specific well information and earth-
quake data (ANSS) for all earthquakes within 5 km of 
active wells. The IGS well ID number is provided to create 
time-series analyses in the Indiana Injection Well Data-
base for these specific wells. Additionally, Figures A4–A6 

show the results of a preliminary investigation of the 
relationship of the distance of the base of the injection 
interval to the top of the Precambrian crystalline base-
ment. Figure A4 is a structural contour map on the base 
of the injection intervals of all Class II wells in Indiana, 
Figure A5 is a structural contour map on the top of the 
basement complex and Figure A6 is an isopach map of 
the interval between those two surfaces. In most cases, 
this distance exceeds 8,000 ft (2.4 km). This is in contrast 
to the interval between injection zone and basement in 
Oklahoma where the distance in many cases is measured 
in tens of feet.
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Figure A3. Graph showing stratigraphic period of completion interval for saltwater disposal wells in Kentucky.

N
um

be
r o

f c
om

pl
et

io
n 

ev
en

ts

Stratigraphic interval

298

1166

58 59 38 49

Pennsylvanian Mississippian Devonian Silurian Ordovician Cambrian
0

200

400

600

800

1,000

1,200

1,400

Figure A2. Graph showing stratigraphic period of completion interval for saltwater disposal wells in Illinois.



PRELIMINARY INVESTIGATION OF THE POTENTIAL FOR INDUCED SEISMICITY IN INDIANA 23

Table A1. Earthquakes within 5 km of active injection wells in Indiana

Earthquake 
date 

Magnitude 
(Mw)

Depth 
(km) Latitude / Longitude

well# 
(IGSID) UTM X/Y distance (km)

4/28/2006 2.7 5 38.87/-87.55 123200 456665/4303260 4.444

123196 456859/4303754 4.742

Total: 2 average: 4.593

12/24/2008 2.09 19.92 38.3322/-87.4658 151020 463423/4240656 4.88

151599 457778/4238137 4.65

151506 459246/4240520 2.11

151502 458348/4240752 1.97

151453 458271/4242770 0.71

151220 455665/4244840 4.02

Total: 6 average: 3.055

5/2/2009 1.71 13 38.21/-87.7543 152308 438040/4229890 3.74

152295 438041/4230090 3.71

152290 438448/4230090 4.11

152289 438248/4230290 3.9

152297 438046/4230500 6.69

164061 438138/4230647 3.79

Total: 6 average: 4.323

4/24/2010 2.7 7.88 38.42/-87.74 122005 435707/4252980 0.43

150281 436307/4252170 1.036

150255 436714/4251180 1.989

128595 437534/4250110 3.336

128702 437715/4249310 4.084

121843 435548/4254369 1.699

121842 435545/4254394 1.72

121873 434320/4256930 4.389

121999 436899/4253980 1.985

122052 436937/4252504 1.544

128592 437736/4250310 3.323

128622 438123/4250400 3.547

128545 438741/4250190 4.16

128508 439395/4250080 4.764

128707 438929/4249291 4.888

157859 438341/4251540 3.15

128480 438754/4252568 3.353

121942 438907/4253010 3.52

121958 438868/4253950 3.69

162897 439185/4252560 3.785

Total: 20 average: 3.0196
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Figure A4. Structural contour map on the top of the Precambrian crystalline basement complex.
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Figure A6. Isopach map of the interval between the base of the injection intervals of all Class II wells and the top of 
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