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Human Activity and Earthquakes

Published studies have long indicated that human
activity can cause earthquakes. Such earthquake-inducing

processes include fluid injection for enhanced oil recovery, Direct fluid pressure
solution mining, hydraulic fracturing, geothermal stimula- effects of injection
tion, and disposal of waste fluids from industrial or oil and (fluid pressure
gas operations [Ellsworth, 2013]. diffusion)

Fluid injection into deep wells can increase under-
ground pore pressure sufficiently to overcome frictional
resistance and trigger slip on faults in the crystalline
basement rock near an injection site (Figure 1), especially Well| | Fault
where large crustal stresses have brought a fault close to f
failure [Nicholson and Wesson, 1990].

Most induced earthquakes are too small to be felt.
However, if a fault of sufficient length is subjected to the
right stress conditions, the potential exists for triggering
an earthquake with ground motion large enough to cause
damage. This potential is a concern for both the public
and the state agencies that regulate injection wells.
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Wastewater Disposal in Deep Wells Figure 1. Diagram illustrating how deep fluid injection

Over the past decade, innovations in horizontal can increase pore pressure on a nearby fault and trigger

drilling and hydraulic fracturing technologies have an earthquake. Modified from Ellsworth [2013].
helped drive interest in extracting oil and gas from the

Mississippian limestone in Kansas and Oklahoma. Oil

and gas production began to rise in Oklahoma in 2009, g il gl i

followed by Kansas in 2012. \<
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The extraction process from the Mississippian
limestone produces large volumes of highly saline 3 s
formation water, which is typically disposed of in deep &% :
saltwater disposal wells. Initially, operators of many | % 4 3 g .,
™

newly completed disposal wells were permitted to . ‘
.

inject fluid into the ground at rates 3 to 4 times historic

levels. By 2015, an unprecedented volume of fluid was

being injected in a group of dozens of saltwater disposal

wells within about a two-county area near the Kansas— 36

360
Oklahoma border (Figure 2). U_ e

Most of these high-volume wells inject fluid into a :‘W;:'m:;‘”hﬁs
rock formation called the Arbuckle Group, made up of -
highly permeable Cambrian-Ordovician age sedimentary
rocks. With no underlying confining layer in many a e
places, these rocks are hydraulically linked to the ., g P =
Precambrian granite basement that lies below. Such
basement rocks typically have many faults, mapped and Figure 2. Volume of fluid injected in Class | wells in Kansas
unmapped, but generally with sparse historical earth- and Class Il SWD in Kansas and Oklahoma in 2015. From

quake activity. Peterie et al. [2018b].
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Figure 3. Map of historic earthquakes (black dots) recorded
by regional networks and earthquakes reported by the USGS in
2014 (orange dots). Earthquakes are shown relative to promi-
nent geologic structures. From Peterie et al. [2018b].

Oklahoma and Kansas Earthquakes

Kansas and Oklahoma are located in a tectonically
stable region with low risk for damaging natural earth-
quakes. Before 2009, both states had a history of
seismic activity with an average of one to two earth-
quakes of magnitude 3 or larger occurring annually.

A historically unprecedented increase in the rate
and magnitude of earthquakes followed the dramatic
rise in saltwater disposal in the area. Oklahocma began
experiencing an unusually large number of earthquakes
in 2009, followed by south central Kansas in 2013.

In 2014, the U.S. Geological Survey (USGS)
reported 42 earthquakes of magnitude 3 or larger in
Kansas, including a magnitude 4.9 tremor, the largest
recorded in Kansas using modern instruments. All but a
few epicenters were located within five distinct zones in
Harper and Sumner counties, a part of the state with
few reported earthquakes in previous years (Figure 3).

Fluid Injection in Kansas

Numerous industries in Kansas use underground
injection control wells for fluid disposal. The state
currently manages 50 deep industrial wastewater wells
(Class 1), regulated by the Kansas Department of Health
and Environment (KDHE), and approximately 5,000
saltwater disposal wells (Class ll), regulated by the
Kansas Corporation Commission (KCC).

Cumulative injection volumes in most areas of the
state have been consistent for the past several years.
However, by far the most dramatic change in approved
volume increases occurred in south central Kansas.
The annual saltwater disposal volume in Harper County
alone increased from the historic rate of about 10
million barrels to more than 100 million barrels by
2015.

In response to the increased earthquake activity
in south central Kansas, the Kansas Corporation
Commission took a geologically-based mitigation
approach designed to reduce pore pressure around
known active fault zones. Earthquake clustering was
used to identify likely basement structures sensitive
to changes in deep fluid pressure. The commission
ordered reduced injection volumes for saltwater
disposal wells located within a set of ellipses defined
around the high-seismicity zones in Harper and
Sumner counties.

Seismic Monitoring and Earthquake Migration

In early 2015, KGS installed six temporary
seismograph stations in south central Kansas to
closely monitor and better understand the seismic
activity. During the first 6 months of monitoring,
earthquake epicenters persisted in dense clusters
primarily within the same high-seismicity zones
identified in 2014. A year after saltwater disposal
volumes were restricted, earthquake activity within
the injection-restricted footprint dropped
dramatically (Figure 4).
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Figure 4. Earthquakes recorded by the Kansas Geological
Survey network in Harper (HP) and Sumner (SU) counties
showed a sharp decrease between (a) January to June 2015,
prior to the Kansas Corporation Commission’s order restrict-
ing fluid injection volumes, and (b) July to December 2016, a
year after the order went into effect. The ellipses show the
zones where the Kansas Corporation Commission restricted
injection volumes. From Peterie et al. [2018b].




However, earthquake epicenters began gradually
migrating into other areas at increasingly greater distances
from the initial high-seismicity zones. This earthquake
migration followed a northern progression [Peterie et al.,
2018a]. By early 2017, earthquakes had advanced from
Harper and Sumner counties into neighboring counties
with a history of minimal earthquake activity (Figure 5).
This unexpected migration does not fit the traditional
model of induced seismicity, where locally elevated
pressure triggers earthquakes near the causal well.

Regionally Elevated Fluid Pressure

Numerous studies suggest that a pressure increase
of as little as 0.01 to 0.2 megapascal along a critically
stressed fault may be sufficient to trigger an earthquake
(by comparison, the air pressure in a car tire is usually
about 0.2 megapascal) [e.g., Keranen et al., 2014].

Measurements of pressure at the bottom of wells
(bottomhole pressure) that terminate in the Arbuckle
Group can provide insight into fluid pressure affecting
basement faults. Beginning in 2012, increasing bottomhole
pressure was measured across south central Kansas
(Figure 6). The most dramatic increase was observed in
Harper County, where by 2016 pressure had increased
more than 0.4 megapascal relative to historic pressures.
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Figure 5. Nearly 7,000 earthquakes (gray) were recorded by the
Kansas Geological Survey seismic network in Harper (HP), Sumner
(SU), Sedgwick (SG), and Reno (RN) counties from January 2015
through June 2017, Shaded blue circles represent the concentration
of earthquake epicenters at 6-month intervals and demonstrate the
progression of earthquakes with time. Modified from Peterie et al.
[2018a].

Similar, but smaller, pressure increases were
observed in Sedgwick and Reno counties near areas
where earthquakes had advanced in 2016 (Figure 3).
Because annual injection volumes in these areas have
been consistent for about a decade, it seems highly
unlikely that local injection practices alone are respon-
sible for the abrupt and unprecedented increase in
formation pressure and seismicity.

The combination of regionally elevated Arbuckle
Group fluid pressure (most prominent to the south),
gradual northward progression of earthquake trends
well outside the initial high-seismicity zones, and lack
of commensurate changes in local injection volumes
supports the hypothesis that the observed pressure
increases are predominantly influenced by regional
increases in high-volume injection as far as 90 kilom-
eters to the south.

Just as it took months or years before high-
volume disposal near the Kansas—-Oklahoma border
raised the far-field fluid pressure in surrounding
counties, regulatory actions to reduce disposal
volumes may take months or years to affect far-field
pressures. The KCC and KDHE are currently pro-
viding data to and meeting with the KGS regularly in
a collaborative effort to better understand and review
developments in pressure and seismicity.
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Figure 6. Preliminary map of the bottomhole pressure change
in 2016 (relative to 2002 baseline measurements) measured in
wells that terminate in the Arbuckle Group. Fluid pressure in
the Arbuckle Group has increased across south central Kansas
and is most prominent in Harper (HP) County, which experi-
enced a sharp increase in high-volume saltwater disposal starting
in 2012, MPa = megapascals. From Peterie et al. [2018b].







