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ABSTRACT
A sudden spike in earthquake events has been observed in central Nebraska. Since April 2018, 26 earthquakes
with equivalent moment magnitudes from 2.7 to 4.1 occurred, clustered tightly in Custer County. A similar cluster of 24 earthquakes with equivalent moment magnitudes from 2.6 to 3.7 occurred in Jewell County in northern
Kansas in 2017. We have compiled an earthquake database for Nebraska and parts of adjacent states from diﬀerent sources to determine whether these recent earthquake spikes are consistent with historic seismicity. We identiﬁed two historic earthquake clusters occurring in our study area. The ﬁrst contained 32 events and was active in
Red Willow County in southwestern Nebraska from 1977 to 1982. As it coincides spatially with the Sleepy Hollow oil ﬁeld, it may be related to enhanced oil recovery from that ﬁeld, although it is also located at the edge of the
Chadron-Cambridge Arch. The second historical earthquake cluster is located in Pawnee and Richardson counties
in southwestern Nebraska and includes eight earthquakes with equivalent moment magnitudes of 2.3 to 2.8 that
occurred in a period from 1982 to 1989 over the Nemaha uplift and appear to be related to the Humboldt fault.
We note an increase in both maximum magnitude, as well as in the cumulative seismic moment per cluster with
time. We have also used gravity and magnetic ﬁelds to map potential basement faults in the study area. Our analysis shows that the two recent earthquake spikes are aligned with the proposed basement faults. Despite this correlation, the cause of this sudden spike in seismicity is not well understood, as the stresses that might reactivate these
basement faults are unknown. In addition, both recent clusters are distant from oil and gas operations. More seismic stations are necessary in central Nebraska in order to better detect focal depths and faulting style in the ongoing cluster of earthquakes and investigate possible causes.
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Figure 1. (A) Simpliﬁed version of the United States National Seismic Hazard Map (Petersen et al., 2014); (B) Short-term induced seismicity
forecast for 2018 (Petersen et al., 2018), (C) Major tectonic elements for the study area digitized from Burchett (1990), Rothe and Lui (1983)
and Burberry et al. (2015). Yellow triangles show salt water disposal wells from the Nebraska Oil and Gas Conservation commission (http://
www.nogcc.ne.gov/) and from the Kansas Geological Survey (http://www.kgs.ku.edu/).

INTRODUCTION

since 1867 with the objective to assess if similar clustered
seismicity has occurred in the past.
Figure 1C shows the major tectonic elements in our
study area. The most prominent geological feature in the
northwest is the Chadron Arch that separates the Denver – Julesburg Basin in the west and the Kennedy Basin
in the north. The arch continues to the southeast as the
Cambridge Arch, then bends to the south and eventually meets the Central Kansas Uplift. The Siouxana Arch
bounds the Central Nebraska Basin (as in Burchett, 1990)
in the north. Coleman and Gahan (2012) refer to the latter as the Salina Basin. The Midcontinent Rift is in the
southeastern part of the study area along with the Nemaha Uplift and the Forest City Basin. The Humboldt Fault
marks the western edge of the Nemaha Uplift. According
to the Nebraska Geological Survey (http://snr.unl.edu/
data/geographygis/geology.aspx), the depth to the basement varies from 1,000 ft (304 m) over the Nemaha uplift to approximately 3,500 ft (1.07 km) over the Arches;
it increases to 4,500 ft (1.22 km) in the Kennedy and

The state of Nebraska is traditionally considered an
aseismic region. The United States Geological Survey
(USGS) uses the historic seismicity data from both tectonic and potentially induced sources to prepare probabilistic seismic hazard maps. The latest version of this map
(Petersen et al., 2014) suggests the lowest seismic hazard for a large portion of the state of Nebraska (Fig. 1A).
The one year forecast for induced seismicity published by
USGS for 2018 (Petersen et al., 2018) also does not show
any expected seismic hazards in the region (Fig. 1B). Despite these hazard forecasts, a swarm of 27 earthquakes was
recorded in Nebraska between April and October of this
year with all but one of them tightly clustered in a 18 km
long and 9 km wide region in Custer County in the central part of the state (Fig. 1C). A similar earthquake cluster was recorded in northern Kansas in 2017 with a total
of 24 earthquakes occurring in Jewell County in a region
17 km long and 3 km wide (Fig. 1C). We have composed
a database of earthquakes in Nebraska and adjacent states
THE MOUNTAIN GEOLOGIST | December 2018
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of adjacent states since 1867. The largest earthquakes occurred on November 15, 1877 (intensity VII on the Modiﬁed Mercalli Intensity scale) and on March 28, 1964
(magnitude 5.1 of the Richter scale, intensity VII). The
ﬁrst earthquake in our database that was recorded by a
seismometer occurred in 1964. Our database also includes
91 events from 1977 to 1989 from a dedicated microearthquake study in Nebraska (Burchett, 1990). The shallowest focal depth in our database is 0.25 km, while the
deepest one is 22.3 km. The depth of earthquakes is the
most uncertain parameter, especially if the recording network is sparse. Most of the old historic events in our database do not have depths determined at all (44 earthquakes
from 1867 to 1970s). In addition, 113 events have a
depth of 5.0 km. This depth is artiﬁcial as it is used by the
USGS to show that the data does not constrain the depth
of shallow earthquakes satisfactorily.

Central Nebraska basins, and reaches 9,500 ft (2.9 km) in
the Denver-Julesburg Basin in western Nebraska near the
boundary with Colorado and Wyoming. Figure 1C also
shows the location of the basement faults from the study
of Burberry et al. (2015) that was focused on the Nemaha
tectonic zone and Midcontinent Rift System in southeastern Nebraska and Northern Kansas.
Petroleum extraction operations, such as injection of
produced water back to the subsurface, are known to cause
dramatic seismicity in Oklahoma and southern Kansas
(Keranen et al., 2013; Walsh and Zoback, 2015; Rubinstein et al., 2018; Hincks et al., 2018; Peterie et al., 2018).
Locations of saltwater disposal wells compiled by the Nebraska Oil and Gas Conservation commission (http://
www.nogcc.ne.gov/) and the Kansas Geological Survey
(http://www.kgs.ku.edu/) are shown as yellow triangles
in Figure 1C. The induced earthquakes in Oklahoma are
linked to reactivation of shallow basement faults, the majority of which were mapped by traditional subsurface
methods (i.e., Marsh and Holland, 2016). In addition,
some of the basement faults were inferred from examination of multiple earthquakes (McNamara et al., 2015), as
well as through interpretation of airborne magnetic data
(Shah and Crain, 2018). As we have not found published
fault maps for the state of Nebraska other than the ones
from Burberry and others (2015; Fig. 1C), we performed
an analysis of potential ﬁelds in our study area to map possible faults in the basement and to check whether they
correlate to the observed seismicity. In our analysis, we
have used both gravity and magnetic data simultaneously
in order to increase the conﬁdence of our interpretation.

Temporal Seismicity Trends

The distribution of earthquakes through time is illustrated in Figure 3, where several temporal patterns are easily seen. In the 1970s, the number of earthquakes appears
to increase signiﬁcantly, as during this time the USGS deployed a seismometer network to record seismic activity
throughout the country. Another spike in seismicity appears in the 1980s due to the aforementioned microseismicity study. The small magnitude earthquakes in that
study also caused a drop in the average magnitude for that
decade (Fig. 3B). There are two pronounced spikes in
the current decade with 26 events in 2017, and 27 earthquakes in 2018 (as of October 22, 2018).
The magnitudes of the earthquakes are shown in Figure 3C. Our database comprises events with a multitude
of magnitude types. The values for the events recorded
before the ﬁrst seismometer registration (i.e., 1964) were
converted from the reported Modiﬁed Mercalli scale intensity to the Richter scale magnitude (ML) values using
a chart from Burchett (1990). This chart lists a range of
magnitudes for each intensity, so the median value was
determined and assigned as the representative magnitude for the event. The majority of the events recorded
in the 1970s through the 1980s use the duration magnitude (Md) that is based on the duration of shaking. Since
the 1990s, most of the earthquakes in our database are
reported using the MLg magnitude scale that is based on
the amplitude of recorded surface waves. The majority of

SEISMICITY IN NEBRASKA
AND ADJACENT STATES
For our study, we compiled a database of all documented earthquakes from multiple sources for Nebraska
and parts of adjacent states. We included the earthquakes
from the USGS online earthquake catalog (https://earthquake.usgs.gov), the International Seismological Centre
(ISC) Bulletin (http://www.isc.ac.uk), the North American Moment Tensor catalog from Saint Louis University (SLU; http://www.eas.slu.edu/eqc/), older Nebraska
earthquake catalogues (Rothe and Lui, 1983; Burchett,
1990) and articles from local newspapers (the Lincoln
Journal Star). Overall, our database includes 237 earthquakes (Fig. 2) that were found for Nebraska and parts
Vol. 55, No. 4 | www.rmag.org
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Figure 2. Earthquakes in Nebraska and adjacent states color-coded by decade. The location of major tectonic elements from Figure 1 is
marked. The two largest historic events as well as the two recent seismicity clusters are labeled.

It is immediately clear that not all of the recorded earthquakes have solutions for moment tensors with suﬃcient
conﬁdence to develop focal mechanisms. This is because
the magnitudes of the earthquakes are relatively small, so
the records at the distant stations are insuﬃciently robust
to be included in the moment tensor calculations. Four
earthquake clusters were identiﬁed; they are highlighted in
Figure 4 and summarized in Table 1. We have computed
the cumulative seismic moment for each cluster using the
equation from Kanamori (1978). We noticed the increase
in a maximum cluster magnitude with time, as well as the
dramatic increase in the cumulative seismic moment per
cluster (Table 1). However, we also note that these clusters
are in diﬀerent areas with diﬀerent geological settings.
The oldest cluster in our database includes 32 events
that occurred from December 1, 1977 to May 9, 1982 in
Red Willow County in southern Nebraska (Figs. 1C, 4).
The equivalent moment magnitudes of the events range
from 1.5 to 3.1 and the depths are between 0.57 and 11.09
km with the majority of the earthquakes at depth less than
ﬁve kilometers. Most of these earthquakes are reported by

magnitudes of the recent earthquakes in 2017 and 2018
also are reported on the MLg scale, although some use
ML, and some have the regional moment magnitude Mwr
listed as well. Thus, to be able to compare these events, we
have used the conversion relationships from Mueller and
others (1997) to convert the magnitudes of all of the records into equivalent moment magnitudes. The minimal
equivalent moment magnitude of the earthquakes prior to
the ﬁrst seismic record was 2.8. Figure 3 reports two values for each category: the blue bars show the parameters
for the entire database, while the red bars relate only to the
events above magnitude 2.8. This is done to account for
the apparent anomalies observed due to diﬀerences in the
registration after 1964. This ﬁltering resulted in numerical
and magnitude patterns with fewer apparent anomalies,
although the overall increase in the number of earthquakes
throughout the last several decades is apparent.
Earthquake Clusters

Figure 4 shows all focal mechanisms developed by
the USGS and SLU for the earthquakes in our database.
THE MOUNTAIN GEOLOGIST | December 2018
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Burchett (1990) and are not recorded in
the USGS catalog, so no waveforms for
these events are available through USGS
for further analysis. This cluster is generally aligned with the western ﬂank of the
Cambridge Arch (Fig. 1C), but it also
appears to be coincident with Nebraska’s
largest oil accumulation, the Sleepy Hollow oil ﬁeld. Water injection has been
used as a method of enhanced recovery
from that ﬁeld since 1966. The microearthquake study in northwestern Kansas and southwestern Nebraska was conducted to test possible relations between
the water injection and observed seismicity (Rothe and Lui, 1983; Evans and
Steeples, 1987; Burchett, 1990). The initial phase of this study (Rothe and Lui,
1983) reported 31 detected earthquakes
in 1979-1980 with 16 of those occurring in the immediate vicinity of the
Sleepy Hollow Field. A combined focal
mechanism was developed based on records from the two largest earthquakes
occurring in June and July of 1979. The
determined sense of motion was almost purely strike-slip with a right-lateral NE-SW striking fault being the most
likely interpretation. However, the tectonic origin of the earthquakes was not
ruled out due to the study of Stanley
and Wayne (1972) which suggested early Pleistocene uplift along the axis of the
Cambridge Arch based on a ﬂuvial sediment dispersal analysis. Further results
from that microseismicity experiment
published by Evans and Steeples (1987)
also concluded that the recorded high
level of clustered microseismic events
over the Sleepy Hollow oil ﬁeld may be
related to the enhanced oil recovery. The
majority of the recorded earthquakes
had focal depths less than 4 km with
the deepest event being at a depth of 9
km. Approximately one third of the recorded earthquakes were attributed to
Vol. 55, No. 4 | www.rmag.org

Figure 3.
(A) Number of
earthquakes by decade.
Blue bars show the total
number of earthquakes
in database and red
bars show the number
with an equivalent
moment magnitude
above 2.8. (B) The
number of earthquakes
in the current decade.
The spike in 2017 is
related to a spot in
northwestern Kansas (24
out of 26 earthquakes),
while the spike in 2018
is focused in the central
Nebraska (26 out of 27
events). (C) Average
equivalent moment
magnitude per decade
for the earthquakes
shown in part A.
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Figure 4. Focal mechanisms and earthquake clusters found for our study area. The beach balls with a light blue color are from the
USGS, the darker blue ones are from the SLU catalog. Overall, four spatial clusters were identiﬁed, marked with blue circles. See Table 1
for details. The inset shows the focal mechanisms and distribution of events within the 2018 cluster; note the elongate NW-SE oriented
trend for this cluster. The minimal size of the earthquake in the inset corresponds to the equivalent moment magnitude of 2.7, while the
largest one shows the earthquake with a magnitude of 4.1.

the sedimentary layer, while the rest were associated with
the basement that is approximately 1.1 km deep in this
region. However, that study reported that the ﬁrst motion data were inconsistent between the events with nearly
coincident hypocenters and no correlation was found between injection pressure and earthquake occurrence. Moreover, no well-constrained fault plane could be determined
from the recorded earthquakes. With these ambiguities,
the study concluded that the observed seismicity probably relates to the injection of the ﬂuids, but there is some
evidence of tectonic cause with a reference to the study of
Stanley and Wayne (1972).
The second historic earthquake cluster is located over
the Nemaha Uplift in southeastern Nebraska (Figs. 1C,
THE MOUNTAIN GEOLOGIST | December 2018

4). There are eight earthquakes in this cluster that occurred between 1987 and 1989. The equivalent moment
magnitudes of these eight events range from 2.3 to 2.8
and the depths from 6.1 to 22.31 km. All of these were
documented by the microseismicity study reported by
Burchett (1990) and are not listed in USGS, ISC or SLU
earthquake catalogs. No focal mechanisms were found for
the earthquakes in this cluster. The earthquake locations
generally align with the known Humboldt fault, conﬁrming that the fault zone is still tectonically active (Burchett
et al., 1985). The Humboldt fault strikes N-S approximately along the border between Pawnee and Richardson
Counties. The earthquakes are clustered on the western
side of the fault in Pawnee County. Most of the oil and gas
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TABLE 1
Earthquake clusters in Nebraska and northern Kansas.
Cluster
dates

Location

Number
of events

Equivalent
moment
magnitude range

Cumulative
seismic moment,
×1015 dyn cm

Depth range,
km

Number of
ﬁxed events
at 5.0 km

Averaged depth,
km (excluding
ﬁxed events)

1977-1982

SW
Nebraska

32

1.5- 3.1

3.1

0.57 - 11.09

6

3.0

1982-1989

SE Nebraska

8

2.3 - 2.8

0.8

6.1 - 22.31

3

12.6

2017

N Kansas

24

2.6 - 3.7

26.7

5.9 - 16.1

6

13.5

2018

Central
Nebraska

26

2.7 - 4.1

58.7

1.2 - 7.7

22

4.6

These wells reached the pre-Cambrian basement rocks at
depths approximately 1.1 – 1.2 km below the surface. The
nearest water injection well is approximately 100 km to
the southwest on the other ﬂank of the Cambridge Arch.
USGS developed focal mechanisms for six earthquakes in
this cluster (see inset in Fig. 4). However, the sense of motions and fault orientations appear to be inconsistent. The
focal mechanism released for the ﬁrst earthquake in this
cluster (occurred on April 9, 2018) was aligned with two
earthquakes from the 2017 cluster and suggested an overall extensional stress regime with a NW-SE striking fault.
However, the earthquake the next day of magnitude 3.7
shows the opposite, i.e., compressional stress distribution
with an apparent strike-slip component (Fig. 4). Another
event with an apparent oblique reverse faulting style occurred on July 26 (magnitude 3.6), whereas the rest of the
earthquakes in July have focal mechanisms consistent with
an oblique normal sense of motion.

operations in southeastern Nebraska are located in Richardson County and are associated with the Forest City basin to the east of the Nemaha Uplift.
The third cluster is located in Jewell County in northern Kansas (Figs. 1C, 4). There are 24 earthquakes associated with this cluster and all of them occurred in 2017
with the months of April and June being particularly active with 14 and 6 events, respectively. The equivalent moment magnitudes range from 2.6 to 3.7 and the depths
range from 5.9 to 16.1 km. The focal depth of the majority of events in this cluster is around 14 km (17 out of 24
earthquakes), while the rest have uncertain depth that is
ﬁxed at 5.0 km. According to the Kansas Geological Survey, the nearest water injection well is approximately 75
km to the southwest of the cluster (Fig. 1C). Two focal
mechanisms were published by USGS for the earthquakes
in this cluster (Fig. 4). Both of them are consistent with
each other and suggest the presence of an extensional stress
regime with a fault striking NW-SE and with a possible
dip between 42° and 49°.
The most recent cluster is located in Custer County in central Nebraska. The ﬁrst earthquake in this cluster occurred on April 9, 2018, and as of December 3,
2018, a total of 26 events were registered at this location.
The largest equivalent moment magnitude of these earthquakes is 4.1 and the smallest one is 2.7. The depths of
these events are between 1.2 km and 7.7 km with the majority of them being reported as 5.0 km by USGS online
earthquake catalog. According to the Nebraska Gas and
Oil Conservation Commission, there are several dry wells
near the seismicity cluster that were drilled in the 1960s.
Vol. 55, No. 4 | www.rmag.org

INTEGRATED ANALYSIS OF GRAVITY
AND MAGNETIC FIELDS
The majority of the earthquakes in our database
have shallow focal depths, suggesting basement faulting.
We used the basement faults from Burberry and others
(2015) for southeastern Nebraska and Northern Kansas
(Fig.1C). The study of Burberry and others (2018) further showed two prominent trends in southeast Nebraska and northeast Kansas; the NE-SW oriented faults that
are likely related to the Midcontinent Rift System and
Nemaha Uplift, and faults oriented NW-SE, likely related to fabrics from the Central Plains Orogeny. We did not
223
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Figure 5. (A) Total magnetic intensity from Bankey et al. (2002), (B) Original Bouguer gravity from Kucks (1999).

a series of transformations and corrections was applied to
both ﬁelds. The gravity map had a regional trend removed
that represents the eﬀect of deep density variation at the
crust-mantle interface. This regional trend was computed via upward continuation to 100 km elevation. After it
was removed, a tilt derivative ﬁlter was applied to the residual gravity anomaly to highlight the eﬀect of the shallow structures, such as basement faults. The magnetic map
was reduced to the pole with an inclination of 75.66° and
a declination of 11.25°. Then a tilt derivative ﬁlter was
applied to the magnetic ﬁeld as well. Both ﬁelds were lowpass ﬁltered with a 5 km wide window in order to remove
some artifacts highlighted by the tilt derivative ﬁlter. The
ﬁltered residual Bouguer gravity and reduced to the pole
magnetic ﬁelds are shown in Figure 6.
The ﬁltering highlights the regions where the potential ﬁelds show a change in character. As both gravity and
magnetic ﬁeld record the cumulative signals from all the
sources in the subsurface, not only the basement faults,
but also lateral variations within the sedimentary layer and
possible inhomogeneities within the crust, the interpretation of faults in the mixed multiple signals is challenging.
We compared the ﬁltered signals with the published faults
from Burberry and others (2015; Figs. 1, 6). The following correlations were observed: on magnetic ﬁeld maps,
the faults either follow the magnetic low, or are associated with an abrupt change in magnetic fabric; on gravity

ﬁnd any published basement faults for the western part
of Nebraska. These may be mapped using potential ﬁelds
data (gravity and magnetics) as they change in response to
the lateral variations of physical properties of the rocks in
the subsurface, i.e., densities and magnetic susceptibilities
(Lyatsky et al., 2004).
The basement faults are associated with signiﬁcant
contrasts in the physical properties of the rocks present
since denser and more magnetic basement rocks are in
contact with low density and generally nonmagnetic
sediments. These contrasts in physical properties across the
fault will cause variations in both potential ﬁelds, referred
to as lineaments. However, these signals are relatively
small, and need to be enhanced through ﬁltering. The
lineaments are interpreted to map the basement faults.
Such analysis of airborne magnetic data was performed in
Oklahoma (Shah and Crain, 2018), revealing potential
seismogenic basement faults that can be reactivated in
induced seismicity settings. The conﬁdence in the fault
interpretation increases if the lineaments are observed
at the same location in both independently recorded
potential ﬁelds. The spatial alignment of the interpreted
fault with recorded seismicity further indicates that the
fault has been reactivated.
We utilized gravity data from Kucks (1999) and magnetic data from Bankey and others (2002) shown in Figure
5. In order to highlight the lineaments in potential ﬁelds,
THE MOUNTAIN GEOLOGIST | December 2018

224

Vol. 55, No. 4 | www.rmag.org

SEISMICITY IN NEBRASKA AND ADJACENT STATES: THE HISTORICAL PERSPECTIVE AND CURRENT TRENDS

Figure 6. (A) Tilt derivative of reduced to pole magnetic ﬁeld, (B) Tilt derivative of residual Bouguer gravity. See text for ﬁltering details.
The faults from Burberry et al. (2015) are shown in the western part of our study area. The correlation between known faults and distinct
features in ﬁltered potential ﬁelds (lows in magnetics, gravity gradient and abrupt changes in pattern for both) was used to interpret the
basement faults for the rest of the area.

ﬁeld maps the faults either are aligned with the gradient
of the ﬁltered gravity anomaly or also mark sharp changes
in the pattern of anomalies. As the ﬁltered magnetic map
(Fig. 6A) oﬀers better resolution than the ﬁltered gravity map (Fig. 6B), we guided our interpretation with the
magnetics and used gravity as supporting evidence. We
used the observations listed above as criteria for the interpretation of basement faults for the entire study area (Fig.
7). We interpreted the faults only in the regions where
lineaments were coincident in both gravity and magnetic
ﬁelds. We also used the consistency of their spatial trends,
agreement with earthquake locations and focal mechanism
orientations, and the overall correlation with the published faults maps (Burberry et al., 2015) as a guidance for
our interpretation.
The initial basement faults were mapped from the
integrated analysis of potential ﬁelds (Searls et al., 2017;
Guthrie et al., 2018) prior to the cluster of earthquakes
in central Nebraska starting in April 2018. This swarm of
earthquakes is aligned with interpreted faults, thus validating our methodology. Figure 8 shows the rose diagram composed for our interpreted lineaments. There are
two pronounced orientations of lineaments visible in the
rose diagram, a NE-SW trend and a NW-SE trend. The
Vol. 55, No. 4 | www.rmag.org

NE-SW trend is the same trend as the Mid-Continent
rift and associated structures from the Penokean Orogeny
(Burberry et al., 2018) and the NW-SE trend is similar to
that within the Central Plains Orogen (op. cit.). The 2018
cluster of earthquakes from Nebraska falls along a NWSE oriented trend (red line in Fig. 8 – orientation 313°),
strengthening the case that this cluster is associated with
one such basement fault. Similarly, the Jewell County cluster of events falls on a NW-SE oriented trend (red line in
Fig. 8, orientation 297°) and is likely to be associated with
a similar basement fault in north-central Kansas. The overall location of these and other earthquake events along the
interpreted faults (refer back to Fig. 7C) validates our results and proves the value of the integrative analysis that
combines several independent geophysical and geological datasets.

DISCUSSION
Our earthquake database for Nebraska and parts of
adjacent states suggests that small earthquakes occur in the
study area regularly and are generally spread out throughout the state. However, we have identiﬁed several earthquake clusters (Fig. 4). The oldest one, which was active
in southwestern Nebraska from 1977 to 1982, appears
225
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to be induced by enhanced oil and gas recovery
from the Sleepy Hollow oil ﬁeld (Rothe and Lui,
1983; Evans and Steeples, 1987), although its origin can also be related to the tectonically active
Cambridge Arch (Stanley and Wayne, 1972). The
second one, occurring between 1982 and 1989 in
southwestern Nebraska, relates to the tectonically active Humboldt fault (Burchett et al., 1985).
The 2017 cluster in northern Kansas, followed by
the one in central Nebraska in 2018, show an increasing trend in magnitude (Table 1), with the
largest event being of magnitude 4.1 in Nebraska in July 2018. These clusters are 250 km apart
and do not appear to be aligned with major tectonic structures such as the Chadron Arch; therefore, no tectonic origin can be implied, as for example, for the cluster over the Humboldt fault.
Both 2017 and 2018 earthquake clusters are also
distant from known water injection wells that
can trigger induced seismicity similar to the proposed cause of the cluster over the Sleepy Hollow oil ﬁeld in Nebraska, or to induced seismicity in northern Oklahoma and southern Kansas
(Keranen et al., 2013; McNamara et al., 2015;
Walsh and Zoback, 2015; Rubinstein et al., 2018;
Hincks et al., 2018; Peterie et al., 2018). Despite
the cause of these sudden seismicity clusters, they
represent seismic hazard and must be included in
the next generation of the seismic hazard assessments and forecast.
The focal depth of the earthquakes suggest
that they are related to reactivation of shallow
basement faults (approximate depth to pre-Cambrian basement in both regions is ~ 1.1 km). The
tectonic stress map of the U.S. (Heidbach et al.,
2016) shows no data for the state of Nebraska.
The nearest stress data in Oklahoma suggests an
overall strike-slip regime related to induced seismicity. Zoback and Zoback (1980) show a map
of the midcontinent with a greatest compressional
stress oriented NE-SW. None of this is consistent
with any of the focal mechanisms in the study
area. However, Calais and others (2006) use global positioning satellite velocities to show an overall extensional regime in the Nebraska area, with
the principal extensional stress oriented N-S. This

THE MOUNTAIN GEOLOGIST | December 2018

Figure 7. Filtered magnetics (A) and gravity (B) with interpreted lineaments
and earthquakes, (C) Interpreted subsurface faults with earthquakes color
coded by decade as in Figure 2.
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may be responsible for reactivation of NW-SE
trending basement faults in extension and for
most of the focal mechanisms observed in the
2018 cluster of events (see inset in Fig. 4).
The cause of the sudden spikes in seismicity observed in our study area in 2017 and
2018 is unknown and needs further investigation. The two possible explanations include
natural tectonic forces, or induced seismicity
due, possibly, to petroleum extraction operations. The tectonic origin of the stress is supported by the fact that the recorded seismicity
spikes are located far away from known water
injection wells that may trigger some induced
seismicity. However, the controversies observed in the interpretation of the focal mechanisms for the 2018 cluster are similar to the
ones described by Evans and Steeples (1987)
over the 1977 to 1982 earthquake cluster over
the Sleepy Hollow oilﬁeld with a potentially
induced origin. In contrast, the focal mechanisms of induced earthquakes in Oklahoma
show striking consistency (Alt and Zoback,
2017). In order to study further seismicity in
central Nebraska, the USGS established two
portable seismic stations near the 2018 cluster.
The geophysical research team of the University of Nebraska also intends to install a temporary seismic network around the ongoing
seismicity region in central Nebraska to record
further earthquakes. These records will help
to constrain the focal depths and the faulting
style, as well as to investigate possible causes of
the sudden seismicity in the region.

Figure 8. Rose diagram showing the trends of all basement lineaments mapped in
the study area. Two prominent trends can be discerned; a NE-SW trend correlating
to the Mid-Continent Rift and surrounding areas, and a NW-SE trend correlating to
fabrics of the Central Plains Orogen. Red lines mark the trends of the earthquake
clusters in 2018 and 2017; correlating with a Central Plains Orogen-related series of
basement fault strands.

operations at the Sleepy Hollow oil ﬁeld, the second to the
geologically active Humboldt fault. Basement lineaments
were interpreted from an integrated analysis of gravity and
magnetics; many of these lineaments are associated with
earthquakes and are likely to represent basement faults.
The two recent clusters that are 250 km apart appear to be
aligned along similar basement fault trends and therefore
may be reactivating in a similar, albeit currently unknown,
stress regime.
There are no data on the current World Stress Map
for Nebraska. The overall stress inferred from a few published focal mechanisms in our earthquake database is extensional, generally oriented NE-SW. However, there is
some ambiguity in the stress regime revealed by the latest

CONCLUSIONS
A sudden spike in seismicity is recorded in central
Nebraska in 2018 and in northern Kansas in 2017. A
general magnitude increase with time is noted, representing a potential seismic hazard. Both clusters are located at
least 75 km from water injection wells that can cause induced seismicity. An earthquake database for the state of
Nebraska and the parts of adjacent states was composed
from various sources, to test whether the recent clusters
match historic seismicity. Two historic earthquake clusters were observed. One is thought to relate to petroleum
Vol. 55, No. 4 | www.rmag.org
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Calais, E., Han, J.Y., DeMets, C., and Nocquet, J.M.,
2006, Deformation of the North American plate
interior from a decade of continuous GPS measurements: Journal of Geophysical Research: Solid
Earth, vol. 111, no. B6, p. B06402
Coleman, J.L., Jr., and Cahan, S.M., 2012, Preliminary catalog of the sedimentary basins of the United States: U.S. Geological Survey Open-File Report
2012–1111, 27 p.
Guthrie, K., Filina, I., Searls, M., and Burberry, C.M.,
2018, Earthquake database for Nebraska as a constraint for Midcontinent Rift related faults: Geological Society of America Abstracts with Programs, v.
50, no. 4, DOI: 10.1130/abs/2018NC-312951.
Heidbach, O., Rajabi, M., Reiter, K., Ziegler, M.,
and WSM Team, 2016, World Stress Map database release, GFZ Data Services, DOI:10.5880/
WSM.2016.001.
Hincks, T., Aspinall, W., Cooke, R., and Gernnon, T.,
2018, Oklahoma’s induced seismicity strongly linked
to wastewater injection depth: Science, v. 359, p.
1251-1255.
International Seismological Center, 2018, ICS Bulletin,
http://www.isc.ac.uk/iscbulletin/ (accessed 2018).
Kanamori, H., 1978. Quantiﬁcation of earthquakes.
Nature, v. 271, p. 411.
Kansas Geological Survey, 2018, Oil and Gas Well Database, http://www.kgs.ku.edu/Magellan/Qualiﬁed/
index.html (accessed 2018).
Keranen, K.M., Savage, H.M., Abers, G.A, and Cochran E.S., 2013, Potentially induced earthquakes
in Oklahoma, USA: Links between wastewater injection and the 2011 Mw 5.7 earthquake sequence:
Geology, v. 41, p. 699-702.
Kucks, R.P., 1999, Bouguer gravity anomaly data grid
for the conterminous US: U.S. Geological Survey
Digital Data Series, DDS-9.
Lyatsky, H., Pana, D., Olson, R. and Godwin, L.,
2004, Detection of subtle basement faults with gravity and magnetic data in the Alberta Basin, Canada: A data-use tutorial: The Leading Edge, v. 23, p.
1282-1288.
Marsh, S., and A. Holland, 2016, Comprehensive fault
database and interpretive fault map of Oklahoma:
Oklahoma Geological Survey Open-File Report
OF2-2016, Norman, Oklahoma, 15 p.

earthquake cluster in central Nebraska as two out of six
focal mechanisms published by USGS suggest compressional stress, oriented NW-SE. The cause of this sudden
spike in seismicity is still not clear. More seismic stations
are necessary to better detect the faulting style and to investigate possible causes.
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