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Increased motor vehicle crashes following induced earthquakes
in Oklahoma, USA

Joan A. Casey?”, Holly Elser?, Sidra Goldman-MellorP, and Ralph Catalano?
aSchool of Public Health, University of California at Berkeley, Berkeley, CA 94720, USA

bSchool of Social Sciences, Humanities, and Arts, University of California at Merced, Merced, CA
95343, USA

Abstract

Anxiety-inducing life events increase the risk of motor vehicle crashes. We test the hypothesis that
earthquakes, known to increase anxiety in the population, also increase the incidence of motor
vehicle crashes. Our study took place in Oklahoma, USA where wastewater injection resulted in
increased induced seismicity between 2010-2016. We identified dates of earthquakes = magnitude
4 (a level felt by most people) with data from the U.S. Geologic Survey. The Oklahoma Highway
Safety Office provided county-level monthly vehicle crash counts. We defined high, medium, and
low earthquake exposure counties based on the location of earthquake epicenters. Using time-
series analyses, we evaluated the association between monthly counts of > magnitude 4
earthquakes and motor vehicle crashes by exposure group. Earthquakes = magnitude 4 took place
in 38 of 84 study months, and a monthly average of 5,813 (SD = 384) crashes occurred between
2010-2016. In high-exposure counties, we observed an additional 39.2 motor vehicle crashes per
each additional = magnitude 4 earthquake in the prior month (SE = 11.5). We found no association
between the timing of = magnitude 4 earthquakes and motor vehicle crashes in the medium or low
exposure counties. With a binary earthquake exposure variable, we found a 4.6% (SE = 1.4%)
increase in motor vehicle crashes in the high exposure counties in the month following 1 or more =
magnitude 4 earthquakes. Consistent with our hypothesis, there was no association between
earthquakes of magnitude < 2.5 and motor vehicle crashes in the high-exposure counties. This
novel evidence of an association between induced earthquakes in Oklahoma and motor vehicle
crashes warrants future research given the high economic and social costs of such vehicle crashes.
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1. INTRODUCTION

Operators extract oil and gas using a range of methods that increasingly rely on horizontal
drilling and hydraulic fracturing in shale formations, and fluid injection into wells to
increase production. Much fluid returns to the surface and requires special disposal to avoid
contamination of drinking or surface waters. Disposal alternatives include reinjection into
class IT Underground Injection Control disposal wells. Reflecting the threat that such
wastewater injection poses to human health and the environment, the U.S. Environmental
Protection Agency (U.S. EPA) has authority to regulate reinjection.

In 2015, Oklahoma ranked 5t in overall energy production in the United States (1), and state
disposal wells received over 400 billion liters of wastewater (2). Wastewater injection,
particularly at high rates, has resulted in remarkably frequent induced earthquakes. For
example, between 2010 and 2017, over 2,500 earthquakes exceeding moment magnitude-3
(i.e., M 3) occurred in Oklahoma (3, 4). When earthquakes reach a magnitude of 4, many
people feel them, and while before 2010 no = M 4 quakes were recorded in Oklahoma, 76
occurred between 2010-2016 (5).

The health implications of these earthquakes remain unclear. Past research, however, reports
that earthquakes strong enough for human detection evoke psychological distress in
populations experiencing them (6, 7). This implies that earthquakes induced by oil and gas
production may induce distress and associated health outcomes. These potential health
consequences may include trauma caused by motor vehicle crashes. Although vehicle
crashes result from interactions between vehicles, roadways, and driver characteristics,
human error (including distraction) reportedly accounts for approximately 93% of crashes
(8-10). Further, acute psychological distress appears to increase the likelihood of traffic
injuries (11). Anger, sadness, crying, emotional agitation, and behaviors like smoking or
sending text messages may distract drivers from sensory inputs (9, 12).

In addition to acute effects on motor vehicle crashes, psychological distress resulting from
earthquakes could also develop and influence individuals’ risk of crashes over a more
prolonged period. Evidence-to-date supports the potential for earthquake exposure to have a
delayed effect on the subsequent psychological response (13, 14). In a recent report, we
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found that Google search episodes for anxiety peaked 3 weeks after = M4 quakes in
Oklahoma (15). Similarly, in Tsunan, Japan, earthquake-exposed versus unexposed
individuals reported much higher prevalence of earthquake-related anxiety and insomnia two
to four weeks after an M 6.7 earthquake (16).

In Figure 1, we show a conceptual framework illustrating how anxiety may link earthquakes
to motor vehicle crashes. Anxiety caused by life stressors may lead, for example, to reduced
sleep quality (17), distraction (18, 19), and dangerous driving behavior (18, 20), all of which
can place drivers at risk of motor vehicle crashes (21, 22). In Oklahoma, for example,
moderate earthquakes appear to reduce housing values and lead to longer time-on-market
(23, 24). This type of financial strain may further increase individuals’ stress, distractibility,
and irritability, thereby exacerbating risk of motor vehicle crashes (25).

Here, we use time series methods to explore the relationship between monthly counts of
earthquakes reported by the U.S. Geological Survey and motor vehicle crashes reported by
the Oklahoma Highway Safety Office. Several circumstances motivated us to test this
hypothesis including the economic and health burden vehicle crashes impose on society.
Motor vehicle crashes cost Americans $242 billion nationwide and $2.9 billion in the state
of Oklahoma in 2010 (26). We hypothesized that vehicle crashes would increase above
otherwise expected levels in the month following = M4 quakes.

2. METHODS

2.1

Independent variable: earthquakes

We searched the publicly-available U.S. Geological Survey Advanced National Seismic
System’s comprehensive earthquake catalog for Oklahoma earthquakes between 2010 and
2016 to obtain data on earthquake location, date, time, and magnitude. We defined our
exposure of interest as the monthly count of earthquakes = A/ 4 because Oklahoma residents
likely would have felt earthquakes of this magnitude (5).

We divided the state of Oklahoma into three county groupings based on the epicenter of the
of the = M 4 earthquakes and to keep counties located within the same metropolitan area
together: counties containing the majority of > A4 earthquakes and Oklahoma City
metropolitan area (high exposure); counties bordering the high exposure counties and the
Tulsa and Lawton metropolitan areas (medium exposure), and all other counties in the state
(low exposure) (Figure 2).

We also characterized months by the number of earthquakes between local magnitude 1 and
2.5, a level captured by monitoring equipment, but not usually sensed by humans (5). As
described below, we used the count of these less invasive quakes as a falsification test.

2.2 Dependent variable: motor vehicle crashes

The Oklahoma Highway Safety Office provided county-level data on the monthly number of
motor vehicle crashes from 2010 through 2016 (Table A.1). We compiled the overall count
of motor vehicle crashes each month and stratified by the county exposure groupings during
the study period.
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2.3 Statistical Analysis

Estimates of association typically measure the degree to which two variables differ from
their statistically expected values in the same cases. Such estimates typically use the mean of
all cases as the expected value under the assumption of independence. Variables measured
over time often violate this assumption because they exhibit “autocorrelation” in the form of
trends, cycles, and or the tendency to remain temporarily elevated or depressed after high or
low values. The expected value of an autocorrelated variable is not its mean, but rather the
value predicted by extrapolation from autocorrelation. Researchers since Fisher have
modeled autocorrelation in variables and used the fitted values of the model as expected
values and the model residuals (i.e., observed less fitted values) as a gauge of the degree to
which observed values differ from expected. Wiener and Granger extended this logic to tests
of causal relationships by arguing that the law of parsimony requires attributing
autocorrelation to endogenous circumstances. Variation in Y predictable from the history of
Y should not, in other words, be attributable to any exogenous X (27).

We applied Wiener-Granger logic in two steps. First, we used Box-Jenkins methods (28) to
identify and specify autocorrelation in the monthly number of automobile crashes in
Oklahoma for the 84 months beginning with January 2010 and ending with December 2016.
Box-Jenkins methods identify which of an extensive set of models best describes serial
measurements. The models essentially predict an observation at time t from observations at
t-n. The models use the mathematical equivalent of long (i.e., autoregressive) and short (i.e.,
moving average) memory to describe autocorrelation efficiently. The residuals of a Box-
Jenkins model exhibit no autocorrelation and have an expected value of “0” implying
efficient estimation of the model coefficients and their confidence intervals.

Second, we estimated three test equations formed by expanding the Box-Jenkins equation
identified in our first step to include a variable with counts of = M4 quakes (test model). We
specified the earthquakes variable as occurring in the same month as the crashes as well as
occurring in the preceding month (test model). The most general form of our test equation
appears as follows:

(1- anp)(Yt - E) =0, X +0,X,_ |+ (1- 913;‘1)31t

Where Y is the number of vehicle crashes in month t. i is the mean of Y. w1 and w; are
estimated effect coefficients. X; is the count of earthquakes = M 4 occurring in the test area
during month t. 6BY is a moving average parameter for month 7-p. $BP is an autoregressive
parameter for month £g. Seasonality, for example, in monthly vehicle crashes would imply
autoregressive or moving average coefficients for which por gwould equal 12. a;is the error
term of the model at month ¢

The above steps use Box-Jenkins methods to apply Wiener-Granger logic in that they
remove from the dependent variable any cycles or trends induced, for example, by seasonal
weather changes, population growth or decline, or the status of the economy. Any
association discovered between crashes and M 4 earthquakes cannot arise from shared
trends, seasonality, or regression to the mean after high or low values because the Box-
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Jenkins routines remove such autocorrelation. We performed data assembly and analyses
using R 3.3.2 (R Core Team, Vienna, Austria) and Scientific Computing Associates
Statistical System (Scientific Computing Associates, 2017).

3. RESULTS

Vital statistics reported 3.9 million Oklahoma residents lived across 181,035 km? in 2016.
The U.S. Geological Survey measured 8,462 earthquakes in the state from January 2010
through December 2016, with an average of 100 (SD = 112) per month. Of these, 76 equaled
or exceeded magnitude 4.0 (i.e., M4 earthquakes). The monthly number of M4
earthquakes, shown in Figure 3, varied from 0-7 over the study period. For 51 out of 84
study months, no M 4 quakes occurred, for 18 months one = M 4 quake occurred, and in the
remaining 20 months, two or more took place.

Drivers in Oklahoma suffered a monthly average of 5,813 (SD = 384) crashes. In Table 1 we
present the monthly means for high, medium, and low exposure groups are shown. Figure 4
and the panels in Figure 5 show the monthly incidence of crashes across the exposure groups
and suggest a seasonal pattern. Since 2000, the variability in monthly crash counts has
declined (Figure A.1). The panels in Figure 5 also show the number of crashes expected
from the Box-Jenkins model identified in step 1 in our analyses.

As shown in Column 1 of Table 1, and consistent with our argument, motor vehicle crashes
in the high exposure counties increased significantly (i.e., 39.3, SE = 11.5) with each 2 M4
quake in the previous month. As also shown in Table 1, we saw no significant associations
between = M 4 quakes and crashes for the medium and low exposure counties.
Autoregression at 12 months for each exposure group indicates strong seasonality in motor
vehicle crashes. In the high exposure counties, we saw significant autoregression at 1 month,
implying that crashes at month t-1 predict those at t.

We conducted several additional tests of the association between motor vehicle crashes and
> M4 quakes in the high exposure counties to estimate the robustness of our findings. First,
we used routines devised by Chang, Taio, and Tien (27) to determine if outliers may have
inflated our confidence intervals and led us to falsely accept the null for M4 quakes in the
same month as crashes. We detected no outliers.

Second, we estimated the test equation again but removed = M 4 quakes in the same month
as crashes. Results remained unchanged in that all the coefficients remained significantly
different from 0 and the residuals exhibited no autocorrelation.

Third, we estimated the equation for the most exposed counties again but transformed the
monthly counts of = M4 quakes into a binary variable scored “0” for months with no = M/ 4
quakes and “1” for months with at least one. We also transformed crashes into their natural
logarithms. These transformations allowed us to estimate the percent increase in crashes in
the high exposure counties in the month following the occurrence of at least one = M4
quakes. We found that crashes increased, on average, by 4.6% (SE = 1.4%) (Table A.2).
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Fourth, the fact that crashes in the low and medium exposure counties appeared unrelated to
> M 4 quakes suggested we could reasonably use them as “controls” for forces that may
have influenced motor vehicle crashes statewide during the study period. We added the
incidence of crashes in the low- and medium-affected counties as predictors to the test
equation for high exposure counties and repeated the test. We found, consistent with our
argument, that the coefficient for > A4 quakes in the month before crashes remained
significantly greater than O (i.e., 34.2; SE = 12.5).

We also conducted two falsification tests for our results in the high exposure counties. First,
we repeated our test but used the monthly count of earthquakes < 2.5 in local magnitude
(Figure A.2). These quakes do not release sufficient energy for most persons to detect them.
We, therefore, would expect and observed no significant association between these smaller
quakes and motor vehicle crashes (Table A.3). Second, we added = M 4 quakes two months
earlier than crashes to our original test equation. We have no a priori hypothesis for such a
“lagged” association. None appeared (results not shown).

4. DISCUSSION

We report a novel association between induced earthquakes of magnitude = 4 in one month
and motor vehicle crashes during the following month in the counties most exposed to the
earthquakes in Oklahoma from 2010 through 2016. In the months following one or more >
M 4 earthquakes, on average, motor vehicle crashes increased by 4.6% in high exposure
counties. We observed no such relationship in medium and low earthquake exposure
counties.

As noted above, the Granger-Wiener approach we applied to our test controls for shared
autocorrelation that could otherwise induce false rejection of the null hypothesis. Trends
caused by population growth or migration, for example, cannot explain our results. To
spuriously induce our results, drivers in significant numbers would have to migrate into the
high exposure counties in Oklahoma in months after 1 or more M 4 quakes occur but then
migrate out the next month.

Immediate changes to the driving environment may link the most severe earthquakes and
vehicle crashes (29). For example, the 2011 earthquake centered in Prague, Oklahoma was
sufficiently forceful (M/5.7) to buckle pavement (4). In the immediate aftermath, this
roadway damage could increase motor vehicle crashes or reduce vehicle miles traveled (30),
thereby reducing overall crash counts. We did not find an association between earthquakes
and crashes in the same month; instead, we observed an association between earthquakes in
one month and motor vehicle crashes in the following month, suggesting the latter
mechanism. Further, the majority of observed earthquakes ranged in magnitude from A4 to
M 4.9, a magnitude felt by most individuals, but not sufficient to yield immediate structural
damage to roadways. Therefore, we posit psychological distress as the primary mechanism
by which the Oklahoma earthquakes may influence motor vehicle crashes. Future studies
should further investigate the latency period between experience of an earthquake,
psychological response, and motor vehicle crashes.
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Psychological response to earthquakes may vary. Past research reports that moderate (M 5.6
and M5.9) earthquakes evoke psychological distress in populations experiencing them (6,
7). In Oklahoma, home prices appear to drop after earthquake exposure (23) and a recent
study from the Netherlands found individuals who had experienced multiple induced
earthquakes or associated home damage reported distress related to perceived safety (31).
Moreover, before 2010 Oklahoma had recorded no earthquakes > M 4 (32), earthquakes
generally occur without warning, and individuals live with the possibility of repeated
aftershocks; the unpredictability of these stressors may be a considerable source of
psychiatric distress. Because earthquakes in Oklahoma are directly attributable to human
activity (33), they may engender especially negative feelings of anger and frustration (34).

Sleep and substance-use disorders may also represent a meaningful component of the
earthquake-related psychological response. Repeated exposure to induced earthquakes may
lead to sleep problems, anxiety-related prescriptions (e.g., benzodiazepines), and coping
mechanisms including drug and alcohol use. Anxiety and insomnia often co-occur (35), and
hyperarousal from an acute stressor (e.g., earthquake) may lead to sleep problems (36).
Acute exposures may likewise increase both anxiety and alcohol use (37). These conditions
and activities may increase subsequent risk of motor vehicle crashes. Driver sleepiness
appears to cause 1-3% of U.S. motor vehicle crashes (17), and prescription sedatives and
alcohol may further potentiate the effect of sleepiness on crashes (38). In 2015, Oklahoma
suffered 669 fatalities in vehicle collisions, and 170 (25%) involved a driver having a blood
alcohol level of 0.08 or more (39).

Readers should interpret the observed association between induced earthquakes and
subsequent vehicle crashes in the most exposed counties cautiously given the ecological
nature of our test. We cannot know, for example, if the Oklahoma drivers involved in crashes
in month t felt an earthquake in month t-1. While the intensity of exposure to earthquakes
may correlate with response, other factors including personality and history of psychiatric
disorder also play a role (40). The association we report may have arisen not from
earthquake effects on driver behavior, but from earthquake effects on some other crash-
inducing phenomenon that we have not anticipated. Nor can we rule out that some crash-
inducing factor unrelated to earthquakes occurred by chance in the months following those
with an M 4 or greater earthquake. We can think of no such factor. Further, when we include
crash counts from the medium and low exposure counties in the test for the high exposure
counties we continue to observe a significant relationship between > M 4 earthquakes and
motor vehicle crashes. Null results from a falsification test that used earthquakes of < M2.5
in the month before motor vehicle crashes as the exposure also supports our main finding.

5. CONCLUSIONS

We provide preliminary results related to the hypothesis that injection-induced earthquakes
in Oklahoma may increase motor vehicle crashes in the following month. This topic
warrants further research due to the high economic and social costs—$242 billion nationwide
and $2.9 billion in Oklahoma in 2010 (26)—of motor vehicle crashes. Our ecologic study
included data with limited temporal and spatial resolution. Future research should gather
data on driver characteristics that would allow identifying which, if any, subgroups appear
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most at risk of crashes following earthquakes (12). Individual-level analysis could also more
precisely link earthquake exposures to study participants. Additional research should also
strive for greater temporal resolution. The data available to us allowed tests only the monthly
level. Daily or weekly data would allow more informative exposure-response estimates.
Finally, future work should explore cumulative and habituation effects to determine if
repeated exposure to earthquakes increases or decreases dose response.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
. Oklahoma had 76 earthquakes = magnitude 4 between 2010-2016

. Motor vehicle crashes may result from stress, anxiety, and distraction

. An average of 5,813 crashes took place monthly in Oklahoma between 2010-
2016

. More crashes occurred than expected following months with > magnitude 4
earthquakes

. These results were limited to the counties most exposed to the earthquakes
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Figure 1.

Conceptual framework illustrating potential pathways through which earthquakes = moment
magnitude (M) 4 could lead to increased motor vehicle crashes.
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Figure 2.
Distribution of = moment magnitude (M) 4 earthquakes in Oklahoma between January 2010

to December 2016 by exposure group. Color designates the earthquake exposure group:
tangerine, high exposure; purple, medium exposure; and green, low exposure. Data from the
U.S. Geological Survey’s Advanced National Seismic System Comprehensive Earthquake
Catalog (ComCat; https://earthquake.usgs.gov/earthquakes/search/).

Sci Total Environ. Author manuscript; available in PMC 2020 February 10.


https://earthquake.usgs.gov/earthquakes/search/

1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Casey et al.

o o

M 4 or greater earthquakes (N)
N

Page 14

N O

10

2011 2012 2013 2014 2015 2016

Figure 3.
Number of Oklahoma earthquakes = moment magnitude (M) 4 each month from January

2010 to December 2016. Data from the U.S. Geological Survey’s Advanced National
Seismic System Comprehensive Earthquake Catalog (ComCat; https://earthquake.usgs.gov/
earthquakes/search/).
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Figure 4.
The number of Oklahoma motor vehicle crashes each month from January 2010 to

December 2016 by exposure group. Color designates the earthquake exposure group:
tangerine, high exposure; purple, medium exposure; and green, low exposure. Data provided
by the Oklahoma Highway Safety Office (http://ohso.ok.gov/).
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Figure 5.
Number of observed and expected (from autocorrelation) Oklahoma motor vehicle crashes

each month by earthquake exposure group from January 2010 to December 2016. A, high
earthquake exposure; B, medium earthquake exposure; C, low earthquake exposure. Data
provided by the Oklahoma Highway Safety Office.
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Table 1.

Earthquakes and motor vehicle crashes by earthquake exposure group

Exposure group®

High Medium Low
Number of counties 21 27 29
Number of M4
72 4 0

earthquakes, b 2010-2016

Monthly motor vehicle | 515 993y | 2222 (169) | 718 (56)

crashes, mean (SD)

Abbreviations: M, magnitude
aExposure based on location of > M 4 earthquakes between 2010-2016.
bA total of 76 earthquakes = M4 occurred between 2010-2016. The high exposure group covers the Oklahoma City metropolitan area, where 72 of

the 76 = M 4 earthquakes occurred; the medium exposure group covers the Tulsa and Lawton metropolitan areas, where 4 of the 76 > M4
earthquakes occurred. The low exposure group covers the Fort Smith metropolitan area where no = M 4 earthquakes occurred.
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Table 2.

Estimated coefficients for models predicting motor vehicle crashes in Oklahoma counties from earthquakes of
magnitude (M) 4 and autocorrelation from January 2010 through December 2016 (n = 84 months).

a
Exposure group

High Medium Low
Coefficient (SE) | Coefficient (SE) | Coefficient (SE)
Mean monthly crashes 2915 (24) 2222 (18) 718 (6)
> M 4 earthquake month t -15.9 (11.9) -10.8 (9.4) -2.5(3.8)
> M 4 earthquake month t-1 39.2 (11.5) 8.1(9.3) 32@3.7)
Autoregression at 1 0.40 (0.11) None None
Autoregression at 12 0.48 (0.10) 0.40 (0.09) 0.33(0.11)

Abbreviations: M, magnitude; SE, standard error
aA total of 76 earthquakes = M4 occurred between 2010-2016. The high exposure group covers the Oklahoma City metropolitan area, where 72 of

the 76 = M 4 earthquakes occurred; the medium exposure group covers the Tulsa and Lawton metropolitan areas, where 4 of the 76 > M4
earthquakes occurred. The low exposure group covers the Fort Smith metropolitan area where no = M 4 earthquakes occurred.
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