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A risk-based approach for managing hydraulic
fracturing–induced seismicity
Ryan Schultz*, Gregory C. Beroza, William L. Ellsworth

Risks from induced earthquakes are a growing concern that needs effective management. For hydraulic
fracturing of the Eagle Ford shale in southern Texas, we developed a risk-informed strategy for choosing
red-light thresholds that require immediate well shut-in. We used a combination of datasets to simulate
spatially heterogeneous nuisance and damage impacts. Simulated impacts are greater in the northeast
of the play and smaller in the southwest. This heterogeneity is driven by concentrations of population
density. Spatially varying red-light thresholds normalized on these impacts [moment magnitude
(Mw) 2.0 to 5.0] are fairer and safer than a single threshold applied over a broad area. Sensitivity tests
indicate that the forecast maximum magnitude is the most influential parameter. Our method provides a
guideline for traffic light protocols and managing induced seismicity risks.

T
he injection of fluids into the subsur-
face has the potential to reactivate crit-
ically stressed faults (1). In particular,
hydraulic fracturing has been recog-
nized as a source of induced earthquakes

(2), with potentially induced events as large
as local magnitude (ML) 5.7 causing substan-
tial damage (3). Although these earthquakes
are rare (4), the perceived risks of hydraulic

fracturing have both caused public concern
and impeded industry development (5, 6).
Often, traffic light protocols have been used
to manage the risks of induced earthquakes
(table S1) (7, 8). Many unresolved questions
remain about the efficacy of these protocols.
Recent work has better defined traffic light

protocols (9–14), some within a risk-based
framework (15). We define the red light as the

threshold requiring immediate shut-in of the
well that is causing the earthquakes. The red-
light magnitude is thus chosen to minimize
the risks of unacceptable shaking from post–
shut-in seismicity (or continued operations).
A magnitude threshold for the red light is
simple to implement, and forecast modeling
can tie those thresholds to risk-based targets
of consequence (15). Hazards related to ground-
motion nuisance and building damage are
important considerations, particularly when
hydraulic fracturing occurs in low-seismicity
regions, where the population may be un-
familiar with or unprepared for earthquake
shaking (2).
On the basis of this rationale, we developed

a risk-based, red-light–threshold approach for
the Eagle Ford shale play in Texas (16). The
Eagle Ford formation has hosted some of the
largest confirmed cases of hydraulic fracturing–
induced earthquakes in the United States (17),
albeit somewhat complicated by also having
substantial extraction-related seismicity (18).
Many of the requisite seismological datasets
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Fig. 1. Maps of spatial information, with the Eagle Ford boundaries. (A) Locations
of earthquakes (red circles) and the boundaries of the Eagle Ford (green area)
are shown alongside political boundaries and municipalities (white circles)
for geographic context. (B) The same map bounds displaying a proxy for

near–surface-site amplification (Vs30, scaled by color). (C) The same map
bounds displaying the local population counts (log scaled by color, with black
denoting zero population). (D) The same map bounds displaying the true vertical
depth to the Eagle Ford formation (scaled by color).
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are available (19), and the formation’s slender
outline transitions through a variety of popu-
lation densities (Fig. 1 and figs. S1 to S3). For
most of these reasons, the Eagle Ford provides
an ideal example to illustrate probabilistic red-
light thresholds to manage induced earth-
quake risks.
We gathered publicly available information

on earthquake groundmotion–prediction equa-
tions (20), proxies for site amplification of
ground shaking (21), functions for translating
ground-motion intensities to the probabilities
of being felt or damaging (22, 23), and spatial
distributions of population (24) to perform
our analysis. Briefly, the workflow that we
used simulates the largest induced earthquake
trailing the shut-in of a hydraulic fracturing
operation, including the event that initially
triggered the red light (25–27). These trailing
events are simulated over a range of red-light
stopping magnitudes and all possible well lo-
cations within the Eagle Ford formation (Fig.
2A). From these simulations, we estimated the
number of households that would likely be im-
pacted by nuisance or damaging ground mo-
tions (Fig. 2B), similar to fatality estimates
after an earthquake (28). Many of the input
parameters to this problem have noteworthy
variabilities (fig. S6), so we used a 300-trial
Monte Carlo sample to represent earthquake

impacts as a statistical distribution (15, 29).
Stopping at a larger-magnitude red light in-
creases the number of impacted households;
however, the number of households impacted
can vary spatially (Fig. 2C), with the more
densely populated areas in the northeast of
the Eagle Ford (near Karnes City, San Antonio,
and Houston) producing greater impacts. Al-
though these impacts are spatially heteroge-
neous, the variabilities between individual
realizations are far more pronounced (e.g.,
Fig. 2, B versus C). In this sense, we can design
traffic light protocols that spatially vary to
account for this controllable factor and then
set risk tolerances that account for the un-
controllable factors.
This spatial heterogeneity of hydraulic

fracturing–induced earthquake risks suggests
that single-valued red-light magnitudes for an
entire play are likely unfair: either too restric-
tive in rural areas (incurring unnecessary costs
for operators) or too permissive near urban
areas (potentially incurring inadequate safe-
ty). To address this issue, we preselected ac-
ceptable tolerances for nuisance or damage
and then estimated the red-light stopping
magnitude that would be required to meet
them (e.g., Fig. 2C). For the purpose of de-
monstration, we chose an iso-nuisance toler-
ance of a 50% chance of 300,000 households

being impacted by a community decimal in-
tensity (CDI) of 3. CDI is a questionnaire-
based measure that quantifies the degree of
earthquake shaking felt by a person (30),
with levels 2 to 6 roughly corresponding to
the subjective criteria of just felt, exciting,
somewhat frightening, frightening, and ex-
tremely frightening, respectively. Our nuisance
tolerance was chosen to keep the number of
exciting (CDI 3) felt reports at a manageable
level [because only ~0.2% of the population
reports their experience (23)]. We chose an
iso-damage tolerance of a 50% chance of 30
households being impacted at a damage state
(DS) of 1. DS is a measure that quantifies the
degree of building damage received from
earthquake shaking, with levels 1 to 4 cor-
responding to damage that is slight or minor,
moderate, extensive, and complete, respec-
tively. This damage tolerance was chosen to
minimize the chances that even cosmetic
damage (DS 1) would occur. These tolerance
choices are subjective value judgments. In
practice, tolerances should be selected on
the basis of input from all stakeholders (figs.
S8 to S11).
We applied our methodology on the basis

of these tolerances for nuisance and damage.
Similar to the conceptual results, the number
of households impacted by nuisance (given a
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Fig. 2. The concepts of risk-based traffic light protocols. (A) Contours of 50%
chance of felt ground motion at various nuisance degrees (blue circles and CDI
labels) are estimated for a hypothetical induced earthquake (black star) in the Eagle
Ford (black lines). A background map of site amplification (Vs30, colored area)
provides context for deviations from circularity. The hypothetical ground motions can
be computed for various geographic locations (star, diamond, and circle). Not visible,
but the contours of 50% chance of encountering building DSs are also plotted

underneath the star label. (B) Monte Carlo realizations of nuisance impacts at the
CDI 3 level (gray lines) and the star location. The median (blue line) and mean
curves (red line) may be produced from this distribution of realizations. (C) Median
curves of nuisance impact (blue lines) for the three hypothetical induced
earthquake locations on the left map (star, diamond, circle). Example iso-nuisance
and iso-magnitude lines (dashed lines) depict the differing amount of median
nuisance impact at the three locations.
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single-valued red-light threshold) increases
toward the more densely populated north-
east Eagle Ford formation (Fig. 3B). Nui-
sance impacts are spatially coherent, with a
wavelength on the order of hundreds of kilo-
meters, because moderate magnitude earth-
quakes are felt at these epicentral distances.
Correspondingly, our iso-nuisance approach
allows for higher red-light magnitudes of
Mw 4.1 in the southwest that reduce to Mw

3.7 in the northeast (Fig. 3A). However, sim-
ply using the iso-nuisance magnitudes still
produces heterogeneous damage impacts
(Fig. 3C).
To explore these heterogeneous damage im-

pacts, we repeated the methodology for dam-
age. The number of households impacted by
damage (given a single-valued red-light thresh-
old) generally increases toward the northeast
(Fig. 3E). However, this observation generally
has a smaller wavelength, on the order of 1 to
10 km. This reflects the localized damage foot-
print of moderate magnitude earthquakes
(31, 32). This creates “pockmark” features of
lower red-light magnitudes (Mw ~3.0) in the
iso-damage approach (Fig. 3D), which cor-
respond to smaller-town locations (<300,000
households: e.g., Carrizo Springs, Cotulla, and
Pearsall) that the iso-nuisance approach tends
to miss. The southernmost and westernmost
tips of the Eagle Ford have a lower red-light
threshold of Mw ~2.0 where they encroach
on the nearby Mexican cities of Nuevo Laredo
and Piedras Negras. Selecting a red-light

magnitude on the basis of iso-damage alone
produces heterogeneous nuisance impacts, es-
pecially in the sparsely populated southwestern
area, where damage is unlikely (with red-light
magnitudes up to Mw 5.0); however, allowing
earthquakes of this magnitude has the po-
tential to jeopardize the social license to ope-
rate (5).
To accommodate the shortcomings of ei-

ther iso-risk approach, we produced a com-
bination map. At every grid pixel, we take
the smaller red-light magnitude between the
iso-nuisance (Fig. 3A) and iso-damage maps
(Fig. 3D). This combination map (Fig. 3G)
ensures that neither the prescribed nuisance
nor damage tolerances will be exceeded. In
general, the sparsely populated rural areas
tend to be controlled by the iso-nuisance tol-
erances, whereas iso-damage tolerances are
more important in urban regions. The spa-
tially averaged red-light magnitude is Mw 3.8
for this map.
We further tested the accuracy of our im-

pact estimates and the level of restrictions
our combination map would have imposed
on operators. We retrospectively note that
this combination map would have encoun-
tered four red-light earthquakes (e.g., Mw

4.8, 20 October 2011; fig. S12), on the basis
of Eagle Ford’s history of seismicity (17, 18).
These four earthquakes were previously re-
lated to petroleum extraction (18). The statis-
tics reported for these red-light earthquakes
(~50% felt at CDI 3+) are very similar to the

tolerance we selected (fig. S13), providing
some justification of our results. However,
the retrospective analysis changes appre-
ciably, depending on the tolerance for risk
selected (figs. S8 to S11): Red lights for our
most risk-tolerant and risk-averse choices
range between 1 and 28 earthquakes (fig.
S12). In regions where prior seismicity has
occurred, these types of retrospective analy-
ses could be used to inform risk tolerance
choices.
Communities may have differing tolerances

to nuisance or damage (15), and our approach
provides useful guidelines for choosing traffic
light thresholds. Our approach probabilisti-
cally defines red-light thresholds in a risk-based
manner by combining nuisance and damage
consequences while keepingmagnitude-based
red lights (which are simple to implement).
Discretized versions of the combination map
could also be used for further implementa-
tional simplicity (fig. S14). The yellow-light
threshold (the point at which operator miti-
gation begins) could be defined based on the
red-light threshold (e.g., Mw 2.0 lower than
red) to minimize the number of green-to-red
jumps encountered (15). Although this ap-
proach has been applied to the entire footprint
of the Eagle Ford, only the susceptible regions
that actually encounter earthquakes (33) would
require management. Additionally, our ap-
proach could easily be adapted to hydraulic
fracturing plays worldwide (2). Although
this approach has been applied to hydraulic
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Fig. 3. Red-light impact maps. (A) Keeping a tolerance of a 50% chance
of impacting 300,000 households at a nuisance level of CDI 3 constant,
red-light stopping magnitudes are spatially estimated. (B) Keeping a
red-light magnitude threshold of Mw 3.5, the median number of households
impacted by nuisance at the CDI 3 level is estimated. (C) If the map produced
in (A) is used as a red-light threshold, the median number of households
impacted by damage at the DS 1 level is estimated (capped at 200).
(D) Keeping a tolerance of a 50% chance of impacting 30 households at a

damage level of DS 1 constant, red-light stopping magnitudes are spatially
estimated. (E) Keeping a red-light magnitude threshold of Mw 3.5, the
median number of households impacted by damage at the DS 1 level is
estimated (capped at 100). (F) If the map produced in (D) is used as a
red-light threshold, the median number of households impacted by nuisance at
the CDI 3 level is estimated. (G) A combination of the two iso-risk maps (A and D),
keeping the smaller magnitude at each grid pixel. Nd, number of households
impacted by damage; Nn, number of households impacted by nuisance.
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fracturing–induced seismicity, it would be ap-
plicable to induced earthquake risk in other
settings, such as enhanced geothermal proj-
ects, or any other cases of induced seismicity
with a quantifiable link between the causal
operations and the induced sequence.
We acknowledge that this approach is sub-

ject to a number of variabilities and assump-
tions in our modeling (15). Many of these have
the potential to change the simulated nuisance
or damage impacts (e.g., Fig. 2B). Because of
this, we used a statistical approach (34) to
quantify the sensitivity of the output iso-
nuisance and iso-damage results to the varia-
ble perturbations in the Monte Carlo analysis
(Fig. 4). We found that the forecast maximum
magnitude is the most influential parameter,
followed by ground motion–prediction uncer-
tainties, for both of the iso-risk maps. The
sensitivity tests for the iso-nuisance map also
suggest that perturbations to the nuisance like-
lihood function have an influence on the iso-
nuisancemap. All remaining parameters appear
to have a minor influence on the resulting iso-
maps. We interpret this ranking of parameter
influences as a suggested order of research
priorities; i.e., to better constrain red-light
thresholds (and thus constrain induced earth-
quake risks), better models of the largest
earthquakes after a well shut-in are needed
the most (27). Accurate and regionally cali-
brated ground-motion predictions are also
important, especially when considering dam-
age impacts (Fig. 4B).
We have built a generalized approach to set

red-light magnitude thresholds for manag-
ing the risks of hydraulic fracturing–induced
seismicity. These thresholds are informed by
simulated impacts of nuisance and damage.
Furthermore, we applied this approach to
the earthquakes induced in the Eagle Ford
shale play. Although we have made partic-
ular risk tolerance choices in this paper to

illustrate the methodology, communities, reg-
ulators, or operators would be expected to
tailor tolerances according to their needs.
Sensitivity tests indicate that better forecast
models of earthquakes after the shut-in of a
well and suitably calibrated ground motion–
prediction equations are among the most
important factors to improve. This approach
to designing red-light thresholds in traffic
light protocols will likely be useful for other
cases of induced seismicity, such as enhanced
geothermal systems.
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Fig. 4. Sensitivity plots. (A and B) Sensitivity
of perturbed input parameters on the output
iso-risk results (A) for the iso-nuisance map
and (B) for the iso-damage map. Values above
the 95% confidence interval (dashed line) are
notably influential parameters. Labels on the x axis
are abbreviated as follows: b, b-value; dF1 and
dF2, nuisance/fragility function covariances;
dGM, ground-motion–prediction equation
uncertainty; dM, forecast magnitude perturbation;
dSA, site amplification perturbation; dPOP,
population perturbation; dZ, earthquake depth
perturbation.
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