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ABSTRACT
Decision-making regarding induced seismicity benefits greatly from quantitative risk assessment,
and transparent frameworks for managing risk. This paper highlights recent work to assess these
risks. Because of unique aspects of induced earthquakes, risk assessment requires new tools to
estimate occurrence rates of future earthquake in a more dynamic context, to understand unique
features of resulting ground motions, and to predict potential consequences at a regional scale.
These tools can then support decision-making. In that regard, we present a framework that
includes a site characterization component to determine the hazard in the area, followed by the
utilization of exposure and risk tolerance matrices for regulators, operators, stakeholders, and the
public.
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Introduction
Decision-making regarding induced seismicity benefits greatly from quantitative risk assessment,
and transparent frameworks for managing risk. Risk assessment and hazard assessment are
frequently used for natural seismicity [e.g., 1,2], and are valuable tools for induced seismicity as
well [e.g., 3–6]. Induced seismicity, however, has several unique aspects that make adoption of
standard hazard and risk analysis approaches non-trivial. This manuscript thus highlights several
recent developments that enable improved assessment of risks from induced seismicity.
A defining feature of induced seismicity is that the long-term rate of earthquake activity is not
constant, and so past earthquake rates are not necessarily indicative of future activity. Pore
pressure and other stress perturbations due to anthropogenic activities can cause earthquake
activity to vary dramatically over time. Thus, the estimation of future earthquake activity rates
requires more than simply computing average earthquake rates over the window of available past
data. Historical seismicity data can more effectively be used to estimate current earthquake rates
when analyzed using a so-called change point model [7,8]. This model assumes that earthquakes
occur as a Poisson process with rate l1, but that after some change time t they occur as a Poisson
process with a new rate l2. The parameters for this model are estimated from a prior distribution
and a likelihood function applied to the observed data, in order to produce a Bayesian estimate of
the parameters (the current rate l2 being the important parameter for hazard and risk
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assessment). A model selection step is also used to determine whether observational data is more
consistent with a constant rate (i.e., no change in seismicity) or a change point model. Gupta and
Baker [9] detail this approach, and develop and calibrate a spatial windowing rule so that it can
be applied to estimate spatially and temporally varying earthquake rates.
Another important challenge for induced seismicity is prediction of ground motions from
induced earthquakes. Given the limited historical seismicity in many regions experiencing
induced seismicity, and uncertainty about how induced earthquakes may differ from naturally
occurring earthquakes, ground motion modeling has been noted by the USGS among others as an
important open question [10]. A number of researchers have developed ground motion prediction
models that potentially account for potential unique aspects of induced earthquakes--primarily
the typically-shallower depths, and potentially unique aspects of source and site properties [11–
15]. Gupta et al. [13] observed that the ground motions from potentially induced earthquakes in
Oklahoma, Texas and Kansas appeared to decay faster in amplitude with distance than natural
earthquakes, at distances of less than 20 km. It also suggested that natural earthquakes elsewhere
in the Central and Eastern US had somewhat larger amplitudes than the potentially induced
ground motions at distances of greater than 60 km. Despite the relatively large set of ground
motions from that study (46,178 recordings) constraints at large magnitudes and small distances
are still relatively weak, and so numerical studies and site-specific studies are promising for
advancing our understanding of these issues [e.g., 12,16].
Integration of time-varying seismicity, ground motion and vulnerability information can
facilitate assessment risk in order to support decision-making [e.g., 4,6]. To illustrate, Figure 1
reports the loss level estimated to be exceeded in the state of Oklahoma with a 10% probability
in a given one-year period, where the results vary in time based on the change point seismicity
rate estimation approach. Ground motion prediction is performed using the model of Gupta et al.
(2017), building exposure and vulnerability are from HAZUS models [17], and results were
produced using OpenQuake [18]. The figure shows that for Oklahoma, risks increased from near
zero prior to 2009, to substantial levels in the past few years. The figure likely indicates higher
risk than has actually been present in recent years (based on comparison with actual loss
observations in the state), and ongoing work is investigating the source of this issue, but the
result indicates the feasibility of performing dynamic risk analysis at a regional level in the
presence of induced seismicity.
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Figure 1. Time-varying risk analysis results for statewide losses in Oklahoma [19].
Conclusions
The time-varying nature of induced seismicity, and its occurrence in regions with low rates of
natural seismicity, lead to challenges in assessing hazard and risk. Nonetheless, statistical
approaches that account for these unique issues can be developed. Further, if the dynamic aspects
of the problem are addressed using models that are automatic in incorporating new data (e.g.,
Bayesian models), then risk metrics can be evaluated in real time and used to support decisionmaking. Further opportunities with these approaches lie in incorporating other data besides
observed seismicity, such as incorporating seismicity predictions based on fluid injection
processes, so as to better predict the impact of actual or potential changes in fluid injection [e.g.,
19,20].
Acknowledgments
Funding for this work came from the Stanford Center for Induced and Triggered Seismicity.
References
[1]
[2]
[3]

McGuire RK. Seismic Hazard and Risk Analysis. Berkeley: Earthquake Engineering Research
Institute; 2004.
Petersen MD, Moschetti MP, Powers PM, Mueller CS, Haller KM, Frankel AD, et al.
Documentation for the 2014 Update of the United States National Seismic Hazard Maps. U.S.
Geological Survey Open-File Report 2014–1091; 2014.
Bommer JJ, Crowley H, Pinho R. A risk-mitigation approach to the management of induced
seismicity. J Seismol 2015:1–24.

[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]

[13]

[14]
[15]

[16]
[17]
[18]
[19]
[20]

Herrmann M, Zechar JD, Wiemer S. Communicating Time-Varying Seismic Risk during an
Earthquake Sequence. Seismol Res Lett 2016. doi:10.1785/0220150168.
Mignan A, Landtwing D, Kästli P, Mena B, Wiemer S. Induced seismicity risk analysis of the 2006
Basel, Switzerland, Enhanced Geothermal System project: Influence of uncertainties on risk
mitigation. Geothermics 2015;53:133–46. doi:10.1016/j.geothermics.2014.05.007.
Walters RJ, Zoback MD, Baker JW, Beroza GC. Characterizing and Responding to Seismic Risk
Associated with Earthquakes Potentially Triggered by Saltwater Disposal and Hydraulic Fracturing.
Seismol Res Lett 2015;86:1110–1118.
Raftery AE, Akman VE. Bayesian analysis of a Poisson process with a change-point. Biometrika
1986;73:85–89.
Gupta A, Baker JW. A Bayesian change point model to detect changes in event occurrence rates,
with application to induced seismicity. 12th Int. Conf. Appl. Stat. Probab. Civ. Eng. ICASP12,
Vancouver, Canada: 2015, p. 8p.
Gupta A, Baker JW. Estimating spatially varying event rates with a change point using Bayesian
statistics: Application to induced seismicity. Struct Saf 2017;65:1–11.
doi:10.1016/j.strusafe.2016.11.002.
Petersen MD, Mueller CS, Moschetti MP, Hoover SM, Shumway AM, McNamara DE, et al. 2017
One-Year Seismic-Hazard Forecast for the Central and Eastern United States from Induced and
Natural Earthquakes. Seismol Res Lett 2017. doi:10.1785/0220170005.
Atkinson GM. Ground-Motion Prediction Equation for Small-to-Moderate Events at Short
Hypocentral Distances, with Application to Induced-Seismicity Hazards. Bull Seismol Soc Am
2015. doi:10.1785/0120140142.
Bydlon SA, Gupta A, Dunham EM. Using Simulated Ground Motions to Constrain Near-Source
Ground-Motion Prediction Equations in Areas Experiencing Induced SeismicityUsing Simulated
Ground Motions to Constrain Near-Source GMPEs in Areas Experiencing Induced Seismicity. Bull
Seismol Soc Am 2017;107:2078–93. doi:10.1785/0120170003.
Gupta A, Baker JW, Ellsworth WL. Assessing Ground-Motion Amplitudes and Attenuation for
Small-to-Moderate Induced and Tectonic Earthquakes in the Central and Eastern United States.
Seismol Res Lett 2017;88:1379–89. doi:10.1785/0220160199.
Hassani B, Atkinson GM. Applicability of the NGA-West2 Site-Effects Model for Central and
Eastern North America. Bull Seismol Soc Am 2016;106:1331–41. doi:10.1785/0120150321.
Shahjouei A, Pezeshk S. Alternative Hybrid Empirical Ground-Motion Model for Central and
Eastern North America Using Hybrid Simulations and NGA-West2 Models. Bull Seismol Soc Am
2016. doi:10.1785/0120140367.
Bommer JJ, Dost B, Edwards B, Stafford PJ, Elk J van, Doornhof D, et al. Developing an
Application-Specific Ground-Motion Model for Induced Seismicity. Bull Seismol Soc Am
2016;106:158–73. doi:10.1785/0120150184.
FEMA. Hazus-MH 2.1. Federal Emergency Management Agency; 2015.
Pagani M, Monelli D, Weatherill G, Danciu L, Crowley H, Silva V, et al. OpenQuake engine: an
open hazard (and risk) software for the global earthquake model. Seismol Res Lett 2014;85:692–
702.
Gupta A. Quantifying temporally-varying induced seismicity hazard and regional risk: Statistical
approaches and application in Oklahoma. Stanford, CA: Stanford University; 2017.
Langenbruch C, Zoback MD. How will induced seismicity in Oklahoma respond to decreased
saltwater injection rates? Sci Adv 2016;2:e1601542.

