Earthquake Hazard When the Rate is Non-Stationary: The
Challenge of the U. S. Midcontinent
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Outline

Review of Probabilistic Seismic Hazard (briefly)

Increasing Seismicity in the U. S. Midcontinent

Adapting PSHA to Non-Stationary Seismicity

Preliminary Look at Hazard and Its Sensitivity to Epistemic Uncertainty

Outlook
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Probabilistic Seismic Hazard Analysis

Sources: Where will
earthquakes occur in the
future?

Recurrence: How often will
they happen and how large
can they get?

Ground Motion: How hard will
they shake the ground?

PSHA: When answers are
available for Steps 1-3: Add
up all of the sources to find
the probability of exceeding
damaging shaking.

Steps in Probabilistic Seismic Hazard Analysis
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2014 National Seismic Hazard Map

e Probabilistic estimate of earthquake shaking
- e.g., 2% probability of exceedance in 50 years
e Underlies seismic design provisions of the build codes
- Assumes time-independent rate of earthquake occurrence
e Developed from geology, geodesy, seismology in the western U.S.
e Based primarily on rate of small-magnitude earthquakes in the
central and eastern U.S. where there are few active faults and
deformation rates are near zero

e Areas with increased earthquake activity acknowledged but ignored
in preparing the map



2008 Hazard Map used earthquake

catalog data through 2006
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Increasina earthauake activitv in the
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Annual rate of earthquake sequences with at least
one M = 3 earthquake in California (light blue) and
Oklahoma (dark blue) since 1973. (Based on USGS
earthquake catalog data from http://.earthquake.
usgs.gov.)
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Higher rate of earthquakes
implies higher hazard.

But how much higher?

How long will the higher
hazard last?

What types of hazard
models do users want?



Examine evolution of seismicity in the
central and eastern U. S. using
National Seismic Hazard Map catalog
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Magnitude-frequency analysis in
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National Seismic Hazard Workshop on Induced Seismicity

Co-hosted by: Oklahoma Geological Survey and USGS
November 17th - 19th, 2014
Reed Center, Midwest City, Oklahoma

Workshop Attendee Affiliation

Academia

Government
55%

Industry
22%

Other
4%
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Provisional Logic Tree Elements for 1-Year Hazard Map

Evaluate five classes of input models:

(1) earthquake catalog

(2) earthquake rates

(3) earthquake locations

(4) earthquake maximum magnitude
(5) earthquake ground motions.

(2) Recurrence (3) Ground Motion

(1) Sources

Log # Quakes > M
Peak Acceleration

Distance

Source

Magnitude M



Step 1. How do we identify regions with changing activity?

Apply statistical tests to determine where seismic activity rates have
changed, relative to the pre-2009 baseline. This permits us to forecast
“last year’s” earthquakes.

Declustered observed number of earthquakes (2009-4/4/2014)
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(2) Recurrence ]

Log # Quakes > M

\, Step 2. How do we account for changing earthquake rates?

Magnitude b

Earthquake rate changes in northern Oklahoma
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(2) Recurrence]

Step 2. How do we account for changing earthquake rates?

Log # Quakes > M

Magnitude M

Horizontal Deformation Rate 2002 - 2014
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(2) Recurrence |

A . Step 2. How do we account for changing earthquake rates?

Hazard obviously depends on the a-value in the G-R relation.
What about b and Mmax?

« Hazard is not very sensitive to the choice of Mmax.
« Hazard is quite sensitive to the b=value

Annual Frequency of Occurrence (OGS Catalog)
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(3) Ground Motion

Peak Acceleration
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Step 3. What ground motion prediction
equations are appropriate?

Many induced earthquakes occur at shallow depth, commonly near the top
of the crystalline basement. Consequently, ground motion prediction
equations (GMPEs) need to model earthquake focal depth.

Observed ground motions in Eastern U.S. induced earthquakes compare
well with Western U.S. GMPEs (G. M. Atkinson, BSSA, submitted). These

Western relations may be an appropriate starting point for PSHA.
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Example Hazard Curves

5" ||[] Areas where suspected nontectonic
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1-Year Hazard Model For 2015
for 5 Hz spectral acceleration

Assuming:

Earthquake rate from 2014

Non-declustered catalog

b-value of 1.0

5 Km smoothing kernel

Eight ground motion models

Mmax of 7

A) 1%fyr test case with minimum M3 and 2014 NSHM
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1-Year Hazard Model For 2015
for 5 Hz spectral acceleration

Assuming:

Earthquake rate from 2014

Declustered catalog

b-value of 1.5

50 Km smoothing kernel

Eight ground motion models

Mmax of 7

A) 1%l/yr test case with a declustered catalog and 50 km smoothing; combined with the 2014 NSHM
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A) 1%iyr test case with a 1.5 b—value and 2014 NSHM

1-Year Hazard Model For 2015
for 5 Hz spectral acceleration

Assuming:

Earthquake rate from 2014

Declustered catalog

b-value of 1.5

5 Km smoothing kernel

Eight ground motion models

Mmax of 7
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Outlook

Probabilistic Seismic Hazard Analysis provides an appropriate framework for
short-term forecasts of the increased hazard due to temporally changing
earthquake rates.

Hazard is sensitive to epistemic uncertainty in all elements of the logic tree

Catalo Rate model Location model Maximum Ground-motion
g (smoothing) Magnitude models

and can be reduced through targeted research.

Keys to further progress include 2013 well completions (2014-2014.5 OGS M=3)
improved modeling of the physical T e =L BT
system including the state of stress, 0 ) s
hydrogeology, potentially active
faults, and more information on oil
field activities and wastewater
injection, and better detection and
characterization of both natural and
induced earthquakes.
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Thank You



