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General Statement
The Oklahoma Geological Survey (OGS) has been at or near the hypocenter of the high visibility issue of induced seismicity in
Central and North-Central Oklahoma. Prominent aspects of this topic have included national figures and open record requests,
which have become a regular feature of the lives of OGS personnel. However, the work of the Survey has been focused on the
more technically satisfying attempt to build seismic networks and gather and analyze data on the nature of earthquakes, faults,
and wastewater disposal wells in the region to understand the connections among them. It was evidently not easy getting this
work done, but the OGS team got it done, and the recognition of the team has been national and encouraging.
This work led to the carefully worded position statement issued in April, 2015, that acknowledged the connection between
substantially increased disposal of waste water in the Arbuckle Formation and the basement on the one hand, and an ~500-fold
increase in the number of earthquakes of magnitude >3.0 (Mm). Since that time, the seismicity appears to have continued, but
the strain on OGS staff has eased as the burden shifts to the Corporation Commission and the actions likely to follow regarding
underground injection.

Summary for Induced Seismicity in Oklahoma
No documented case of induced seismicity comes close to the current earthquake rates or the area over which the
earthquakes are occurring in Oklahoma.
The OGS considers it very likely that the majority of recent earthquakes, particularly those in central and north-central
Oklahoma, are triggered by the injection of produced water in SWD wells.
Hydraulic fracturing flowback water only contributes a small amount to the SWD apparently responsible for the
observed rate of earthquakes.
2013 seismicity 70 times background prior to 2008
o Unlikely to be explained by variations in earthquake rate from naturally occurring sequences
2015 seismicity 600 times background
o Extremely unlikely result of a natural process
Most earthquakes in central/north-central Oklahoma occur as earthquake swarms.
o Not foreshock-mainshock-aftershock pattern characteristic of natural earthquake sequences
o Natural earthquake sequences have occurred in the region.
Earthquakes occur deeper than most oil and gas operations.
Reactivation of deeper basement faults from water injection at shallower depths common in cases of induced seismicity.
Selected References
Alt, R.C., and M.D. Zoback, 2015, A detailed Oklahoma stress map for induced seismicity mitigation: Search and Discovery
Article #70198 (2015). Website accessed January 20, 2016,
http://www.searchanddiscovery.com/documents/2015/70198alt/ndx_alt.pdf.
Bachmann, C.E., S. Wiemer, J. Woessner, and S. Hainzl, 2011, Statistical analysis of the induced basel 2006 earthquake
sequence: Introducing a probability-based monitoring approach for enhanced geothermal systems: Geophysical Journal
International, v. 186, p. 793–807.
Darold, A.P., and A.A. Holland, 2015, Preliminary Oklahoma optimal fault orientations: Oklahoma Geological Survey Open
File Report OGS OF4-2015. Website accessed January 20, 2016, http://wichita.ogs.ou.edu/documents/OF4-2015/OF42015_Preliminary_Oklahoma_Optimal_Fault_Orientations.pdf.

Darold, A.P., A.A. Holland, J.K. Morris, and A.R. Gibson, 2015, Oklahoma Earthquake Summary Report 2014: Oklahoma
Geological Survey Open File Report OGS OF1-2015, 46p. Website accessed January 20, 2016.
http://www.ogs.ou.edu/pubsscanned/openfile/OF1_2015.pdf.
Ellsworth, W.L., 2013, Injection-induced earthquakes: Science, v. 341/6142. Website accessed January 20, 2016,
http://science.sciencemag.org/content/341/6142/1225942.abstract.
Gutenberg, B., and C.F. Richter, 1944, Frequency of earthquakes in California: Bulletin of the Seismological Society of
America, v. 34, p. 185-188.
Gutenberg, B., and C.F. Richter, 1956. Magnitude and energy of earthquakes: Annali di Geofisica, v. 9, p. 1–15.
Murray, K.E., 2014, Class II underground injection control well data for 2010–2013 by geologic zones of completion,
Oklahoma: Oklahoma Geological Survey Open-File Report OF1-2014, 32p. Website accessed January 20, 2016,
http://ogs.ou.edu/docs/openfile/OF1-2014.pdf.
Murray, K.E., 2015, Class II saltwater disposal for 2009-2014 at the annual-, state-, and county- scales by geologic zone of
completion, Oklahoma Geological Survey Open File Report OF5-2015.
Walsh, F.R., and M.D. Zoback, 2015, Oklahoma’s recent earthquakes and saltwater disposal. Science Advances, v.1/5. Website
accessed January 20, 2016, http://advances.sciencemag.org/content/1/5/e1500195.

Websites
Northern California Earthquake Data Center, http://www.ncedc.org/. Website accessed January 20, 2016.
http://earthquake.usgs.gov/learn/topics/mag_vs_int.php. Website accessed January 20, 2016.

Oklahoma Earthquakes
Jeremy Boak, Director
Kyle Murray, Hydrogeologist
Jefferson Chang, Research Seismologist
Oklahoma Geological Survey
jboak@ou.edu
January 2016
1

The Oklahoma Geological Survey is a state agency for research and public
service located on the Norman Campus of the University of Oklahoma and
affiliated with the OU College of Earth and Energy. The Survey is chartered in
the Oklahoma Constitution and is charged with investigating the state's land,
water, mineral, and energy resources and disseminating the results of those
investigations to promote the wise use of Oklahoma's natural resources
consistent with sound environmental practices.

We are not a regulatory authority
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Outline
• Earthquakes, measuring and monitoring earthquakes
• New developments
• Oklahoma faults and local seismicity
• Increase in seismicity and induced seismicity
• Seismic hazards
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M4.2 Sept. 9 near Medford

•

OGS Seismic Monitoring Program
The OGS operates a network of seismic stations that began operating in 1978.
o All raw data collected, archived and publicly available
o Two-way sharing in real-time with USGS
o Archived at international data management center

•

Seismologists and trained analysts process earthquake data manually

o Reported location, time, & magnitude not automatically calculated

•

Website provides earthquake catalogs, recent earthquake lists, maps, research

results and educational materials
o Resources are provided to Corporation Commission, other researchers and general
public
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Stations Used by OGS to Locate
Oklahoma Earthquakes
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Measuring an Earthquake
•

Multiple measures of magnitude (ML, mb, Mw, Mo, Ms)
o Magnitude estimates are rarely the same between different
methods and have uncertainty in the estimate

o Magnitude is a scaled estimate of energy released as seismic
waves and is proportional to rupture area

o logarithmic scales (1 unit of mag = ~10 times shaking & 32 times
the energy)

•

Modified Mercalli Intensity – human scale I-XII

6

Oklahoma Earthquakes
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Earthquakes are occurring in the basement
below oil and gas activities
•

Earthquake Depth Average
about 5.5 km (~18,000 ft)

•

Most earthquakes occur within
crystalline basement

•

Deeper than most oil and gas
operations

•

Many salt water disposal wells
thought to be in
communication with crystalline
basement

OGS OF1-2015
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Earthquakes are occurring on favorably
oriented faults
Active Fault Orientations 2014

Maximum
Horizontal
Stress

Natural Stresses and
Earthquakes

•

Earthquakes occurring on
faults optimally and suboptimally oriented within
Oklahoma’s tectonic
stress regime (E-W)

•

Both triggered and
naturally occurring
earthquakes release
accumulated tectonic
stress on these faults

OGS OF1-2015
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Optimally Oriented Faults in Oklahoma

OGS OF4-2015 Preliminary Oklahoma Optimal Fault Orientations
Sources: Literature & OIPA
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Human Activity can Induce Earthquakes

W. L. Ellsworth, 2013, Injection-Induced Earthquakes, Science 341, 1225942 (2013). DOI:
10.1126/science.1225942
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Earthquake Triggering and Induced
Seismicity
Natural Causes

•

Dynamically by passage of
seismic waves

•

Statically by local stress changes
from previous earthquakes

•
•
•

Remote triggering
Fluid movement (volcanic activity)
Changes in hydrologic loads

Anthropogenic Causes

•
•
•

Geothermal energy production

•
•
•

Reservoir impoundment

Fluid injection
Mass extraction (mining, oil
production)
Groundwater extraction
Hydraulic fracturing

•

Physics of earthquake triggering and induced seismicity well understood

•

Physical properties within Earth that control when and where induced seismicity
occurs not well understood
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Underground Injection Control (UIC) Class II Injection
Wells in Oklahoma

Murray 2014, OGS OF1-2014
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Salt Water Disposal (SWD) may alter stress
state at depth

•

Most SWD is targeted for injection in the Arbuckle
Group, which closely overlies the crystalline basement

•

Some sections of the Arbuckle have high bulk
permeability

•

Pressure from SWD may be transmitted several miles
from an injection site
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Most SWD occurs in Arbuckle Group
Salt Water Disposal (million barrels
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SWD greater inside than outside
seismically active Area of Interest
Salt Water Disposal (MMBW/Year)
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OGS OF5-2015
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SWD has grown steadily, earthquakes
more abruptly
Earthquakes or MMBW per Year
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Earthquake activity lags increase in
injection, potentially by years

Source: Walsh, F. R., and Zoback, M. D. (2015) Oklahoma’s recent earthquakes and saltwater
disposal. Sci. Adv. 2015; 1:e1500195, 18 June 2015

23

Areas of lower SWD show lower
seismic response

24

Both short and long lag times indicate
uncertainty in relationships
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Salt water disposal includes very little
frac flowback water

Source: Walsh, F. R., and Zoback, M. D. (2015) Oklahoma’s recent earth-quakes
and saltwater disposal. Sci. Adv. 2015; 1:e1500195, 18 June 2015
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Earthquakes 2015
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Earthquakes in the Last 30 Days
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30

Earthquake Hazards
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Gutenberg-Richter Relationships
Number of Earthquakes above Magnitude

100000

2012-2015
1882-2009

10000

2011
2010

1000

100

The Gutenberg-Richter Law:

10

log10 N(x) = a − bx

1
0

1

2

3
Magnitude

4

5

6
32

2015 Earthquake Frequency
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Earthquake Forecasting
•
•
•

Probability of one or more earthquakes of magnitude (m) over the specified time
Not a prediction, but a forecast
Shorter the period, the more uncertain the estimate
Magnitude (ML)
Duration
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1.00

1.00

1.00

0.952
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0.146

1 Year

1.00

1.00

1.00

0.903

0.429

0.126

6 months

1.00

1.00

1.00

0.877

0.438

0.146

30 days

1.00

1.00

0.952

0.670

0.332

0.137

10 days

1.00

0.997

0.907

0.626

0.335

0.156

Probabilities are expressed as values from 0 to 1. To transform probabilities to percent,
multiply by 100.

35

Summary
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Summary for induced seismicity in
Oklahoma
• No documented case of induced seismicity comes close
to the current earthquake rates or the area over which the
earthquakes are occurring in Oklahoma

• The OGS considers it very likely that the majority of
recent earthquakes, particularly those in central and
north-central Oklahoma, are triggered by the injection of
produced water in SWD wells.

• Hydraulic fracturing flowback water only contributes a
small amount to the SWD apparently responsible for the
observed rate of earthquakes
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Summary for induced seismicity in
Oklahoma
• 2013 seismicity 70 times background prior to 2008
•

Unlikely to be explained by variations in earthquake rate from naturally
occurring sequences

• 2015 seismicity 600 times background
• Extremely unlikely result of a natural process
• Most earthquakes in central/north-central Oklahoma occur as
earthquake swarms
•

Not foreshock-mainshock-aftershock pattern characteristic of natural
earthquake sequences

•

Natural earthquake sequences have occurred in the region

• Earthquakes occur deeper than most oil and gas operations
• Reactivation of deeper basement faults from water injection at
shallower depths common in cases of induced seismicity
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Scientific Challenges & Knowledge Gaps
•

Uncharacteristically large number of earthquakes challenge to monitoring
and reporting, and seismic station maintenance

•

Long history of oil and gas activity and large number of wells
• Density of injection wells, Arbuckle permeability makes well-to-earthquake link
difficult

• Standard methods to identify potentially induced seismicity have produced small
numbers of identified cases

• Research required to understand induced seismicity to mitigate future occurrences

•

We can identify regions of induced/triggered seismicity, but questions remain
• What controls timing and greater seismic response to injection?
• What geologic or injection characteristics cause the seismic response?
• What are the appropriate approaches to mitigation?
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Magnitude vs. Intensity
Magnitude Typical Max Mod. Description
Mercalli Intensity
1.0 - 3.0
3.0 - 3.9

4.0 - 4.9

5.0 - 5.9

6.0 - 6.9

7.0 and
higher

I Not felt except by a very few under especially favorable conditions.
II - III II. Felt only by a few persons at rest, especially on upper floors of buildings.
III. Felt quite noticeably indoors, especially on upper floors of buildings. Many do not
recognize it as an earthquake. Standing motor cars may rock slightly. Vibrations similar
to the passing of a truck. Duration estimated.
IV - V IV. Felt indoors by many, outdoors by few during day; Some awakened at night. Dishes,
windows, doors disturbed; walls make cracking sound. Sensation like heavy truck
striking building. Standing cars rocked noticeably.
V. Felt by nearly everyone; many awakened. Some dishes, windows broken. Unstable
objects overturned. Pendulum clocks may stop.
VI - VII VI. Felt by all, many frightened. Some heavy furniture moved; a few instances of fallen
plaster. Damage slight.
VII. Damage negligible in buildings of good design and construction; slight to moderate
in well built ordinary structures; considerable in poorly built or badly designed structures;
some chimneys broken.
VII - IX VII. As above
VIII. Damage slight in specially designed structures; considerable in ordinary substantial
buildings w/partial collapse; great in poorly built structures. Fall of chimneys, factory
stacks, columns, monuments, walls. Heavy furniture overturned.
IX. Damage considerable in specially designed structures (well designed frame
structures thrown out of plumb); great in substantial buildings, w/partial collapse.
Buildings shifted off foundations.
VIII or higher VIII. & IX. As above
X. Some well built wooden structures destroyed; most masonry and frame structures
destroyed with foundations. Rails bent.
XI. Few, if any (masonry) structures remain standing. Bridges destroyed. Rails bent
greatly.
XII. Damage total. Lines of sight &level distorted. Objects thrown into air.
http://earthquake.usgs.gov/learn/topics/mag_vs_int.php
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