
Hindsight in 2020: A Decade of Seismicity versus HF, SWD, EORI, 
and CO2 Injection in Oklahoma

Ground Water Protection Council (GWPC)
Underground Injection Control (UIC) Conference

Class II Session
San Antonio, TX

Feb 17, 2020

Kyle E. Murray, Ph.D.
Hydrogeologist & Geological Engineer

Kyle.Murray@ou.edu

http://kylemurray.oucreate.com/
KyleMurrayH2O@gmail.com

https://twitter.com/KyleMurrayH2O



Seismic Monitoring Network and Earthquakes in Oklahoma
Year # of ≥M 3.0 EQs

<=2008 1.8

2009 20

2010 41

2011 67

2012 34

2013 108

2014 572

2015 901

2016 619

2017 302

2018 194

2019 62

<=02/11/2020 4



UIC Saltwater Disposal (SWD) or 2D volumes in Oklahoma

OCC makes UIC data publicly available in a few formats:
• Monthly resolution, Annual Fluid Injection Reports (1012A)
http://imaging.occeweb.com/imaging/UIC1012_1075.aspx
• Daily resolution, Daily Fluid Injection Reports (1012D)
http://www.occeweb.com/og/ogdatafiles2.htm
EPA (Osage County) data must be obtained by a FOIA request

OGS builds a research quality UIC 
database by validating OCC records, 
and correcting errors and gaps.

http://imaging.occeweb.com/imaging/UIC1012_1075.aspx
http://www.occeweb.com/og/ogdatafiles2.htm


Studies of Seismicity versus Fluid Injection
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What stresses could be correlated to strain/seismic activity?

• Hydraulic Fracturing Fluid Injection Rates
• Oil Production Rates
• Gas Production Rates
• Saltwater Disposal (SWD) Rates
• Enhanced Oil Recovery Injection (EORI) Rates

• Water (Salt, brackish, or fresh) injection
• CO2 gas injection



Correlation of y as a function of x and R2 ? 

r from -1 to 1

Excel formula computes:
R2 or RSQ = Square of r

so
R2 from 0 to 1

r = Pearson product moment 
correlation coefficient

Independent variable (x)
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y = mx + b
y = 1.1x + 75
R2 = ?



Correlation of EQ rate (y) as a function of injection rate (x) and R2 ? 

Independent variables (x)
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• 10 years or 120 months of data 
for correlation to:

Independent Variables (x):
• Hydraulic Fracturing Injection 

Rates by Fluid
• Saltwater Disposal (SWD) Rates 

by Zone
• Enhanced Oil Recovery Injection 

(EORI) Rates by Zone
• BWPD
• MCFCO2PD

• Oil Production by Zone
• Gas Production by Zone



Geological Provinces and Plays or Study Areas



Wells that Started Producing from 
2009–2015
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Earthquakes Down Here, avg of 5.5 km depth

Predominant Disposal Zone, avg of 2 km depth

Producing Zones

Zones for Production, Injection, & Disposal

STACK

SCOOP



Statewide Earthquakes vs. SWD, 2008–2018

incompleteincomplete

M5.7 Prague

M5.0 Cushing

M5.1 Fairview M5.8 Pawnee



Dependent Variable: EQ rate or # M≥2.3 per day in the State of OK
Highest Seismicity Rates in OK
• 18.8 EQ/day Jun 2015
• 18.2 EQ/day Mar 2015

Highest Pearson CCs, CO2 in OK
• R2 of 0.1625 for Other CO2

• R2 of 0.0915 for Missourian CO2



Dependent Variable: EQ rate or # M≥2.3 per day in the AOI
Highest Seismicity Rates in AOI
• 18.7 EQ/day Jun 2015
• 18.0 EQ/day Mar 2015

Highest Pearson CCs for AOI
• R2 of 0.7877 for Arbuckle SWD
• R2 of 0.7372 for Basement SWD



Dependent Variable: EQ rate or # M≥2.3 per day in the STACK
Highest Seismicity Rates in STACK
• 1.7 EQ/day Nov 2017
• 1.45 EQ/day Dec 2018



Monthly Fluid Injection for Hydraulic Fracturing in the STACK

Highest Pearson CCs for STACK
• R2 of 0.4608 for Gel Frac
• R2 of 0.3732 for Flud Frac



Monthly SWD Injection in the STACK

Highest Pearson CCs for STACK
• R2 of 0.4670 for Permian SWD
• R2 of 0.4269 for Dev to Mid Ord 

SWD



Monthly EOR BWPD Injection in the STACK

Highest Pearson CCs for STACK
• R2 of 0.4158 for Arbuckle EORI
• R2 of 0.1519 for Multiple-Undiff. EORI



Dependent Variable: EQ rate or # M≥2.3 per day in the SCOOP
Highest Seismicity Rates in SCOOP
• 0.57 EQ/day Nov 2018
• 0.55 EQ/day Dec 2018



Monthly Fluid Injection for Hydraulic Fracturing in the SCOOP

Highest Pearson CCs for SCOOP
• R2 of 0.3632 for Flud Frac
• R2 of 0.2782 for Gel Frac



Monthly SWD Injection in the SCOOP

Highest Pearson CCs for SCOOP
• R2 of 0.2986 for Multi-Undiff. SWD
• R2 of 0.1868 for Perm SWD



Monthly EOR Injection in the SCOOP

Highest Pearson CCs for SCOOP
• R2 of 0.2058 for Missourian EORI
• R2 of 0.1585 for Dev to Mid Ord EORI



Dependent Variable: EQ rate or # M≥2.3 per day in the S Cher. Plat.
Highest Seismicity Rates in South 
Cherokee Platform
• 4.50 EQ/day Nov 2011 (Prague)
• 2.83 EQ/day Jun 2015



Monthly SWD Injection in the South Cherokee Platform

Highest Pearson CCs for South 
Cherokee Platform
• R2 of 0.1688 for Virgilian SWD
• R2 of 0.1505 for Arbuckle SWD



Highest Pearson CCs for South 
Cherokee Platform
• R2 of 0.0914 for Desmoinesian EORI
• R2 of 0.0904 for Missourian EORI

Monthly EOR Injection in the South Cherokee Platform



*AOI
R2 of 0.7877 for Arbuckle SWD
R2 of 0.7372 for Basement SWD

STACK
R2 of 0.4670 for Permian SWD
R2 of 0.4646 for Miss Oil Production

SCOOP
R2 of 0.3632 for Flud Frac
R2 of 0.3425 for Miss. Gas

*South Cherokee Platform
R2 of 0.1688 for Virgilian SWD
R2 of 0.1505 for Arbuckle SWD
*haven’t done R2 for other injection or production

Statewide EQ versus CO2
R2 of 0.1625 for Other or Unspecified Zone

• Many human activities that correlate 
to seismicity are cross-correlated

• Additional analyses and modeling 
studies are required to understand 
the mechanisms that have the 
greatest effect on subsurface 
stresses

• New project Funded by OWRB: 
Database Compilation and GeoSpatial
Analysis of Produced Water Quality in 
Oklahoma

Summary and Conclusions



Upcoming Special Issues and Publications

Geological Society of America Memoir

Midcontinent Earthquakes: 
The Scientific and Regulatory Response to Induced Seismicity

Volume Editors:
Michael Young – TX Bureau of Economic Geology

Rex Buchanan – KS Geological Survey
Kyle Murray – OK Geological Survey
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