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Outline 
•  Briefly	  address	  Induced	  Seismicity	  
•  Earthquakes,	  global/regional	  and	  local	  seismicity	  
•  Increased	  hazards	  and	  earthquake	  preparedness	  
•  EQ	  triggering:	  What	  we	  know	  and	  what	  we	  can	  say	  
•  Oil	  and	  Gas	  Technologies	  (OCC)	  
–  Response	  to	  poten$al	  induced	  seismicity	  

•  Triggered/Induced	  seismicity	  by	  hydraulic	  fracturing	  and	  
injec$on	  wells	  

•  Ongoing	  research	  and	  projects	  at	  the	  OGS	  
•  Recent	  earthquake	  swarms	  
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Summary for potential induced 
seismicity 

•  No	  documented	  cases	  of	  induced	  seismicity	  have	  ever	  
come	  close	  to	  the	  current	  earthquake	  rates	  or	  the	  area	  
over	  which	  the	  earthquakes	  are	  occurring	  

•  Long	  history	  of	  oil	  and	  gas	  ac$vity	  and	  large	  number	  of	  
wells	  require	  detailed	  research	  projects	  to	  iden$fy	  
induced	  seismicity	  
–  The	  usual	  simple	  methods	  to	  iden$fy	  poten$ally	  induced	  
seismicity	  have	  only	  produced	  small	  numbers	  of	  iden$fied	  
cases	  

•  Poten$al	  cases	  of	  induced	  seismicity	  have	  been	  
iden$fied	  both	  from	  hydraulic	  fracturing	  and	  disposal	  
wells	  
–  Hydraulic	  fracturing	  only	  contributes	  a	  small	  amount	  to	  
the	  observed	  rate	  of	  earthquakes	  

–  Disposal	  wells	  are	  thought	  to	  be	  a	  larger	  contributor	  
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What is an Earthquake? 

•  When	  one	  body	  of	  rock	  slides	  past	  
another	  

•  When	  this	  occurs	  seismic	  waves	  
“sound”	  is	  generated	  

•  This	  sound	  radiates	  out	  in	  all	  
direc$ons	  and	  is	  what	  is	  measured	  at	  
a	  seismic	  sta$on	  
–  The	  recording	  is	  a	  seismogram	  
– Waves	  are	  used	  locate	  and	  determine	  
the	  size	  of	  the	  earthquake	  (magnitude)	  

–  Contain	  much	  more	  informa$on	  
•  In	  most	  earthquakes	  people	  feel	  the	  
seismic	  wave	  
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Earthquakes Worldwide 
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Mapped Faults in Oklahoma 
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ANSS Earthquakes by Region 
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EXPLANATION
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Dramatic Increase in Oklahoma 
Earthquakes 

OGS	  OF1-‐2014	  



Increased Seismic Hazard 
Record	  Number	  of	  Oklahoma	  Tremors	  Raises	  Possibility	  of	  
Damaging	  Earthquakes	  
USGS/OGS	  Joint	  Press	  Release:	  5/5/2014	  11:30:00	  AM	  

“As	  a	  result	  of	  the	  increased	  number	  of	  small	  and	  moderate	  
shocks,	  the	  likelihood	  of	  future,	  damaging	  earthquakes	  has	  
increased	  for	  central	  and	  north-‐central	  Oklahoma.”	  

•  An	  increase	  like	  this	  has	  not	  
been	  observed	  in	  modern	  
seismology	  in	  an	  intra-‐plate	  
sebng	  

•  Modern	  seismology	  is	  young	  
compared	  to	  geologic	  process	  
of	  10’s	  to	  100’s	  of	  thousands	  of	  
years	  

•  Increase	  is	  occurring	  over	  a	  
very	  large	  area	  ~25,000	  km2	  
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Damaging Earthquakes in Oklahoma 

•  The	  chances	  of	  a	  large	  damaging	  earthquake	  
in	  Oklahoma	  are	  quite	  small	  

•  We	  can’t	  know	  when	  or	  where	  the	  
earthquakes	  will	  occur	  or	  stop	  them	  

•  What	  we	  can	  do	  is	  prepare	  and	  understand	  
what	  would	  be	  likely	  to	  occur	  in	  a	  damaging	  
earthquake	  

•  Most	  earthquake	  damage	  is	  comprised	  mostly	  
of	  damage	  to	  unreinforced	  masonry	  	  
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Earthquake Preparedness and 
Response  

•  Red	  Dirt	  Ready	  
•  hep://www.ready.gov/earthquakes	  
•  hep://shakeout.org/centralus/	  
•  hep://www.dropcoverholdon.org/	  
•  hep://www.earthquakecountry.info/roots/
index.php	  

•  hep://www.okgeosurvey1.gov/pages/
prepare.php	  
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What to do and not do in an 
Earthquake 

Don’t	  
•  Panic	  
•  Run	  from	  (exit)	  	  a	  building	  
•  Most	  damage	  occurs	  to	  
unreinforced	  masonry	  
(brick	  and	  stone	  façade,	  
chimneys)	  

•  Wholesale	  building	  
collapse	  is	  less	  likely	  	  

•  Get	  in	  a	  doorway	  
•  Swinging	  doors	  can	  
cause	  injuries	  
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Earthquake Triggering and Induced 
Seismicity 

Natural	  Causes	  
•  Dynamically	  by	  the	  passage	  of	  

seismic	  waves	  	  
•  Remote	  Triggering	  
•  Sta$cally	  by	  local	  stress	  changes	  

from	  previous	  earthquakes	  
–  Small	  amounts	  of	  stress	  changes	  

have	  been	  shown	  to	  trigger	  
earthquakes	  	  

–  as	  liele	  as	  2-‐7	  psi	  
•  Natural	  fluid	  movement	  	  

–  May	  be	  the	  cause	  of	  many	  
aiershocks	  	  

•  Hydrologic	  loads	  

Anthropogenic	  
•  Reservoir	  Impoundment	  
•  Mining	  and	  Oil	  Produc$on	  

(Mass	  Removal)	  
•  Fluid	  Injec$on	  
•  Hydraulic	  fracturing	  
•  Geothermal	  Produc$on	  

•  Physics	  of	  earthquake	  triggering	  and	  
induced	  seismicity	  are	  well	  
understood.	  

•  What	  is	  not	  well	  understood	  are	  the	  
physical	  proper$es	  within	  the	  Earth	  
that	  control	  when	  and	  where	  IS	  occurs.	  
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Numbers of Documented Induced 
Seismicity Cases 

1440      The Leading Edge      December 2012
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when comparing relatively impermeable crystalline rocks and 
more permeable rocks such as sedimentary units. Faults and 
fractures in crystalline rocks offer relatively little resistance to 
flow, and thus the equivalent permeability and diffusivity of 
these fractured rocks (with fractures and rocks viewed as a 
whole) can be high. The combination of high transmissivity, 
small storativity, and the planar nature of fractures implies 
that significant pore-pressure changes can be transmitted over 
considerable distances (several kilometers) through a fracture 
network from an injection well. In contrast, in permeable 
rocks, where the fluid is dominantly transported by a con-
nected network of pores, the injection of fluid from a well can 
be viewed as giving rise to an expanding “bulb”, centered on 
the well, which represents the region where the pore pressure 
has increased. The increase in pore pressure decreases with 
increasing distance from the well to zero at the edge of this 
expanding region.

The region of perturbed pore pressure continues to grow 
radially until it meets bulbs growing from other injection 
wells or until it reaches the lateral boundaries of the reservoir 
(see also Nicholson and Wesson, 1990).

Considerations for oil and gas projects
Inducing a significant seismic event requires both an in-
crease or decrease of the pore pressure relative to the pore 
pressure that existed prior to fluid injection or withdrawal, 
and that this change in pore pressure occur over a region 
large enough to encompass a fault area where the fault can 
undergo movement caused by the new fluid pressure exceed-
ing its critical state of stress. We briefly examine oil and gas 

extraction (fluid withdrawal), waterflooding for enhanced 
recovery, and hydraulic fracturing projects in terms of their 
potential to cause induced seismic events. Among the tens of 
thousands of wells used for carbon dioxide (CO2) flooding 
for enhanced recovery in the United States, the study did 
not find any documentation in the published literature of 
felt induced seismicity and this technology is not addressed 
further in this article.

Oil and gas extraction. Withdrawal of oil and gas has been 
linked to felt seismic events at 38 sites globally, 20 of which 
were in the United States (Figure 1). These events in the Unit-
ed States have occurred in Texas, Oklahoma, California, Lou-
isiana, Illinois, and Nebraska, and the majority have been of 
M < 4.0. Outside the United States well-documented signifi-
cant events have occurred at the Lacq gas field in southwest-
ern France (largest magnitude 4.2) (Grasso and Wittlinger 
1990; Segall et al., 1994) and the Gazli gas field in Uzbekistan 
where events up to magnitude 7 have been recorded (Adush-
kin et al., 2000; Grasso, 1992; Simpson and Leith, 1985). 
At Gazli, the locations and magnitudes of these earthquakes 
were determined from worldwide seismograph data, leading 
to some uncertainty on the causal relationship between gas 
extraction and earthquake activity. However, observations of 
crustal uplift and the proximity of the earthquakes to the Ga-
zli gas field, which is in a previously seismically quiet region, 
suggest that they were induced by hydrocarbon extraction.

These extraction events are rare relative to the large num-
ber of oil and gas fields in the United States (Table 1) and 
globally. Withdrawal of oil or gas from the subsurface can 
lead to a net decrease in pore pressure in the reservoir over 

Energy
technology

Number 
of projects

Number of
felt-induced 
events

Maximum
magnitude
of felt event

Number
of events 
M > 4.0 c

Net reservoir
pressure change

Mechanism
for induced
seismicity

Secondary oil and gas 
recovery (waterflooding)

~108,000 (wells) One or more felt 
events at 18 sites 
across the
country

4.9 3 Attempt to
maintain balance

Pore pressure
increase

Tertiary oil and gas 
recovery (EOR)

~13,000 None known None known 0 Attempt to
maintain balance

Pore pressure 
increase (likely 
mechanism)

Hydraulic fracturing for 
shale gas production

~35,000 wells total 1 2.8 0 Initial positive; 
then withdraw

Pore pressure
increase

Hydrocarbon with-
drawal

~6,000 fields 20 sites 6.5 5 Withdrawal Pore pressure
decrease

Wastewater
disposal wells

~30,000 8 4.8 b 7 Addition Pore pressure
increase

Table 1. Historical summary information about felt-induced seismic caused by or likely related to energy technology development a in the United 
States.
a Note that that in several cases the causal relationship between the technology and the event was suspected but not confirmed. Determining 
whether a particular earthquake was caused by human activity is often difficult. The references for the events in Table 1 and the way in which 
causality may be determined are discussed in the NAS report. Also important is the fact that the well numbers are those wells in operation today, 
while the numbers of events listed extend over a total period of decades. Table 1 summarizes data available to the authors through 2010.
b M 4.8 is a moment magnitude. Earlier studies reported magnitudes up to M 5.3 on an unspecified scale; those magnitudes were derived from 
local instruments.
c Although seismic events M > 2.0 can be felt by some people in the vicinity of the event, events M > 4.0 can be felt by most people and may be 
accompanied by more significant ground shaking, potentially causing greater public concern.

Shemeta	  et	  al.	  TLE	  (2012)	  taken	  from:	  
Na$onal	  Research	  Council	  	  -‐	  Induced	  Seismicity	  Poten$al	  in	  Energy	  Technologies	  
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Matt Skinner 
Oklahoma Corporation Commission  
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Earthquakes Triggered by Hydraulic 
Fracturing 

•  More	  readily	  iden$fiable	  than	  IS	  from	  long	  term	  injec$on	  
–  At	  most	  2%	  of	  wells	  and	  10%	  of	  earthquakes	  
–  Cannot	  explain	  most	  of	  the	  ongoing	  earthquake	  sequences	  

•  Cases	  have	  been	  documented	  in	  Ohio,	  Oklahoma,	  UK,	  
Bri$sh	  Columbia	  
–  Mmax	  ~	  3.8	  	  
–  Not	  expected	  to	  contribute	  to	  large	  numbers	  or	  large	  
magnitudes	  of	  earthquakes	  	  

•  Opportuni$es	  for	  research	  
–  May	  provide	  insight	  into	  state	  of	  stresses,	  proper$es,	  and	  
processes	  within	  the	  Earth	  

–  Increase	  in	  microseismic	  monitoring	  may	  help	  improve	  our	  
understanding	  

–  Much	  more	  geotechnical	  data	  possibly	  available	  
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Earthquakes Triggered by Fluid 
Injection 

Challenges	  
•  Earthquake	  rate	  changes	  over	  

such	  a	  large	  area	  would	  be	  
unprecedented	  (~25,000	  km2)	  

•  Why	  now?	  
–  Same	  technologies	  used	  for	  60	  

years	  
•  More	  difficult	  to	  iden$fy	  

–  Not	  observing	  some	  of	  the	  
typical	  behaviors	  of	  IS	  

•  Likely	  many	  cases	  of	  induced	  
seismicity	  
–  	  How	  do	  we	  sort	  out	  the	  cases	  

that	  have	  the	  poten$al	  to	  
advance	  our	  understanding?	  

OpportuniGes	  
•  With	  proper	  study	  triggered	  

seismicity	  might	  be	  
mi$gated	  

•  Iden$fying	  cri$cally	  stressed	  
faults	  	  

•  New	  opportuni$es	  for	  
research	  
–  Mul$year	  mul$-‐disciplinary	  

collabora$ve	  project	  at	  OU	  

•  Much	  more	  geotechnical	  
data	  possibly	  available	  
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Triggered Seismicity from UIC Class II 
Wells 

•  Disposal	  wells	  are	  recognized	  as	  the	  the	  greatest	  hazard	  	  
–  Longer	  dura$ons	  of	  injec$on	  
–  Greater	  volumes	  -‐>	  greater	  magnitude?	  

•  EOR	  wells	  may	  be	  less	  of	  an	  issue	  because	  of	  the	  balance	  of	  
volumes	  and	  pressures	  

•  Much	  more	  difficult	  to	  iden$fy	  	  
–  Large	  number	  of	  wells	  (Oklahoma)	  

•  >4,000	  disposal	  wells	  
•  >5,000	  EOR	  wells	  

–  Injec$on	  occurs	  for	  a	  significant	  amount	  of	  $me	  
–  Less	  geotechnical	  informa$on	  available	  vs	  produc$on	  wells	  
–  Globally,	  cases	  that	  have	  been	  iden$fied	  generally	  involve	  
individual	  wells	  	  

–  The	  interac$on	  of	  wells	  is	  unclear	  and	  requires	  further	  research	  
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Disposal Wells  

 

 

Figure 7. Locations of SWD wells in the midcontinent. Faults from Cole (1976), Nodine-Zeller and 

Thompson (1977), and Northcutt and Campbell (1995). 

Research Priorities for Understanding Fluid-Injection-Induced Seismicity 

Measurement of pre-injection hydrologic conditions and formation pressure, along with increased 

temporal resolution of injection rates and pressures are critical for understanding the dynamic 

relationships between fluid injection and seismicity (Ellsworth, 2013). Thorough evaluation of the 

presence or absence of faulting near fluid-injection wells (Frohlich, 2012) is also a priority for 

understanding potential for induced seismicity. Reasonable estimates of field-scale historic and future 

fluid-injection and withdrawal volumes must be made for all production or injection zones so that 

critical pore pressures can be understood. Integrated hydrogeologic, structural geologic, and 

seismologic datasets may then be evaluated to establish mechanisms by which fluid injection 

increases pore pressure along a fault plane. These integrated scientific studies would be useful for 

the development of adaptable regulatory requirements and best-management practices for fluid 

injection. 

In	  Texas,	  
Oklahoma,	  and	  
Kansas	  the	  greatest	  
volumes	  of	  waste-‐
water	  come	  from	  
produced	  water	  	  
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Summary for potential induced 
seismicity 

•  No	  documented	  cases	  of	  induced	  seismicity	  have	  ever	  
come	  close	  to	  the	  current	  earthquake	  rates	  or	  the	  area	  
over	  which	  the	  earthquakes	  are	  occurring	  

•  Long	  history	  of	  oil	  and	  gas	  ac$vity	  and	  large	  number	  of	  
wells	  require	  detailed	  research	  projects	  to	  iden$fy	  
induced	  seismicity	  
–  The	  usual	  simple	  methods	  to	  iden$fy	  poten$ally	  induced	  
seismicity	  have	  only	  produced	  small	  numbers	  of	  iden$fied	  
cases	  

•  Poten$al	  cases	  of	  induced	  seismicity	  have	  been	  
iden$fied	  both	  from	  hydraulic	  fracturing	  and	  disposal	  
wells	  
–  Hydraulic	  fracturing	  only	  contributes	  a	  small	  amount	  to	  
the	  observed	  rate	  of	  earthquakes	  

–  Disposal	  wells	  are	  thought	  to	  be	  a	  larger	  contributor	  
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Current Efforts 
•  Mul$year	  mul$-‐disciplinary	  collabora$ve	  DoE	  funded	  
project	  at	  OU	  ($1.8	  million	  including	  cost	  sharing	  from	  industry	  and	  state	  
agencies)	  
–  Adding	  permanent	  and	  temporary	  seismic	  sta$ons	  to	  the	  regional	  network	  
–  Risk	  mi$ga$on	  and	  management	  

•  Working	  with	  industry	  and	  other	  researchers	  to	  improve	  our	  
understanding	  of	  	  
•  Faults	  in	  Oklahoma	  
•  Stress	  in	  the	  subsurface	  

•  Test	  whether	  the	  ”Traffic	  Light	  System”	  and	  other	  methods	  can	  work	  
to	  manage/mi$gate	  risk	  

•  Increased	  public	  outreach	  and	  educa$on	  
•  OGS	  Resources	  

–  hep://www.okgeosurvey1.gov/pages/research.php	  
–  hep://www.okgeosurvey1.gov/pages/earthquakes/induced-‐seismicity.php	  
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Logan	  and	  Northern	  Oklahoma	  County	  Seismicity	  

2013-‐2014	  	  
Earthquake	  sequences	  	  
(south	  to	  north):	  
	  
•  Choctaw	  
•  Southern	  Arcadia	  Lake	  
•  Waterloo	  Road	  
•  Liberty	  Lake	  	  
•  Langston	  
•  Marshall	  
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Choctaw Sequence 
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Choctaw	  Sequence	  
(2010-‐present)	  
	  
•  636	  earthquakes	  located	  

to	  date	  
•  26	  events	  >=	  M3.0	  
•  92	  events	  felt	  
•  Median	  depth	  of	  events	  

are	  6.8km	  or	  4.2mi	  	  
	  

OGS	  OF1-‐2014	  



Southern Arcadia Lake Swarm 

OGS	  OF1-‐2014	  



Southern	  Arcadia	  Lake	  
Swarm	  (2010-‐present)	  
	  
•  565	  earthquakes	  located	  

to	  date	  
•  38	  events	  >=	  M3.0	  
•  100	  events	  felt	  	  
•  Median	  depth	  of	  events	  

are	  5.66km	  or	  3.5mi	  	  
	   OGS	  OF1-‐2014	  



Waterloo Road Sequence 
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Waterloo	  Road	  Sequence	  
(2010-‐present)	  
	  
•  177	  earthquakes	  located	  

to	  date	  
•  9	  events	  >=	  M3.0	  
•  50	  events	  felt	  
•  Median	  depth	  of	  events	  

are	  5.0km	  or	  3.1mi	  	  
	   OGS	  OF1-‐2014	  



Liberty Lake Sequence 
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Liberty	  Lake	  Sequence	  
(2010-‐present)	  
	  
•  	  386	  earthquakes	  located	  

to	  date	  
•  	  34	  events	  >=	  M3.0	  
•  	  113	  events	  felt	  	  
•  Median	  depths	  of	  events	  

are	  5.0km	  or	  3.1mi	  
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Langston Sequence 
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Langston	  Sequence	  
(2010-‐present)	  
	  
•  	  282	  earthquakes	  located	  

to	  date	  
•  	  30	  events	  >=	  M3.0	  
•  	  52	  events	  felt	  	  
•  Median	  depths	  of	  events	  

are	  5.0km	  or	  3.1mi	  
	   OGS	  OF1-‐2014	  



Marshall Sequence 

OGS	  OF1-‐2014	  



Marshall	  Sequence	  
(2010-‐present)	  
	  
•  	  60	  earthquakes	  located	  

to	  date	  
•  	  13	  events	  >=	  M3.0	  
•  	  17	  events	  felt	  	  
•  Median	  depth	  of	  events	  

are	  4.6km	  or	  2.85mi	  
	   OGS	  OF1-‐2014	  



Questions? 

NW	  

SE	  

Meers	  Fault,	  Southwestern	  Oklahoma	  

www.okgeosurvey1.gov	  	  
OGS	  Open	  File	  Report	  OF1-‐2014	  
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El Reno, April 9 1952 
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November 2011, Prague Earthquakes 

OGS	  OF1-‐2014	  



Damage to unreinforced masonry 

OGS	  OF1-‐2014	  



Mid-continent increase primarily in 
Oklahoma 

ANSS	  Catalog	  
OGS	  OF1-‐2014	  



Earthquakes 2014 
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Measuring an Earthquake: Magnitude 

•  Magnitude	  is	  propor$onal	  to	  
rupture	  area	  and	  slip	  on	  fault	  
–  Log	  measure	  of	  the	  energy	  released	  
as	  seismic	  waves	  

–  1	  Magnitude	  unit	  is	  ~32	  $mes	  more	  
energy	  release	  

•  Cannot	  be	  directly	  measured	  
inferred	  from	  measurements	  at	  
surface	  
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Source:	  USGS	  



Earthquake Locations 

•  Earthquake	  loca$ons	  
contain	  uncertainty	  
–  Some	  more	  than	  others	  

•  Factors	  controlling	  
loca$on	  accuracy	  
–  Sta$on	  very	  near	  
earthquake	  (depth)	  

–  How	  many	  sta$ons	  are	  
close	  to	  earthquake	  

–  Understanding	  of	  velocity	  
distribu$ons	  within	  the	  
Earth	  

Oklahoma	  has	  a	  good	  regional	  network	  
(may	  not	  be	  adequate	  to	  assess	  
specific	  cases	  of	  IS)	  
•  Horizontal	  uncertain$es	  are	  about	  8	  

km	  with	  uncertain$es	  .1	  to	  15	  km	  
•  Ver$cal	  uncertain$es	  .1	  to	  

unconstrained	  

Source:	  BGS	  



Earthquake Triggering 

How?	   General	  ObservaGons	  

•  Increase	  in	  shear	  stress	  
–  Mass	  changes	  
–  Permeability	  barriers	  
–  Thermal	  changes	  

•  Increase	  in	  pore	  pressure	  
–  Fluid	  injected	  under	  pressure	  
–  Fluid	  injected	  under	  liele	  or	  
no	  pressure	  can	  generate	  a	  
hydraulic	  head	  (100	  m	  head	  ~	  
1	  MPa)	  

•  Most	  of	  the	  Earth’s	  crust	  is	  
near	  failure	  

•  Magnitudes	  tend	  to	  
increase	  with	  $me	  or	  
injected	  volume	  

•  Earthquakes	  may	  start	  close	  
to	  a	  well	  and	  migrate	  
outward	  

•  Earthquakes	  may	  show	  
temporal	  correla$on	  to	  
injec$on	  

OGS	  OF1-‐2014	  



Induced Seismicity from Fluid 
Injection 

•  Increased	  pore	  pressure	  
from	  fluid	  injec$on	  
effec$vely	  reduces	  
fric$on	  on	  fault	  
–  Or	  in	  Mohr-‐Coulomb	  
space	  moves	  the	  circle	  
towards	  failure	  

•  Pore	  pressure	  can	  be	  
increased	  even	  injec$ng	  
on	  vacuum	  
–  Hydraulic	  head	  

σn	  

τ	  

τ	  

σi	  

Failure	  	  

τo	  

0.6  µ < 1.0

Add	  Pore	  Pressure	  
p	  

⇥
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= ⇥
o

+ µ(�
n

� p)

σ1-‐σ3	  
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Pressure Diffuses Within the Earth 

•  Pressure	  increase	  is	  not	  due	  to	  
actual	  fluid	  flow	  
–  Can	  be	  much	  more	  rapid	  
–  Because	  water	  is	  fairly	  
incompressible	  it	  is	  similar	  
to	  an	  elas$c	  response	  
although	  slower	  

–  Diffusivity	  constant	  is	  	  

•  T	  =	  transmissivity	  
•  S	  =	  stora$vity	  

–  Propor$onal	  to	  
permeability	  

•  Pressure	  increases	  over	  $me	   Talwani	  et	  al.	  (2007)	  J.	  Geophys	  Res.	  

c = T/S

OGS	  OF1-‐2014	  



Injection by Formation 
•  Vast	  majority	  of	  disposal	  by	  volume	  is	  not	  

frac	  waste-‐water	  but	  produced	  water	  
(part	  of	  producing	  oil	  and	  gas)	  

•  Large	  number	  of	  Arbuckle	  wells	  injec$ng	  
on	  vacuum	  for	  years	  

OGS	  OF1-‐2014	  



All UIC Class II Wells 

•  99%	  of	  all	  earthquakes	  2010-‐7/2013	  occur	  within	  
15	  km	  of	  a	  well	  

•  85%	  of	  Oklahoma’s	  area	  is	  within	  15	  km	  of	  a	  well	  
•  Have	  to	  move	  beyond	  simple	  spa$al	  correla$ons	  

OGS	  OF1-‐2014	  


