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INTRODUCTION
Three earthquakes with Mw of 5.0, 5.7, and 

5.0 (moment magnitudes from Global Cen-
troid Moment Tensor Catalog, GCMT; http://

www.globalcmt.org) occurred within the 
North American midcontinent near Prague, 
Oklahoma, United States (Fig. 1) on 5, 6, and 
8 November 2011 ~180 km from the nearest 
known Quaternary-active fault. Earthquakes 
with Mw ≥ 5.0 are rare in the United States 
east of the Rocky Mountains; however, the 
number per year recorded in the midcontinent 
increased 11-fold between 2008 and 2011, 
compared to 1976–2007. Of the total seismic 
moment released in the region, ~66% occurred 
in 2011 (from the GCMT). The Mw 5.7 earth-
quake was the largest instrumentally recorded 
in Oklahoma. It created shaking up to inten-
sity VIII in the epicentral region, destroyed 14 
homes, damaged many other buildings, injured 
2 people, and buckled pavement (U.S. Geo-
logical Survey, 2011). In this study we refer to 
the Mw ≥ 5.0 earthquakes of 5, 6, and 8 Novem-
ber 2011 as events A, B, and C, respectively. 
Moment tensor solutions (from the GCMT; 
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ABSTRACT
Signifi cant earthquakes are increasingly occurring within the continental interior of the 

United States, including fi ve of moment magnitude (Mw) ≥ 5.0 in 2011 alone. Concurrently, 
the volume of fl uid injected into the subsurface related to the production of unconventional 
resources continues to rise. Here we identify the largest earthquake potentially related to 
injection, an Mw 5.7 earthquake in November 2011 in Oklahoma. The earthquake was felt 
in at least 17 states and caused damage in the epicentral region. It occurred in a sequence, 
with 2 earthquakes of Mw 5.0 and a prolifi c sequence of aftershocks. We use the aftershocks 
to illuminate the faults that ruptured in the sequence, and show that the tip of the initial 
rupture plane is within ~200 m of active injection wells and within ~1 km of the surface; 
30% of early aftershocks occur within the sedimentary section. Subsurface data indicate 
that fl uid was injected into effectively sealed compartments, and we interpret that a net 
fl uid volume increase after 18 yr of injection lowered effective stress on reservoir-bounding 
faults. Signifi cantly, this case indicates that decades-long lags between the commencement 
of fl uid injection and the onset of induced earthquakes are possible, and modifi es our com-
mon criteria for fl uid-induced events. The progressive rupture of three fault planes in this 
sequence suggests that stress changes from the initial rupture triggered the successive earth-
quakes, including one larger than the fi rst.
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Figure 1. A: Seismicity, 
centroid moment tensor 
mechanisms, seismic 
stations, active disposal 
wells, and oil fi elds in 
central Oklahoma, United 
States. Epicenters of ma-
jor earthquakes (EQs) 
are plotted at Oklahoma 
Geological Survey loca-
tion for event A and at our 
relocations for events B 
and C, where we had suf-
fi cient control (Table DR1 
[see footnote 1]). Event A 
likely nucleated on fault 
defi ned by aftershock 
locations (permitted 
within location error). 
Faults are merged from 
regional compilation (Jo-
seph, 1987) and detailed 
local study (Way, 1983), 
mapped using seismic 
lines, well logs, and for-
mation tops. Wells 1 and 
2 inject near aftershocks 
of event A. B–D: Cross 
sections of seismicity 
projected from within 
4 km of plane of each 
section. Vertical lines be-
neath wells indicate well path, red where perforated or open hole. Green bands denote Hunton and Simpson Groups, and yellow bands de-
note Arbuckle Group. Arbuckle Group overlies basement; base depth of Arbuckle Group locally is uncertain (between 1.8 and 2.2 km depth). 
Depths are relative to sea level, land elevation is ~300 m. Inset shows state of Oklahoma and location of map area.
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Fig. 1; Table DR1 in the GSA Data Reposi-
tory1) indicate strike-slip rupture on steeply 
dipping fault planes with different fault-plane 
orientations. Local earthquake activity began 
in February 2010 with an Mw 4.1 earthquake 
within a few kilometers of event A.

The 2010 and 2011 Prague earthquakes 
occurred in the structurally controlled Wilzetta 
oil fi eld, within the complex, ~200-km-long, 
Pennsylvanian-age Wilzetta fault system (Way, 
1983). Structural traps in the Wilzetta fi eld are 
formed by the offset of porous limestone along 
high-angle faults (Fig. 2). Production of oil 
from the Wilzetta North fi eld, where the earth-
quake sequence initiated, occurred primarily in 
the 1950s and 1960s from the Hunton Lime-
stone; limited production continues. There are 
three active fl uid injection wells located within 
1.5 km of aftershocks of event A, and two 
within the Wilzetta North fi eld (Fig. 1). Fluid 
injection in these wells began after 1993 and 
occurs into units from the Hunton Limestone 
to the deeper Arbuckle Group, predominantly 
dolomitic limestone, between ~1.3 and 2.1 km 
depth (Oklahoma Corporation Commission 
Well Data System: http://www.occpermit.com
/WellBrowse; Fig. 2).

Earthquakes are commonly considered in-
duced by wastewater disposal if they adhere 
to criteria established by Davis and Frohlich 
(1993) that include proximity to injection wells, 
a change from background seismicity, and a 
correlation with wastewater injection param-
eters. In this study we demonstrate a relation-
ship between the 2011 Oklahoma seismicity 
and fl uid injection, and suggest modifi cations to 
the criteria for induced earthquakes. We use the 
term “induced” without implying a relationship 
between anthropogenic stresses and earthquake 
magnitude, following the Committee on In-
duced Seismicity Potential (National Research 
Council of the National Academies, 2012).

METHODOLOGY

Seismic Data and Network
We deployed seismometers within 24 h of 

event A, and recorded the later 2 large earth-
quakes and thousands of aftershocks. The fi rst 3 
seismometers deployed, within 2 km of events A 
and B, recorded 7 h of locatable seismicity prior 
to event B. Additional seismometers (3) were 
deployed in the 24 h after event B, and 12 in the 
following 5 days, using digital three-component 
seismometers from the University of Oklahoma 
and the PASSCAL RAMP (Program for Array 
Seismic Studies of the Continental Lithosphere, 

Rapid Array Mobilization Program) pool. The 
locally recorded data were supplemented by 
EarthScope Transportable Array stations (Melt-
zer et al., 1999) at 25–150 km distance. Many 
stations were within 1 focal depth of the near-
est earthquakes, providing accurate depth esti-
mates; nonlinear inversions on sample hypocen-
ters give 95% confi dence bounds of <500 m in 
epicenter and <800 m in depth for earthquakes 
recorded by 3 stations before event B, and <50–
100 m in epicenter and depth for those recorded 
by the full 18 station local array. Most ray paths 
were <10 km from source to station, with <2 s 
between S and P wave arrivals. Several hundred 
aftershocks per hour occurred within the fi rst 
few hours of each large earthquake.

We report results based on P and S wave arriv-
als for (1) all identifi able events after the array 
installation before event B (the Mw 5.7), (2) 1–2 
h time windows immediately following events 
B and C, and (3) larger aftershocks within 2 mo 
of the mainshocks and recorded on >15 stations. 
In most cases, both P and S wave arrival times 
could be picked to a precision of 10 ms or bet-
ter from the local stations. Arrivals were picked 
manually; the high event rate caused standard 
automatic detection schemes to fail.

The one-dimensional velocity model (Fig. 
DR1 in the Data Repository) was determined by 
inversion methods that solve jointly for P and 
S wave velocities and hypocenters (Abers and 
Roecker, 1991) for aftershocks recorded on >15 
stations. The global root mean square residual in 

the velocity model is 0.029 s, and infl uences of 
possible lateral variations appear to be minimal. 
(For details of the network, the velocity model, 
and location selection, see the Data Repository.)

RESULTS

Aftershock Locations and Fault Rupture 
Areas

For this study we located 1183 aftershocks 
recorded by the dense network, and show the 
best located 798 (see the Data Repository). 
We use the extent of the aftershocks measured 
within a few hours to days after the mainshocks 
to estimate the area of the faults that ruptured, 
as is common if an event does not rupture to the 
surface (e.g., Kanamori and Anderson, 1975). 
The aftershocks we use in this study represent 
<10% of the total number of earthquakes, as 
only a few hours of data from time periods fol-
lowing each Mw ≥ 5.0 event have been examined 
thoroughly. Hypocenters for events A, B, and C 
are less well constrained than the aftershocks 
(see the Data Repository). However, the fault 
rupture sequence is clear from the focal mecha-
nisms of the large events combined with the 
aftershock pattern.

The earthquakes located delineate the major 
seismic zones as narrow, steeply dipping 
planes in the sedimentary section and basement 
(Fig. 1), well correlated to previously identifi ed 
fault structures (Way, 1983; Joseph, 1987). The 
strikes (from the GCMT) of events A (27°) and B 
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1GSA Data Repository item 2013191, network 
and event details, velocity model, and 2010–2011 
injection data, is available online at www.geosociety.
org/pubs/ft2013.htm, or on request from editing@
geosociety.org or Documents Secretary, GSA, P.O. 
Box 9140, Boulder, CO 80301, USA.

Figure 2. Subsurface geology and compartmentalization in Wilzetta oilfi elds, Oklahoma, 
United States. A: Wilzetta fault system (area shown in Fig. 1) including fault-bounded com-
partments, disposal wells, earthquakes, and exploration wells into Hunton Limestone or 
deeper units. Boundaries between producing and dry wells closely correlate to mapped 
faults. Wells 1, 2, and P1 are discussed in text. B: Schematic cross-section W-w across Wil-
zetta North and Wilzetta compartments. High-permeability reservoirs are interbedded with 
low-permeability shale units vertically, and faults are low-permeability barriers to fl uid fl ow. 
Well paths and injection intervals are from Oklahoma Corporation Commission Well Data 
System (http://www.occpermit.com/WellBrowse) database. Relative offset of fault blocks is 
based on formation tops at closely spaced production wells (not shown). Depths to forma-
tion tops and total depth (TD) of each injection well are noted (in km below sea level).
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(54°) parallel the two predominant orientations 
within the Wilzetta fault zone, and the strike of 
event C (91°) defi nes a clear secondary orienta-
tion. Therefore, three separate segments within 
the Wilzetta fault network ruptured successively 
during the sequence. The slip on the apparent 
fault planes of the three largest earthquakes are 
consistent with an east-northeast direction of 
maximum horizontal stress. Signifi cantly, the 
northern tip of the aftershock zone for event A 
is in sedimentary units near an active disposal 
well (Fig. 1); the closest earthquakes are 200 
± 250 m distant from the wells. The depths of 
83% of the aftershocks are <5 km; 30% of early 
aftershocks (and 20% of all earthquakes) were 
located within the sedimentary units into which 
fl uids are injected (Fig. 1).

Fluid Triggering and Correlation of 
Seismicity to Fluid Injection Data

Earthquake triggering by fl uid injection 
occurs if pore pressure at the fault increases 
beyond a critical pressure threshold (Hubbert 
and Rubey, 1959; Healy et al., 1968; Raleigh et 
al., 1976), lowering effective normal stress on 
a fault close to failure. In the induced seismic-
ity experiment at Rangely, Colorado, down-
hole reservoir pressure measurements were 
available and the seismicity rate rose and fell 
within months of changes in reservoir pres-
sure (Raleigh et al., 1976). Pressure data avail-
able for the Wilzetta North fi eld are limited to 
monthly reported wellhead pressure (pressure 
at the surface while pumping), and no direct 
measurements of pressure within the reservoir 
are accessible. We thus follow standard methods 
and investigate possible temporal correlations 
between seismicity rate and surface injection 
parameters (e.g., Healy et al., 1968; Frohlich et 
al., 2011; Horton, 2012).

No short-term monthly correlation is evident 
in the Wilzetta fi eld (Fig. DR2). Such a tempo-
ral correlation to surface injection parameters 
is rare, though evident at the Rocky Mountain 
Arsenal in Colorado (Healy et al., 1968). A 
more common observation in cases of induced 
seismicity is the onset of earthquakes soon after 
the initiation of fl uid injection. Seismicity began 
within months of the start date of injection at the 
Rocky Mountain Arsenal (Healy et al., 1968), 
in Arkansas (Horton, 2012), and at the Dal-
las–Fort Worth (Texas) airport (Frohlich et al., 
2011). However, within oilfi elds near Prague, 
Oklahoma, the fi rst noted earthquake (Mw 4.1, 
2010) did not occur until 17 yr after injection 
commenced (Fig. 3A). It is diffi cult to know if 
small earthquakes were occurring prior to 2010 
near Prague, given the lack of nearby seismic 
stations; none were recorded or reported. A 
similarly long delay was observed at the Cog-
dell oil fi eld in Texas (Davis and Pennington, 
1989), where induced earthquakes began 20 yr 
after injection initiated.

Increasing Injection (and Reservoir?) 
Pressure

Wellhead pressure in the Wilzetta North fi eld 
appears fi xed at a constant value during pump-
ing, as it was at Rangely, Colorado (Gibbs et al., 
1972), with multiyear intervals of constant sur-
face pressure punctuated by step increases (Well 
1; Fig. 3). Initially, fl uid was injected into the 
Hunton Limestone in Well 1 at zero reported well-
head pressure (Oklahoma Corporation Commis-
sion Well Data System) (Fig. 3B), signifying an 
underpressured reservoir (below hydrostatic pres-
sure) depleted by earlier hydrocarbon production. 
Wellhead pressure increased in steps, starting in 
2001 at ~0.2 MPa (25–40 psi) and reaching a 
maximum of 3.6 MPa (525 psi) in 2006 (Fig. 3). 
The fi nal tenfold increase in wellhead pressure, 
and the concurrent addition of a second disposal 
well into deeper units, came after the volume of 
water injected into the Hunton Limestone at Well 
1 exceeded the volume of oil extracted from the 
Hunton strata at wells throughout the compart-
ment (Way, 1983) (Fig. 3C). The volume of oil 
extracted is only an approximate estimate of res-
ervoir capacity, and likely an underestimate; no 
data are available for water volume extracted or 
reinjected during production.

In the Wilzetta fi eld, hydrocarbon accumu-
lations were isolated to fault blocks of <1 km2 

areal extent, surrounded by water-saturated 
zones, indicating that the compartment-bound-
ing faults were likely seals against fl uid migra-
tion over geologic time. Such low-permeability 
barriers are common in sedimentary basins 
(Bradley and Powley, 1994) and can inhibit 
the diffusion of fl uid pressure. In an idealized 
sealed reservoir, reservoir pressure gradually 
rises as injection volume increases (Fig. 4A), 
and the pressure difference between wellhead 
pressure (corrected for the water column) and 
reservoir pressure decreases (Fig. 4B), along 
with fl ow rate. When wellhead pressure is 
increased, as in the Wilzetta North fi eld (Fig. 3), 
pressure gradient and fl ow rate increase. With 
suffi cient time, volume injected, and wellhead 
pressure, pressure at the fault may exceed the 
critical pressure (Fig. 4B) and trigger slip. The 
time required for pressure at the fault to rise to 
the critical threshold in a closed compartment 
depends upon injection rate and reservoir vol-
ume and permeability, explaining delays before 
the onset of induced seismicity such as observed 
in this study and at the Cogdell oil fi eld (Davis 
and Pennington, 1989).
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Figure 3. Available injection data. A: Monthly 
volumes of wastewater disposed at injection 
wells 1 and 2 (Fig. 2) near nucleation of event 
A. Monthly volumes were reported for 2002–
2011; daily average volumes are multiplied by 
number of days per month for 1993–2002. B: 
Wellhead pressure for periods when pump is 
active, for same wells. C: Cumulative volume 
injected at wells 1 and 2 (from yearly totals). 
Minimum capacity of reservoir is denoted as 
horizontal dashed line and equals volume 
of oil extracted from Wilzetta North fi eld, es-
timated by dividing total volume extracted 
from three Wilzetta fi elds by fractional area 
of Wilzetta North. This is absolute minimum 
estimate of reservoir fl uid capacity; no data 
are available for water extracted or reinjected 
during production. Gray shading notes earth-
quakes in 2010–2011.

Figure 4. A: Reservoir pressure in simplistic 
sealed reservoir. Fluid pressure in reservoir, 
including at fault, rises through time as res-
ervoir fi lls. Left edge of model is injection 
wellbore; right edge represents sealed fault. 
B: Predicted reservoir pressure compared 
to reported monthly wellhead pressure (plus 
weight of water column), apparently constant 
because pressure is reported only during 
pumping. Reservoir pressure near wellbore 
equals reported injection pressure while 
pumping, but drops when pump stops. Over 
multiple pumping cycles, time-averaged for-
mation pressure near well rises slowly (A), and 
pressure gradient decreases, lowering fl ow 
rate and requiring longer periods of pumping 
(shaded in gray) to maintain constant monthly 
disposal volume. When wellhead pressure is 
increased, pressure gradient increases and 
pumping becomes more effi cient.
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Neither reservoir pressure data nor detailed 
fl ow rates, required to fully test this hypothesis, 
are available for the Prague, Oklahoma, wells. 
Injection rate in Oklahoma is reported as a 
monthly volume and the averaging of fl ow rate 
per month smooths out higher frequency varia-
tions. Alternative hypotheses to raise fl uid pres-
sure at the fault unrelated to the identifi ed com-
partments, including the concurrent increase in 
wellhead pressure and the addition of a second 
injection well in 2006, cannot be rejected with-
out reservoir pressure data. However, the agree-
ment between original oil volume extracted and 
cumulative water injected prior to seismicity 
(Fig. 3) supports the notion that a critical vol-
ume was reached through injection in the Wil-
zetta North compartment.

Minor production is reported from the 
Hunton Limestone 500 m to the north, near 
the edge of the compartment (Fig. 2; well P1) 
(Oklahoma Corporation Commission Well Data 
System). It is unknown if the well is in pres-
sure communication with the injection wells, 
because we have no measurements of reservoir 
pressure to determine connectivity. However, 
fl uid pressure can rise throughout portions of a 
semirestricted reservoir following injection, and 
high fl uid pressure can be maintained for years 
even if one side is infi nitely open, as observed at 
the Rocky Mountain Arsenal (Hsieh and Brede-
hoeft, 1981).

DISCUSSION
Continuing injection over 18 yr into sub-

surface compartments in the Wilzetta fi eld 
may have refi lled a compartment, eventually 
reducing the effective stress along reservoir-
bounding faults and triggering the 2010–2011 
earthquakes. Injection has continued and earth-
quakes with magnitudes ≥3.0 continue to occur. 
We interpret event A (Mw 5.0) to have been 
induced by increased fl uid pressure, exceeding 
the largest earthquake known to be induced by 
injected fl uid (Mw 4.8; National Research Coun-
cil of the National Academies, 2012). After-
shocks of event A appear to deepen away from 
the well, and may imply downward pressure 
propagation into basement. Event B, of much 
larger magnitude (Mw 5.7), and event C may 
also be considered consequences of injection; 
however, Coulomb stress calculations show that 
the fault geometries are consistent with trigger-
ing by stress transfer (Cochran et al., 2012). The 
triggering implies that the faults were close to 
failure, supporting the view that favorably ori-
ented faults are critically stressed throughout the 
continents (Zoback et al., 2002). In this man-
ner, small- to moderate-sized injection-induced 
events may result in release of additional tec-
tonic stress. The scalar moment released in the 

Oklahoma sequence exceeds predictions based 
on the volume of injected fl uid (McGarr, 1976) 
by several orders of magnitude, requiring the 
release of substantial tectonic stress.

The 2011 Prague, Oklahoma, earthquakes 
necessitate reconsideration of the maximum 
possible size of injection-induced earthquakes, 
and of the time scale considered diagnostic 
of induced seismicity. Typically, a response 
of seismicity to injection within months has 
been sought to diagnose earthquake triggering 
(Raleigh et al., 1976; Davis and Frohlich, 1993). 
Here we present a potential case of fl uid injec-
tion into isolated pockets resulting in seismicity 
delayed by nearly 20 yr from the initiation of 
injection, and by 5 yr following the most sub-
stantial increase in wellhead pressure.
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