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Key Points:
We constructed a 3D fully coupled geomechanical model to study the response of the Wilzetta Fault to saltwater disposal.●

Injection in either a semi-restricted zone or an infinitely open one caused fault instability in 2001 (10 years before the main events in
2011).

●

Continuous injection in a fully bounded zone caused pore pressure increase, and led to fault failure in 2011.●
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Abstract: From 2009 to 2017, parts of Central America experienced marked increase in the number of small to moderate-sized
earthquakes. For example, three significant earthquakes (~Mw 5) occurred near Prague, Oklahoma, in the U. S. in 2011. On 6 Nov 2011, an
Mw 5.7 earthquake occurred in Prague, central Oklahoma with a sequence of aftershocks. The seismic activity has been attributed to slip
on the Wilzetta fault system. This study provides a 3D fully coupled poroelastic analysis (using FLAC3D) of the Wilzetta fault system and
its response to saltwater injection in the underpressured subsurface layers, especially the Arbuckle group and the basement, to evaluate
the conditions that might have led to the increased seismicity. Given the data-limited nature of the problem, we have considered
multiple plausible scenarios, and use the available data to evaluate the hydromechanical response of the faults of interest in the study
area. Numerical simulations show that the injection of large volumes of fluid into the Arbuckle group tends to bring the part of the
Wilzetta faults in Arbuckle group and basement into near-critical conditions.
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1. Introduction
Induced seismicity is  associated with an injection (or production)
operation in the subsurface which perturbs the in-situ pore pres-
sure and total and effective stresses (Healy et al., 1968; Raleigh et
al., 1976; Hsieh and Bredehoeft, 1981; Pearson, 1981; Phillips et al.,
1997; McGarr et al.,  2002; Suckale, 2009; National Research Coun-
cil, 2013). Injection into subsurface formations is a common prac-
tice in many engineering applications such as enhanced oil recov-
ery (EOR), hydrocarbon and geothermal reservoir stimulation, dis-
posal  of  oil  and  gas  co-produced  water,  and  disposal  of  nuclear
wastes.  “Flow-back”  water  after  multistage  hydraulic  fracturing
operation  is  usually  reinjected  into  the  subsurface  formation
through  class  II  underground  injection  control  (UIC)  wells.  Saline
water co-produced with oil and gas is also injected through these
wells.  The  physical  process  of  induced  seismicity  in  relation  to
pore  pressure  increase  has  been  addressed  in  many  studies
(Cheng  AHD,  2016; Suckale,  2009).  Subsurface  injection  changes
both  the  pore  pressure  and the  total  stresses.  The  elevated pore
pressure due to the fluid diffusion causes reduction and increase
in  effective  and  total  stresses,  respectively.  As  such,  the  effect  of

injection  on  the  fault  stability  would  seem  obvious:  excess  pore
pressure  causes  decrease  of  the  normal  effective  stress  on  the
fault  plane,  and  facilitates  fault  reactivation  (Healy  et  al.,  1968;
Raleigh  et  al.,  1976; Hsieh  and  Bredehoeft,  1981).  However,  the
site-specific aspects  of  the  phenomenon  are  complex.  For  ex-
ample, it is challenging to determine the flow path of the injected
fluid volume,  the  specific  fault  segments  that  slip,  and  the  injec-
tion rates and volumes that may not lead to the occurrence of sig-
nificant events  in  a  given  setting.  These  questions  can  be  ad-
dressed by 3D geomechanical modeling that captures the salient
aspects of the geological conditions and geomechanics effects.

Small-  to  moderate-sized  earthquakes  in  the  central  and  eastern

United  States  were  historically  rare  until  2009.  Among  all  states,

Oklahoma has experienced the greatest increase in the number of

earthquakes.  The rate  of Mw >  4  earthquakes  has  increased from

one  per  decade  before  2009  to  24  in  2014  (Holland  et  al.,  2014;

Petersen  et  al.,  2017).  At  the  same  time,  the  volume  of  injection

has been increased significantly.  For  instance,  the monthly  injec-

tion  volume  in  the  state  increased  from  80  to  160  million

barrels/month,  primarily  performed  through  saltwater  disposal

wells (SWD).  Many  authors  have  suggested  that  these  earth-

quakes are related to increasing saltwater disposal produced dur-

ing  unconventional  oil  and  gas  production  (Horton,  2012; Kim,

2013; Keranen  et  al.,  2013, 2014; Frohlich  et  al.,  2011, 2014).  The
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Mw 5.7, 2011  event  in  Oklahoma  occurred  in  Prague,  central  Ok-
lahoma. It happened after many foreshocks and was followed by a
sequence of aftershocks (including a foreshock and an aftershock,
both Mw = 4.8, on 5 and 7 Nov 2011, respectively, Oklahoma Geo-
logical  Survey  (OGS)).  These  earthquakes  were  felt  in  at  least  17
states  (over  100  widely  scattered  ZIP  codes  at  distances  greater
than 1000 km) resulted in elevated increase of concerns about on-
going unconventional  oil  and gas  activities  (Keranen et  al.,  2013;
Hough, 2014). Since these events occurred in the vicinity of active
injection wells,  some  authors  have  proposed  that  they  were  in-
duced by injection of oil and gas co-produced wastewater (Keran-
en et al., 2013, 2014; Sumy et al., 2014; Sun XD and Hartzell, 2014).
Others  have  attributed  the  events  to  intra-plate  tectonics  (e.g.,
Keller and Holland, 2013). Analysis of such an important and com-
plicated  problem  requires  application  of  realistic  models  of  pore
pressure/stress alteration  and  fault  systems  interaction.  In  previ-
ous studies of seismicity in Oklahoma, the main focus has been on
the pore  pressure  effect  without  addressing  the  rock  mass  de-
formation. Moreover, some previous work has been limited to 2D
modeling (Deng K et al., 2020). In this work, we study the effect of
wastewater injection on the pore pressure and total in-situ stress
changes  within  the  Wilzetta  fault  zone  near  Prague,  Oklahoma.
Rock  mechanical  and  hydraulic  properties  of  different  layers  and
the fault system are used to construct the coupled fluid-mechan-
ical model to investigate multi-year injection scenarios.

As mentioned,  the  primary  process  for  injection-induced  earth-
quakes is increased pore pressures that decrease the effective nor-
mal stress on the fault and cause faults to slip under the ambient
stress state.  Nevertheless,  this  is  not  the  only  process  that  con-
trols the subsurface fault reactivation. Pore pressure changes also
lead to additional poroelastic stress which may contribute to fault
slip. The theory of poroelasticity and observations at injection tar-
get  (or  depleted hydrocarbon)  reservoirs  indicate that  the in-situ
stress field does not remain constant, and evolve during injection
(or depletion) in time and space (Biot, 1941; Rice and Cleary, 1976;
Segal,  1989; Lorenz  et  al.,  1991; Cheng,  2016).  The  controlling
parameters of the in-situ stress change are dependent on the site-
specific hydromechanical properties and structural geometry.

Fluid  injection  tends  to  expand  the  reservoir  rock,  whereas  the
neighboring  rocks  resist  expansion  in  the  horizontal  direction.
Therefore, injection  causes  induced  compressive  stress  in  the  in-
jection  site.  This  stress  decays  to  zero  and  then  becomes  tensile
due  to  strain  compatibility  requirements.  The  dilated  zone,  pulls
on the surrounding rock leading to the zone of horizontal exten-
sion in the neighboring rocks above and below the reservoir.

In  the  injection  target  reservoir  (and  in  general  where  the  pore
pressure  is  increased  due  to  the  injection),  the  induced  normal
traction on fault  increases due to the poroelastic effect,  resulting
in increased stability if the fault is within the poroelastic compres-
sion. Tensile stresses develop ahead of the compressional domain
which  can  be  destabilizing.  The  magnitude  of  the  poroelastic
stress  is  a  function  of  the  rock  poroelastic  properties.  The  stress
change is also transferred to the rocks above and below, affecting
fault  reactivation  in  those  zones.  Cooling  and  development  of
thermal  stress  may also  cause  fracture/fault  instability  (Ghassemi
and Tao QF, 2016). However, its potential effect on Oklahoma seis-

micity has not been analyzed.

To  evaluate  fault  reactivation  potential,  here  we  use  the  Mohr-
Coulomb  failure  criterion  and  define  a  failure  potential  as  CFS=
τs−μ(σn−Pp),  where μ is  the  coefficient  of  friction, Pp is  pore  fluid
pressure, and τs and σn are shear and total normal tractions acting
on  the  fault,  respectively.  The  sign  convention  is  compression
positive. A  positive  CFS  shows  fault  reactivation.  The  pore  pres-
sure  and  poroelastic  effects  are  considered  in  this  paper  using
fully coupled 3D modeling. First, we briefly describe the geologic-
al  model  and  numerical  approach.  Then  we  present  simulation
results  for  different  plausible  flow  scenarios  from  the  injection
well to the critical zones with observed seismicity. 

2.  Data and Methods 

2.1  The Wilzetta Fault Zone
Figure  1 shows  the  area  of  interest  in  the  Oklahoma  faults  map
(Oklahoma  Geological  Survey  (OGS), http://www.ou.edu/ogs/
data/fault,  the  blue  box),  location  of  the  injection  wells  (Ok-
lahoma  Corporation  Commission  (OCC), http://www.occeweb.
com/og/ogdatafiles2.htm), and seismic events between 2009 and
2011  in  the  area  of  interest  (OGS, http://www.ou.edu/ogs/re-
search/earthquakes/catalogs). The  area  of  interest  is  approxim-
ately  ~1200  square  kilometers  (approximately  ~34  km  ×  36  km)
and  is  located  in  the  northern  Pottawatomie  and  Seminole
counties,  northwestern  Hughes  county,  southwestern  Lincoln
county, western Okfuskee county (Figure 1a).

We  selected  this  area  based  on  the  location  of  five  high-volume
injection wells, two Stasta 1 and 2 wells (shown in red Figure 1b),
and  three  ~Mw 5  events  occurred  in  2011.  There  are  more  than
twenty  injection  wells  in  our  study  area  (Figure  1)  that  inject
wastewater  into  the  different  subsurface  targets  such  as  the
Woodford formation, Wilcox formation (Simpson group),  and the
Arbuckle group. The total  volume injected down the wells  in the
area of interest up to the end of Nov 2011 is more than 1.2 × 107 m3

(OCC)  among  which  five  wells  account  for  93%  of  this  injected
volume  (Table  1).  Wilzetta  located  in  the  northeast  of  the  three
major  events  (Figure  1)  supplies  32%  of  the  total  volume.
Mazkoori  has the minimum distance to the events,  and accounts
for 8% of the total injected volume. The other three high-volume
wells (Turner, Jesse, Howard) that account for much of the rest of
the  total  volume  (Table  1) have  distances  of  12  to  15  km  south-
east of the major events (Figure 1).  In this study, we assume that
the reported data by OGS and OCC, including the faults geometry
and  wells  location  and  injection  volume,  is  representative  of  the
in-situ  conditions.  Wells  data  (OCC, http://www.occeweb.com/
og/ogdatafiles2.htm) including years of operation (until 2011), the
volume of the injected fluid, and the target of injection for the five
high-volume injections and two Stasta wells are shown in Table 1.

The  stratigraphic  section  of  the  study  area  is  shown  in Figure  2
(Dycus, 2013). In the model, in addition to the Precambrian base-
ment where  most  seismic  events  occurred  (more  than  3  km  be-
low  the  surface; Keranen  et  al.,  2013), we  include  those  forma-
tions that experienced the most volume of injection. They include
the Arbuckle group and the Simpson group. We list the mechanic-
al  parameters  for  different  formations  in  the  model  in Table  2.  It
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should  be  noted  that  the  mentioned  thickness  of  the  layers  in

Table 2 represents the average values of the layers (OGS, personal

correspondence).

The  Precambrian  basement  is  overlain  by  the  Arbuckle  and  the

Simpson groups,  consecutively.  The  Arbuckle  group  predomin-

antly  consists  of  limestone  and  dolomite,  is  a  basal  sedimentary

stratum, and has been the main target for most Class II  UIC SWD

volumes in Oklahoma (Murray -and Holland, 2014). The geomech-
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Figure 1.   (a) Oklahoma fault map (Oklahoma Geological Survey (OGS), http://www.ou.edu/ogs/data/fault). The fault traces and the area of

interest are shown by red lines and the blue box, respectively. (b) Location of injection wells in the area of interest (Oklahoma Corporation

Commission (OCC), http://www.occeweb.com/og/ogdatafiles2.htm) (c) Earthquakes between 2009 and 2011 in the area of interest (OGS,

http://www.ou.edu/ogs/research/earthquakes/catalogs).

Table 1.   Years of operation (until Nov 2011), the total injected volume of fluid (×106 m3), and subsurface target formation for high-volume
injection wells and Stasta 1 and 2 wells (OCC, http://www.occeweb.com/og/ogdatafiles2.htm).

Well Years of Operation Fluid Volume (× 106 m3) Subsurface Formation

Wilzetta 1999−2011 3.89 Wilcox–Arbuckle

Mazkoori 2000−2004 1 Arbuckle

Turner 2004−2011 2.57 Wilcox–Arbuckle

Jesse 2003−2011 2.31 Arbuckle

Howard 2008−2011 1.44 Arbuckle

Stasta-1 1993−2011 0.05 Hunton

Stasta-2 2006−2011 0.05 Wilcox–Arbuckle
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Figure 2.   Stratigraphic section of the study area above the Precambrian basement (Dycus, 2013).

Table 2.   Rock mechanical and hydraulic properties used in the simulations. ((1) Yu, 2017; (2) Carell and Kellar, 2014; (3) Cappa, 2009; (4) Chester
et al., 1993; (5) Kolawole et al., 2019).

Lower Simpson Simpson Arbuckle Group Basement Fault damage zone

Vertical permeability (mD) 6.7×10−4 (2) 6.7×10−4 (2) 5–25(1,2) 6.7×10−4(1,2) 10–50 (3)

Horizontal permeability (mD) 6.7×10−4 (2) 6.7×10−4 (2) 10–50 (1,2) 6.7×10−4 (1,2) 10–50 (3)

Porosity, ϕ 0.13(2) 0.13(2) 0.1(1,2) 0.01(2) 0.1(3)

Young’s modulus E (GPa) 45(4) 45(4) 76(1) 80(1) 25(3)

Poisson ratio, ν 0.14(4) 0.14(4) 0.27(1) 0.3(1) 0.25(3)

Friction angle, φ (°) 31(4) 31(4) 30(1) 35.5(1,5) 25(3)

Thickness (m) 160 200 750 4000
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anical  properties  of  the Arbuckle  group of  rocks  can be found in
Yu WQ and Ghassemi (2017) and Yu WQ (2017). An extensive joint
system  formed  by  the  basement  tectonics  (Walters,  1958; Carell
and  Kellar,  2014) makes  the  Arbuckle  group  porous  and  per-
meable enough to easily  accept  the injection of  wastewater  (un-
der  the  hydrostatic  head).  However,  the  injected  water  does  not
appear to  remain  within  Arbuckle  and  finds  its  way  into  base-
ment rocks via natural fractures. The pressurization and stress re-
distribution  within  the  basement  can  lead  to  fault  reactivation
and increased seismicity. The Simpson Group is made up of sands,
carbonates, and shales. It has been a great producer of oil and gas
in Oklahoma (Statler,  1965).  The lower  section of  Simpson group
overlies the Arbuckle group and is characterized by a thick shaley
zone.  This  shaley  layer  seals  the  Arbuckle  group from the top.  In
this study, we refer to this zone as the lower Simpson.

Previous reports state that, the Arbuckle group is underpressured,
and  has  a  hydrostatic  pressure  of  ~9  MPa/km  (Carell  and  Kellar,
2014; Nelson et al., 2015). Available data (Dart, 1990) shows a wide
range  for  the  direction  of  the  maximum  principal  stress  (SH,max).
For  example, Von  Schönfeldt  (1973) and Hooker  and  Johnson
(1969) reported N65°E and N94°E for the SH,max azimuth using hy-
draulic  fracturing  and  overcoring  methods,  respectively.  Alt  and
Zoback’s  (2017)  more  recent  data  indicate  a SH,max azimuth  of
N85°(±5°)E. In this study, we assume the orientation of the maxim-
um principal stress as N83°E, which is in the range of all available
data  (Alt  and  Zoback,  2014).  The  gradients  of  the  maximum  and
minimum horizontal stresses, and overburden gradients are

∂SH,max

∂z
= 30

MPa
km

,
∂Sh,min

∂z
= 15

MPa
km

,
∂Svertical

∂z
= 25

MPa
km

,

respectively  ( Hair,  2012).  We consider  only  the  five  high-volume
wells (Table 1) in our model.  All  of these wells are located on the
eastern  side  of  the  Wilzetta  fault  zone  (Figure  1b).  Wilzetta,
Mazkoori, and Stasta wells are within a distance of less than 500 m
to the Wilzetta fault.  In contrast,  Turner,  Jesse,  and Howard wells
are farther  (more  than  5  km).  Therefore,  the  former  wells  poten-
tially have more effect on the Wilzetta fault. In the OCC database,
some reported monthly wellhead pressures do not have a consist-
ent trend. At times the wellhead pressure is reported as zero, and
then increases again. It is unclear if this has a physical reason (for
example, propagation  of  a  fracture  from  the  well)  or  just  a  miss-
ing data point.  In these situations,  we assume the pressure to be
equal to the reading of the closest previous months.

The subsurface permeability  distribution is  an essential  aspect  of
the problem, particularly in the fault zones. In the absence of hy-
dromechanical properties of the Wilzetta fault zone and different
subsurface formations,  we consider  different  possible  fault  archi-
tectures. In many geological settings, fault zones are described as
meters-to-kilometers thick zones which have a complex architec-
ture,  and consist  of  (1)  one or  numerous  core  zones  where  most
displacements take place, and (2) a fractured damage zone with a
width of  less  than 1  m to several  hundred meters  (Chester  et  al.,
1993; Caine et al., 1996).

The fault  core  may  include  different  structures  such  as  slip  sur-
faces, gouge,  breccias,  cataclasites,  clay  smears,  and  geochemic-
ally altered rock bodies (Chester and Logan, 1986; Antonellini and

Aydin  1994).  The  damage  zone  surrounded  by  the  host  rock  is

formed by the growth of the fault zone and may consist of subsi-

diary  faults,  veins,  joints,  stylolites,  cleavage,  and  folds  (Caine  et

al.,  1996).  Typically,  these  fault  components  and  the  host  rock

show  obvious  differences  in  hydromechanical  properties.  Fault

zone architecture  and  its  component  dimensions  are  highly  de-

pendent on  the  type  and  initial  condition  of  the  rocks.  For  ex-

ample, the  low  and  high-porosity  layers  show  two  types  of  de-

formation which  result  in  different  variations  of  the  porosity  to-

ward the fault  core.  In  high-porosity  layers,  grains  can move and

slide more freely, leading to the accommodation of the deforma-

tion at the grain scale and a decrease in porosity toward the fault

core. In contrast,  in less porous layers,  well-cemented grains, and

the rocks  are  more  brittle,  so  the  deformation  includes  the  in-

crease of fracture porosity (Rinaldi et al., 2014). In this study, both

possible  fault  zone  architectures  are  considered:  (1)  a  fault  zone

(having  a  core  zone  and  a  fractured  damage  zone),  and  (2)  a

simple plane  wherein  displacements  occurred  (without  any  hy-

dromechanical properties difference between the fault zones and

the host rock).

Additionally, there are no observation points to measure the pore

pressure changes in the area of interest. Instead, we use the avail-

able wellhead pressure (plus the hydrostatic column) to estimate

the target layer pressure. This pressure is not always representat-

ive  of  the  reservoir  pressure.  However,  as  mentioned  before,  at

the time of  injection operation,  it  is  reasonable to consider  near-

wellbore  pressure  to  be  equal  to  the  wellhead  pressure  plus  the

hydrostatic column in the well. Therefore, in this article, the pres-

sure  buildup  calculated  by  the  numerical  model  may  not  reflect

what exactly happened during the injection operation in reality. 

2.2  Numerical Model
We  conducted  with  the  FLAC3D  software  (Itasca  Consulting

Group  Inc,  2012)  considering  both  fluid  flow  and  coupled  stress

calculations. The poromechanical equations are as follows (for an

isothermal process) (Cheng , 2016).

Fluid Transport (Darcy Law)

qqqF = −k∇ (Pp − ρf ggg ⋅ xxx) , (1)

where k is the fluid mobility coefficient (k = κ/μf, where κ is the in-

trinsic permeability, and μf is the fluid dynamic viscosity, and ρf is

fluid density).

Fluid Mass Balance

∂Pp

∂t
= −M [∇ ⋅ qqqF + α

∂ (εv)
∂t

] , (2)

where Pp is  fluid pressure, M is  the Biot’s  modulus, εv is the volu-

metric strain.

The mechanical constitutive relations for elastic material are:

∂σ ij

∂t
+ α

∂Pf

∂t
δij = 2G (∂εij

∂t
) + (K − 2G

3
) (∂εkk

∂t
) δij, (3)

where σij and εij are  total  stresses  and strains, α is  Biot’s  effective

stress  coefficient, K and G are  bulk  and  shear  modulus,  and δij is

Kronecker delta.
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Simulation Set-up

In building the simulations, we consider the real topography and
the spatial geometry of the faults, and incorporate them in the de-
termination  of  the  initial  state.  The  rock  layers  are  assigned  the
Mohr-Coulomb  plasticity  constitutive  model.  There  are  generally
three  approaches  to  simulate  fault  hydromechanical  behavior:
(1) zero-thickness  mechanical  interfaces,  (2)  an  equivalent  con-
tinuum representation  using  solid  elements,  and  (3)  a  combina-
tion  of  solid  elements,  and  ubiquitous-joints  oriented  as  weak
planes  (Rutqvist  et  al.,  2002; Cappa,  2009; Gan  Q  and  Elsworth,
2014; Gao Q and Ghassemi,  2020).  In this study, we use the zero-
thickness mechanical interface to model the fault behavior. Inter-
face  elements  are  attached  to  an  element  surface.  We  calculate
absolute  normal  penetration  and  the  relative  shear  velocity  at
each  time  step  for  each  interface  node  and  its  contacting  target
face.  Then,  by  applying  the  interface  constitutive  model  (Cou-
lomb shear-strength criterion),  these values are used to calculate
normal  and  shear-force  vectors.  We  assume  the  fault  core  as  a
plane  across  which  fluid  may  flow  in  the  normal  direction  (1D
flow).

We construct a simulation domain that is large enough to encom-
pass  all  the  injection  wells  in  our  study  area.  To  prevent  any
boundary  effect,  we  calculate  the  diffusivity  and  accordingly  set
the dimensions of  the domain.  Using the injection time (tinj =  12
years and 9 months) and other parameters from Table 1, the min-

imum  distance  from  each  well  to  the  domain  boundary  can  be
calculated. For example, it is calculated in cases 1 and 2 of scenari-
os 1 to 3 as:

L =
√
ctinj =

√
0.27 × 4.1 × 108 = 10457 m ≈ 10.5 km,

c = k
S

where c is the “diffusivity” (Cheng AHD, 2016),  with

S = 1
M

+
α2

K +
4G
3

≈
ϕ
Kf

+
1

K +
4G
3

, (4)

where M, Kf , ϕ,  S are Biot’s modulus, fluid bulk modulus, porosity,
elastic  storage,  respectively.  In  Equation  (4),  we  assume  that  the
grain compressibility is negligible (α =1).

The domain is more than 33.6 km in the east–west, and 36.6 km in
the north–south directions,  and includes the Simpson group, the
Arbuckle group, and the Precambrian basement. The thickness of
our model is 4.7 km, and the top and the bottom of the model are
located at depths of 0.8 km and 5.5 km. We define faults extend-
ing up  from  the  basement  at  depth  of  ~5  km  through  the  Ar-
buckle  group  (OGS; Keranen  et  al.,  2013; Kolawole  et  al.,  2019,
2020). Figure  3 shows the  dimension  of  the  domain,  the  geo-
metry of the faults, and the location of seven injection wells inser-
ted into the model.

The change of  pore pressure and the induced stresses  are  calcu-
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Figure 3.   (a) The 3D view of the model and the location of the faults; (b) The sketch of interface elements representative of faults; (c) The plan of

the domain and location of the faults and injection wells. Since most events (especially ~Mw = 5 events, Figure 1) were located on the splay

branch of the Wilzetta fault (shown by the dashed white line) and the Meeker Prague fault, we pay special attention to this region.
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lated  in  our  model.  Wilzetta,  Turner,  and  Stasta-2  wells  inject

wastewater into both the Wilcox and Arbuckle groups. In contrast,

the other wells inject only into the Arbuckle group (Table 1).  The

only well that injects directly into the Hunton layer is Stasta-1 well.

The  Hunton  group  contains  oil  in  compartments  near  the  Stasta

wells  (Way,  1983),  suggesting  entrapment  of  hydrocarbons  (pre-

venting fluid migration to other layers).  Although these reservoir

compartments in  the  Hunton  group  suggest  no  hydraulic  com-

munication between  the  isolated  compartments  and  the  sur-

rounding rocks (both within the Hunton group and adjacent lay-

ers), some  authors  have  proposed  there  may  be  hydraulic  com-

munication  between  the  Arbuckle  group  and  the  Precambrian

basement (Keranen et al.,  2013).  In the absence of concrete data,

we assume that the Hunton group is isolated, and does not have

any  hydraulic  communication  with  other  layers.  It  should  be

noted  that  the  Oklahoma  Corporation  Commission  (OCC,

http://www.occeweb.com/og/ogdatafiles2.htm)  reports  the

monthly injection volume and the wellhead pressure of  all  wells.

The values of wellhead pressure are reported constant during the

month and reflect values of pressure only during pumping. Reser-

voir  pressure  near  the  wellbore  is  set  equal  to  this  value  during

the  pumping  and  dissipates  after  injection  stops.  Over  many

cycles, the pressure near the wellbore spikes and drops, and after

a while, the wellhead pressure would normally increase unless the

fluid  readily  finds  open/low-pressure  zones.  Due  to  lack  of  data,

we apply a continuous injection in our simulations. Therefore, we

do  not  capture  the  detailed  potential  pore  pressure  fluctuating

near the wellbore. Instead, we observe a constant increase of pore

pressure, which  is  dependent  on  the  injection  rate  and  trans-

missivity of the target layer.

Additionally, there are no observation points to measure the pore

pressure changes in the area of interest. Instead, we use the avail-

able wellhead pressure (plus the hydrostatic column) to estimate

the target layer pressure. This pressure is not always representat-

ive  of  the  reservoir  pressure.  However,  as  mentioned  before,  at

the time of  injection operation,  it  is  reasonable to consider  near-

wellbore  pressure  to  be  equal  to  the  wellhead  pressure  plus  the

hydrostatic column in the well. Therefore, in this article, the pres-

sure  buildup  calculated  by  the  numerical  model  may  not  reflect

what exactly happened during the injection operation in reality.

Using the well data (the total injection volume, perforation depth,

and  injection  target  layers)  and  transmissivity  of  each  layer,  the

volume of  injection  into  each  layer  can  be  specified.  The  trans-

missivity  (T) for  horizontal  flow  in  a  layer  with  a  saturated  thick-

ness h, and horizontal hydraulic conductivity Kh is

T = Khh.     (5)

Therefore,  if  a  total  rate  of qt (the total  volume  divided  by  injec-

tion time)  is  injected into n different  layers,  the  rate  into  the i-th

layer is obtained by (continuity, Bear, 2013):

qi =
Kihi

∑n
i=1 Kihi

qt.     (6)

Knowing the  monthly  total  injection  volume,  and  using  perfora-

tion intervals  for  each well  (OCC), and also assuming that  the in-

jection  operation  was  performed  continuously,  we  obtain  the

monthly volume of injection for each group. For example, the in-

jection volume rate of each group by Wilzetta well,  which injects

into the Arbuckle  and the Simpson groups,  can be calculated by

the following equation

qArbuckle =
KArbucklehArbuckle

KWilcoxhWilcox + KArbucklehArbuckle
qt, (7)

where qt is the total injection rate.

Due to  the  limited  information  on  the  geomechanical  and  hy-

draulic  properties  of  the  area,  we make several  assumptions  and

consider different hydraulic relationships between the geological

layers  and  fault  zone.  We  define  three  major  scenarios  (Table  3)

that are  subdivided  into  cases.  In  each  case,  we  make  some  as-

sumptions  and  study  the  effect  of  injection  on  Wilzetta  and

Table 3.   Different scenarios and cases in the model.

Scenario 1: No hydraulic communication between geological layers.

Case 1: Faults are impermeable, KSimpson = 1 mD, KArbuckle = 10 mD
Case 2: Faults are permeable, KSimpson = 1 mD, KArbuckle = 10 mD
Case 3: Faults are impermeable, KSimpson = 1 mD, KArbuckle = 100 mD
Case 4: Faults are permeable, KSimpson = 1 mD, KArbuckle = 100 mD

Scenario 2: Hydraulic communication between geological layers by the fault damage zone.

Case 1: Faults are impermeable, KSimpson = 1 mD, Kfault = 10 mD, KArbuckle = 10 mD
Case 2: Faults are permeable, KSimpson = 1 mD, Kfault = 10 mD, KArbuckle = 10 mD
Case 3: Faults are impermeable, kSimpson = 1 mD, Kfault = 100 mD, KArbuckle = 10 mD
Case 4: Faults are permeable, KSimpson = 1 mD, Kfault = 100 mD, KArbuckle = 10 mD
Case 5: Faults are impermeable, hydraulic communication between geological layers by the fault damage zone, and there is a permeability
anisotropy (vertical to horizontal direction ratio of 0.5). Kh,Simpson = 1 mD, Kfault = 10 mD, Kh,Arbuckle = 10 mD
Case 6: Faults are impermeable, hydraulic communication between geological layers by the fault damage zone exists only on a portion and
some splay branches of the Wilzetta fault (constrained by the white dashed line in Figure 5a), KSimpson = 1 mD, Kfault = 10 mD, KArbuckle = 10 mD
Case 7: Faults are impermeable, hydraulic communication between geological layers by the fault damage zone exists only on a splay branch of
the Wilzetta fault (constrained by the white dashed line in Figure 5b), KSimpson = 1 mD, Kfault = 10 mD, KArbuckle = 10 mD

Scenario 3: There is only a damage zone around a part of the Wilzetta fault, and there is a bounded volume in the Arbuckle group into which
Wilzetta and Mazkoori wells inject.

Faults are impermeable, KSimpson = 1 mD, Kfault = 10 mD, KArbuckle = 10 mD
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Meeker  Prague  faults.  For  each  scenario,  we  defined  different

cases where we assigned different properties, such as the hydraul-

ic properties of fault zones.

In  the  first  scenario,  we  assume  no  hydraulic  communication

between different geological units and groups (Figure 4a). For ex-

ample, we assume that the Arbuckle group is sealed, and there is

no hydraulic  connection  with  the  Simpson  group  and  the  base-

ment  from  the  top  and  the  bottom,  respectively.  Both  lower

Simpson and the basement have very low matrix permeability. In

this scenario,  the possibility of fluid flow through fractures in the

basement is  neglected.  Therefore,  the  entire  injected  water  dif-

fuses into the target layer, and does not escape to the upper and

lower adjacent layers. In the second scenario (Figure 4b), we con-

sider the  possibility  of  hydraulic  communication  between  differ-

Fault plane

Fault damage zone

The Simpson group

The Arbuckle group

Basement

(a)

(b) (c)

 
Figure 4.   Schematic for (a) scenario 1: there is no communication between the Arbuckle group and the basement, and fluid diffuses into the

Arbuckle group in semi-restricted and infinitely open volume in cases with impermeable and permeable, respectively; (b) scenario 2: fluid

penetrates the deeper depths through the damage zone; (c) scenario 3: there is only a damage zone around a part of the Wilzetta fault, and there

is a bounded volume in Arbuckle group in which wastewater accumulated resulting in pore pressure elevation.
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Figure 5.   The damage zone exists only in a portion and some splay branches of the Wilzetta Fault in (a) case 6 and (b) case 7 of scenario 2. The

white dashed line shows the portion and splay branches of the Wilzetta faults for which the damage zone is defined in the model. Green dots

show the locations of high-volume injection wells.
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ent  geological  layers.  More  specifically,  this  communication  is

through  the  fractures  around  the  fault  plane  (i.e.,  the  damage

zone) through  which  fluid  penetrates  the  deep  crystalline  base-

ment.  Since  most  events  (especially  the  foreshock  with Mw 4.8,

Figure  1)  were  located  on  the  Wilzetta  fault  shown  by  the  white

dashed  line  in Figure  3,  we  pay  special  attention  to  this  area.  In

scenario  3,  we  assume  that  the  damage  zone  is  located  only

around  the  Wilzetta  fault  (shown  by  the  white  dashed  line  in

Figure 3c), and there is a bounded volume in the Arbuckle group

into which Wilzetta and Mazkoori wells inject. Note that we make

this  assumption because there used to be an oil  field in the area

(Keranen  et  al.,  2013; OCC; http://www.ogs.ou.edu/fossilfuels/

MAPS/GM-36.pdf). 

3.  Simulation Results 

3.1  Scenario 1 — Cases 1 and 2: Impermeable and

Permeable Faults with Low Arbuckle Permeability
Using  Equation  (7),  for  cases  1  and  2  of  this  scenario  more  than

99%  of  the  total  injection  volume  goes  into  the  Arbuckle  group.

Figure 6 shows the change in pore pressure of the Arbuckle group

(at a  depth  of  1600  m,  i.e.,  almost  the  middle  depth  of  the  Ar-

buckle group) in Nov 2011 (after 12 years and 10 months of injec-

tion and at the time of main foreshocks) after injection of 11.2 mil-

lion m3 of wastewater in six wells for cases 1 and 2, respectively. In

both cases 1 and 2,  the injection induces the maximum pressure

change of ~0.8–0.9 MPa near the Howard well. In case 1, there is a

maximum pore pressure increase of 0.9 MPa around the Wilzetta

well,  and  an  increase  of  0.3–0.6  MPa  over  a  relatively  large  area

(7  km × 17  km)  between the  northern  and southern  wells  in  the

Arbuckle group at a depth of 1600 m. Due to the cross-fault flow

in case 2, the pore pressure is affected over a larger area, and the

overall  values  of  the  excess  pore  pressure  (the  average  of  0.2–

0.3 MPa) are less than those of case 1.  The pore pressure change

on the splay branch of the Wilzetta fault plane (W–w) in Nov 2011

(after  12  years  of  injection)  for  cases  1  and  2  of  scenario  1  are

shown in Figures  6c and d,  respectively.  The maximum values  of

the pressure elevation on the fault plane are 0.63 and 0.33 MPa in

cases 1 and 2,  respectively.  This is  because,  in case 1,  we assume

that  faults  are  impermeable,  which  prevents  fluid  flow  into  the
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Figure 6.   Scenario 1: The change of pore pressure (MPa) in Arbuckle group at a depth of 1600 m in Nov 2011 (after 12 years and 10 months of

injection) for (a) case 1, and (b) case 2. The pore pressure change on the splay branch of the Wilzetta fault plane along the W–w for (c) case 1 and

(d) case 2. The Arbuckle group's top and lower boundaries are shown by the red solid and dashed lines, respectively. The white dashed line is the

vertical line on the fault plane that has the shortest distance to the Mazkoori well.
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target layers, and consequently a higher pore pressure buildup. In
this scenario, since there is no fluid path (e.g., fault damage zone)
between the target layers and the basement, the fluid only penet-
rates  the  basement  to  a  depth  of  3.4  km,  and  therefore  without

changing the pore pressure in the location of the main events.

Figure 7a and b compare the injection-induced pore pressures at

the  end  of  2001,  2005,  and  2010  at  depth  of  1600  m  for  cases  1
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Figure 7.   Scenario 1: The pore pressure change (MPa) in the Arbuckle group at depth of a 1600 m at the end of 2001 (left), 2005 (middle), and

2010 (right) for a) case 1 and b) case 2. The pore pressure change (MPa) on the splay branch of the Wilzetta fault plane along the cross-section

W–w at the end of 2001 (left), 2005 (middle), and 2010 (right) for c) case 1 and d) case 2. The Arbuckle group's top and lower boundaries are

shown by the red solid and dashed lines, respectively. The white dashed line is the vertical line on the fault plane that has the shortest distance to

the Mazkoori well.
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and 2 of  scenario 1,  respectively.  Notice that the pattern and the
values of the pressure elevation are not constant during the years
of  injection  due  to  the  variation  of  the  well's  operational  times
and  different  injection  volumes.  For  example,  the  Mazkoori  well
started injection in 2000 and ended in 2004. Since the Mazkoori is
the  shortest  distance  from  the  Wilzzeta  fault,  it  is  expected  to
have the greatest effect on the pore pressure of the Wilzetta fault
plane along the section W–w. Figure 7c and d show the change of
pore  pressure  on  the  splay  branch  of  the  Wilzetta  fault  plane
along the section W–w in 2001, 2005, and 2010 for cases 1 and 2,
respectively.  As  expected,  in  case  1,  the  operation  of  Mazkoori
well and the impermeable nature of the faults can cause the max-
imum pressure buildup of 2 MPa along the W–w fault plane, while
in case 2, permeable faults result in lower pressure of 1 MPa. After
2005,  when  injection  into  the  Mazkoori  well  ended,  the  induced
pore pressure on the section W–w (Figure 7) is reduced, and after
a  couple  of  months  remains  at  an  almost  constant  value  of
0.3 MPa until the end of the simulation (Nov 2011).

As  mentioned  before,  the  injection  causes  a  change  of  total
stresses. For example, Figure 8 shows the change of the total hori-
zontal stress components σxx and σyy caused by injection in scen-
ario 1 after 12 years and 10 months of injection (in Nov 2011), re-
spectively. Notice that, based on the pore pressure and poroelast-

ic properties,  the  induced  total  Δσxx and Δσyy are  0.45  MPa  and
0.38  MPa  in  cases  1  and  2,  respectively.  To  study  the  stability  of
faults, different  values  of  coefficient  of  friction  in  the  range  pro-
posed by Byerlee (1978; under high normal stress, the range is 0.6
to 1 corresponding to a  friction angle of  31°  to 45°)  are assigned
for the faults in the model to study if the induced changes in pore
pressure and total stresses are enough to cause slip on faults.

Figure  9 shows  the  different  values  of  the  shear  stress  and  the
shear strength (CFS) of the three points at depths of 1600 m, 2050 m,
and 4500 m corresponding to the middle of  the Arbuckle group,
the shallow basement, and the deep basement along the vertical
dashed white  line (Figure 6 and Figure 7;  the vertical  line on the
fault plane that has the shortest distance to the Mazkoori well) on
the  splay  branch  of  the  Wilzetta  fault  plane  along  the  cross-sec-
tion  W–w  (Figure  7)  during  the  history  of  injection  (for  case  1  of
scenario 1). We find that the variation trend of CFS is similar for all
three points at different depths. Figure 9a reveals that for µ = 0.66,
the  CFS  at  depth  of  1600  m  becomes  positive  (fault  failure)  in
2001.  For  a  friction  coefficient  of  0.75,  the  CFS  remains  negative
(the fault  remains stable) during the simulation. It  increases from
the start of the injection operation during the history of injection,
and reaches to its maximum in 2001, then decreases till 2005 after
which it remains constant. This trend of CFS is mostly affected by
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Figure 8.   Scenario 1: Change in the horizontal total stresses (Δσxx and Δσyy) (MPa) of the Arbuckle group at a depth of 1600 m in Nov 2011 (after

12 years and 10 months of injection) for (a) case 1 and (b) case 2 induced by injection. Δσxx (east–west) and Δσyy (north–south) are shown in the

left and right figures, respectively.
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the  operation  of  the  Mazkoori  well,  which  has  the  maximum

volume of injection in 2001 and stopped operation at the end of

2004.  Since  there  is  no fluid  penetration into  the  deeper  depths,

CFS remains almost constant at  a depth of  4500 m (Figure 9), in-

dicating that no fault reactivation is expected at deeper depth in

this case.

Figure 10 depicts the change of components of CFS for both 2001

and 2011 (µ = 0.75). The total normal stress increases in the reser-

voir and  the  part  of  the  basement  where  fluid  diffuses.  A  reduc-

tion  in  the  total  normal  stress  can  be  observed  at  the  deeper

depth  in  the  basement  with  no  fluid  diffusion.  The  shear  stress

does not change considerably on the fault plane, and remains al-

most constant.  It  is  evident  that  the  poroelastic  stress  contribu-

tion  to  the  CFS  is  not  enough  to  cause  instability  on  the  fault  at

deeper locations, and the change in pore pressure (ΔPp) is domin-

ant  at  shallower  depths.  For  a  value  of  friction  coefficient  of µ =
0.66,  CFS becomes positive in 2001 at  a depth of  1600 m (Figure
9),  indicating  that  fault  at  the  shallower  depths  becomes  active
before deeper depths. It also shows that due to Mazkoori well op-
eration and its volume of injection, the most critical  year is  2001.
Figure 11 and Figure 12 present the CFS and change of CFS com-
ponents  for  case 2 of  scenario 1,  respectively  (µ = 0.75).  As  men-
tioned before,  the excess pore pressure is  less  than in case 1 be-
cause the cross-fault flow is allowed in case 2. The general trends
of the pore pressure, normal stress, and shear stress variations are
similar to case 1, but with less tendency for fault reactivation. For
example, Figure  11 shows  that  the  fault  becomes  unstable  for  a
coefficient of  friction of  0.63 in 2001 at  a depth of  1600 m, while
this value is 0.66 for case 1 (Figure 9). Since no events happened in
2001  in  reality,  we  conclude  that  the  assigned  properties  of  the
fault  and layers need to be modified.  Another possible condition
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Figure 9.   Scenario 1, case 1: Variation of CFS (MPa) at three points located on the fault plane along the dashed line on the splay branch of the

Wilzetta fault plane along the cross-section W–w (Figure 7) during simulation for (a) µ = 0.66 and (b) µ = 0.75. For the value of µ = 0.66, CFS

becomes positive (fault failure) at depth of 1600 m. The fault remains stable during injection for µ = 0.75.
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Figure 10.   Scenario 1, case 1: Depth profiles of change of CFS (MPa), pore pressure (MPa), total normal stress (MPa), and shear stress (MPa)

(upper figure), and profile of change of poroelastic stress (MPa) and pore pressure (MPa) components of ΔCFS (lower figure) along the dashed line

on the splay branch of the Wilzetta fault plane along the cross-section W–w (Figure 7) in (a) Dec 2001 and (b) Nov 2011. Solid red lines are the

fault boundaries. The red dashed line shows the lower boundary of the reservoir (µ = 0.75).
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is  that  the  mechanical  and  failure  properties  of  rocks  changed

during the  injection  operation  which  is  not  captured  in  the  nu-

merical  simulations.  Note  that  we  assumed  a  uniform  coefficient

of friction along the fault. 

3.2  Scenario 1 — Cases 3 and 4: Impermeable and

Permeable Faults with High Arbuckle Permeability
According to Equation (7) and considering the permeability of the

Arbuckle  group  as  100  mD,  more  than  99.9%  of  saltwater  enters

into  the  Arbuckle  group.  Our  results  show  that  the  pressure

buildup in  both  cases  3  and  4  is  not  high  enough  to  induce  in-

stability on the Wilzetta fault. Figure 13 shows the pressure eleva-

tion  at  the  end  of  2011  at  a  depth  of  1600  m  in  the  Arbuckle

group for cases 3 and 4. In both cases, the injected water diffuses

into  the  Arbuckle  group  easily.  Therefore,  the  pressure  buildup

needed to  reactivate  the  faults  is  not  reached.  These  cases  sug-
gest there is an upper bound for the permeability of the Arbuckle
group above which the injected volume (reported by OCC) flows
easily  in  the  layer  without  significant  excess  pressure  build-up,
and, in turn, without induced seismicity. 

3.3  Scenario 2: Hydraulic Communication Between

Geological Layers via Fault Damage Zones, Low and

High Arbuckle Permeability
In this  scenario,  it  is  assumed  that  there  is  a  damage  zone  adja-
cent to the faults through which the injected fluid penetrates the
deeper  depths  where  most  seismic  events  were  located.  We
define different cases in the absence of mechanical  and hydrolo-
gical  data  for  the  area  (Table  3). In  cases  1  through  4,  both  per-
meable  and  impermeable  faults  with  different  Arbuckle  group
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Figure 11.   Scenario 1, case 2: Variation of CFS (MPa) at three points located on the fault plane along the dashed line on the splay branch of

Wilzetta fault plane along the cross-section W–w (Figure 7) during simulation for (a) µ = 0.63 and (b) µ = 0.75. For the value of µ = 0.63, CFS

becomes positive (fault failure) at depth of 1600 m. Due to permeable faults, there is less pressure buildup in this case than in case 1, and

therefore the fault fails at the lower coefficient of friction of 0.63. The fault remains stable during injection for µ = 0.75.
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Figure 12.   Scenario 1, case 2: Depth profiles of change of CFS (MPa), pore pressure (MPa), total normal stress (MPa), and shear stress (MPa)

(upper figure), and profile of change of poroelastic stress (MPa) and pore pressure (MPa) components of ΔCFS (lower figure) along the dashed line

on the splay branch of Wilzetta fault plane along the cross-section W–w (Figure 7) in (a) Dec 2001 and (b) Nov 2011. Solid red lines are the fault

boundaries. The red dashed line shows the lower boundary of the reservoir (µ = 0.75).
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permeabilities of 10 mD and 100 mD are studied. In case 5, we in-
clude the permeability anisotropy of the geological layers and the
fault zone. We assume that there is an anisotropy with the ratio of
vertical  to  horizontal  permeability  of  0.5,  and  study  the  effect  of
anisotropy  on  pore  pressure  distribution.  In  cases  6  and  7,  we
evaluate  the  possibility  of  the  presence  of  the  damage  zone  in
only a portion and some splay branches of the Wilzetta zone (not
the whole fault zone in cases 1 to 4).

Figure 14 shows the seismic  events  from 2000 to 2011.  It  can be
seen that between 2000 and 2009, there is no event in the area of
interest.  In  2010  and  2011,  there  are  many  events  near  the
Wilzetta and the Meeker Prague faults intersection. After the main
event  (Mw 5.7  on  Nov  6,  2011),  the  events  transferred  to  the
south–west direction and occurred mainly on the Meeker Prague
fault.  This  observation  suggests  a  plausible  scenario  where  the
damage  zone  exists  only  in  a  portion  of  the  Wilzetta  zone  and
some  splay  branches.  During  the  years  of  injection,  the  induced
pore pressure eventually triggers seismic events in both Arbuckle
and the basement. Based on this scenario, we define cases 6 and 7
as shown in Figure 5. In case 6, the damage zone is assumed only
on the portion and some splay branches of  the Arbuckle fault  as

shown by the white dashed line in Figure 5a. In case 7,  the dam-
age zone is defined only on the splay branch of the Wilzetta fault
zone that hosted the foreshocks (Figure 5b). In cases 6 and 7, the
effect of the existence of the damage zone only around a portion
of  Wilzetta  fault  on  the  pore  pressure  elevation  and  subsequent
stress disturbance is studied. Our results indicate that the general
responses  are  similar  in  different  cases  of  scenario  2,  although
there are quantitative differences. Therefore, here we only present
the results of case 7 in which the highest excess pore pressure is
observed.

Figure  15 and Figure  16 show  the  pore  pressure  change  at  the
end of  2001,  2005,  2010,  and Nov 2011 in  the Arbuckle  group at
depth  of  1600  m  and  on  the  splay  branch  of  the  Wilzetta  fault
plane along  the  cross-section  W–w  for  case  7  in  scenario  2,  re-
spectively.  We show that injection induces a pore pressure up to
0.9 MPa in the area between northern and southern wells in both
cases  in  Nov  2011  (Figure  15d). The  maximum  pore  pressure  in-
crease  of  the  splay  branch  of  the  Wilzetta  fault  plane  along  the
cross-section W–w is 0.63 MPa after 12 years and 10 months of in-
jection (Figure 16d). In this scenario, in contrast to scenario 1, the
injected  fluid  diffuses  into  the  deeper  depths  through  the  fault
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Figure 13.   Scenario 1: The change of pore pressure (MPa) in the Arbuckle group at depth of 1600 m in Nov 2011 (after 12 years and 10 months of

injection) for (a) case 3, and (b) case 4.
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Figure 14.   Earthquakes (a) between 2000 and 2010, (b) in 2011before the mainshock (Mw 5.7), and (c) in 2011 after the mainshock (Mw 5.7) (OGS,

http://www.ou.edu/ogs/research/earthquakes/catalogs).
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damage zone. This causes more pressure buildup in the fault zone
around the basement, and less pressure elevation in the Arbuckle
group (Figure 16). The general pattern of pore pressure change of
the Arbuckle group is the same as scenario 1, but with lower val-
ues. This is because the fluid may flow through the fault damage
zone. In 2001, the pore pressure of the Wilzetta fault plane along
the  cross-section  W–w  has  the  highest  elevation  of  1.7  MPa  at
depth of 1150–1600 m. Similar to scenario 1, the operation of the
Mazkoori  well  during  2000  and  2004  leads  to  the  formation  of  a
high-pressure zone on the splay branch of the Wilzetta fault plane
along the cross-section W–w (Figure 16).  This high-pressure zone
vanishes  gradually  after  Mazkoori  well  stops  operation  in  2004,
and  fluid  diffuses  into  the  whole  fault  damage  zone.  Eventually,
the operation of the other injection wells keeps the pore pressure
increase  of  the  Wilzetta  fault  plane  along  the  cross-section  W–w
to almost a constant value of 0.6 MPa. Note that that in contrast to
scenario 1,  the injected fluid penetrates  deeper  where the hypo-
centers of the main and most foreshock events are located due to
the damage zone.

Figure  17 shows  the  values  of  the  difference  between  the  shear

stress and the shear strength (CFS) of the three points at depths of

1600 m, 2050 m, and 4500 m corresponding to the middle of the

Arbuckle  group,  the  shallow  basement,  and  the  deep  basement

rocks along the vertical  dashed white line (Figure 16,  the vertical

line  on  the  fault  plane  that  has  the  shortest  distance  to  the

Mazkoori  well)  on  the  splay  branch  of  the  Wilzetta  fault  plane

along the cross-section W–w (Figure 15) during the history of  in-

jection (for case 7 of scenario 2). Our results show that the fault re-

activation occurred in 2001 for a friction coefficient of 0.65, and it

remains stable for the value of 0.75. It can be seen that similar to

scenario  1,  the  CFS  has  the  maximum  value  in  2001  due  to  the

Mazkoori well operation.

Also,  the  model  shows  an  earthquake  would  first  happen  in  the

Arbuckle group and shallow basement (Figure 17).  In  contrast  to

scenario  1,  CFS  increases  at  deeper  depths  and  due  to  the  fluid

diffusion,  but is  still  not high enough compared to the shallower

depths. Note that we estimated these results assuming a uniform

frictional property for the fault. Figure 18 shows the depth profile

of variation of ΔCFS and its components along the white dashed
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Figure 15.   Scenario 2, Case 7: The pore pressure change (MPa) in the Arbuckle group at a depth of 1600 m at the end of 2001, 2005, 2010, and

Nov 2011.
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line (Figure 16). We find that in 2011, when the pore pressure is al-

most  uniform  on  the  fault  plane,  CFS  increase  more  at  deeper

zones due to the lower poroelastic process at depth.
 

3.4  Scenarios 3: Injection from Mazkoori and Wilzetta

Flows into an Isolated Compartment

We  show  that  in  some  cases  in  scenarios  1  and  2,  the  injection
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Figure 16.   Scenario 2, case 7: The pore pressure change (MPa) on the splay branch of Wilzetta fault plane along the cross-section W–w in Dec

2001, 2005, 2010, and Nov 2011. The top and the lower boundaries of Arbuckle group are shown by the red solid and dashed lines, respectively.

The white dashed line is the vertical line on the fault plane that has the shortest distance to the Mazkoori well.
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Figure 17.   Scenario 2, case 7: Variation of CFS (MPa) at three points located on the fault plane along the white dashed line on the splay branch of

Wilzetta fault plane along the cross-section W–w (Figure 16) during simulation for (a) µ = 0.65 and (b) µ = 0.75. For the value of µ = 0.65, CFS

becomes positive (fault failure) at depth of 1600 m. The fault remains stable during injection for µ = 0.75. At all depths, the CFS has the maximum

value due to Mazkoori well operation, and after 2005 remains almost constant.
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causes elevation of the pore pressure in reservoirs which may re-

main  for  many  years  (even  though  the  eastern  side  is  infinitely

open) as observed in the previous studies (Hsieh and Bredehoeft,

1981; Keranen et al.,  2013).  Both scenarios 1 and 2 show that the

injected volume can cause instability on the Wilzetta fault in 2001,

i.e., almost 10 years before the 2011 sequence. Therefore, it can be

concluded that neither scenarios 1 or 2 can explain the 2011 seis-

mic events.

This  strengthens  the  possibility  that  in  this  problem  there  is  an

isolated volume where the injected fluid increases the pore pres-

sure which eventually results in the reactivation of the fault. In this

scenario, we assume another boundary on the eastern side of the

Mazkoori  and Wilzetta wells  (marked by the white dashed line in

Figure 19). We also assume that there is a damage zone as that of

case 7 in scenario 2. Therefore, in contrast to the previous scenari-

os, the total volume of injected fluid by the Mazkoori and Wilzetta

wells diffuses into a bounded volume and causes a continuous in-

crease of the pore pressure. The pore pressure increase at a depth

of 1600 m in the Arbuckle group and on the fault plane along the

cross-section W–w are shown in Figure 19 and Figure 20.

The pore pressure increases continuously till it reaches its maxim-

um  of  4.25  MPa  in  2011.  On  the  fault  plane  along  the  cross-sec-

tion W–w, this value is 4 MPa, and has a pattern different from the

previous  scenarios.  It  is  evident  that  even  though  the  Mazkoori

well  operation  finished  at  the  end  of  2004,  the  pore  pressure  of

the  fault  continues  to  increase  due  to  the  operation  of  the

Wilzetta well.

Figure  21 shows the  variation  of  CFS  during  the  years  of  simula-

tion at depths of 1600, 2050, and 4500 m for both μ = 0.72 and μ =

0.75. Figure 21a shows that for μ = 0.72, the CFS becomes negat-

ive (fault failure) at a depth of 1600 in Nov 2011. Figure 21b shows
the  trend  of  CFS  variation  during  the  simulation  for μ =  0.75  at
which  fault  remains  stable.  We  find  that  CFS  at  depths  of
1600  and  2050  m  has  some  fluctuation  due  to  the  activity  of
Mazkoori well,  and increases continuously after 2005. In contrast,
CFS  increases  continuously  with  a  greater  slope  at  a  depth  of
4500 m. Figure 22 shows the profile of the pore pressure changes
and  normal  stress  and  shear  stress  on  the  fault  plane  along  the
cross-section W–w (shown by the white dashed line in Figure 20).

We  show  that  the  normal  stress  increases  due  to  the  poroelastic
effect  when the pore pressure  is  increased.  This  increase is  more
pronounced in  the Arbuckle  group compared to  rocks  at  deeper
depths.  Shear  stress  has  a  minor  change  compared  to  normal
stress. In  the  late  years  of  the  history  of  injection,  the  pore  pres-
sure increase is more uniform on the fault plane than in previous
years.  However,  in  contrast,  the  changes  of  normal  and  shear
stresses are not uniform. This results in greater increase of the CFS
at a deeper depth than the Arbuckle group and shallower depths
at the basement. Figure 21 reveals that although CFS increases at
a higher rate at deeper depths than shallower ones, still values of
CFS  in  the  shallower  depths  are  greater  than  those  at  deeper
depths. Therefore, the fault reactivation happens at the shallower
depths.  Note  that  this  conclusion  is  due  to  the  assumption  of  a
uniform  coefficient  of  friction.  Therefore,  for  example,  a  greater
coefficient of friction for shallower depths, and a lower one at the
deeper depths can explain the 2011 sequence spatiotemporally. 

4.  Discussion
There  are  five  high-volume  wells  (Stasta  wells  are  not  high-
volume  wells  compared  to  other  wells, Table  1)  in  our  model
among  which  Mazkoori  and  Wilzetta  have  less  distance  to  the
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Figure 18.   Scenario 2, case 7: Depth profiles of change of CFS (MPa), pore pressure (MPa), total normal stress (MPa), and shear stress (MPa)

(Upper figure), and profile of change of poroelastic stress (MPa) and pore pressure (MPa) components of ΔCFS (Lower figure) along the dashed

line on the splay branch of Wilzetta fault plane along the cross-section W–w (Figure 16) in (a) Dec 2001 and (b) Nov 2011. Solid red lines are the

fault boundaries. The red dashed line shows the lower boundary of the reservoir (µ = 0.75).
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Wilzetta fault. The Mazkoori well is located within less than 200 m
to the portion of the Wilzetta fault on which the 2011 sequence is
located, and therefore has the greatest effect.  Wilzetta well  has a
less  but  still  notable  effect  on  the  fault,  while  Hess,  Turner,  and
Howard wells have an insignificant effect on the fault plane pore
pressure. Note that the Mazkoori well (the closest well to the fault)
operation  started  in  2000  and  finished  in  2005  (six  years  before
the 2011 earthquakes). Therefore, there should be a process to ex-
plain almost a decade of delay between the start of injection and
the 2011 events.

Our model results show that the injected fluid must penetrate the
basement via a damage zone to cause fault reactivation at deeper
depths.  In  the  absence  of  such  a  path,  although  the  poroelastic
stress change  tends  to  favor  fault  reactivation  at  the  deep  base-
ment, its  magnitude  is  not  enough  to  induce  seismicity.  In  scen-
ario 1, we evaluated this condition in which there is no such path
and fluid  does  not  penetrate  the  deep  basement,  instead,  it  dif-
fuses only into the target layer. In cases with permeable faults, flu-
id  flows  in  all  directions.  In  contrast,  in  cases  with  impermeable
faults, it flows only in the eastern direction. In the deep basement,
where there is no fluid diffusion, the poroelastic effect reduces the

normal  stress  effect  and  tends  to  reduce  the  stabilizing  normal
stress on the fault. This reduction in normal stress (poroelastic ef-
fect)  is  insignificant  to  cause  fault  reactivation  at  deeper  depths.
Still, the injected fluid by high-volume wells, especially to a great-
er  extent  by  the  Mazkoori  well,  causes  fault  reactivation  in  2001.
However,  this  does  not  agree  spatiotemporally  with  what
happened in 2011.

There  is  a  damage  zone  in  scenario  2  around  the  fault  through
which  fluid  penetrates  to  greater  depths.  To  include  different
plausible situations, we investigated many cases where there is a
damage  zone  around  the  fault.  In  the  most  critical  case  (case  7),
the pore pressure diffuses to the deep basement. It is accompan-
ied by an increase in normal stress (poroelastic effect), which sta-
bilizes the fault. However, still, stability is affected mainly through
the direct  pore pressure diffusion process  and is  high enough to
induce  fault  reactivation.  The  general  trend  of  failure  potential
variation  is  however  similar  to  scenario  1,  and  fault  reactivation
happens 10 years before the 2011 sequence in 2001 (due to oper-
ation of  Mazkoori  well)  in  the  Arbuckle  group  and  shallow  base-
ment.

In the third scenario, in contrast to other scenarios, we assume an
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Figure 19.   Scenario 3: The pore pressure change (MPa) in the Arbuckle group at a depth of 1600 m in Dec 2001, 2005, 2010, and Nov 2011. Since

the injection is performed in a bounded area, the pore pressure increases continuously compared to scenarios-1 and -2.
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effectively  sealed  compartment  into  which  only  Wilzetta  and
Mazkoori wells inject fluid. We assume the isolated compartment
is  bounded  by  the  Wilzetta  fault  (all  directions  but  the  eastern

side),  and  define  a  boundary  for  the  eastern  side.  Therefore,  the
reservoir-bounding faults consist of the Wilzetta faults and a ficti-
tious boundary on the eastern side. Our simulations suggest that

injection-induced fault  instability  is  plausible  in  2011 at  the shal-
low basement and the Arbuckle group. So, in this scenario, in con-

trast to others, the simulation results have a good temporal agree-
ment with observations. Our simulation suggests that the maxim-
um  fault  tendency  for  failure  occurs  at  depths  of  3.6  to  3.8  km.

Comparing  these  values  with  the  depth  of  the  main  foreshock
from OGS (3.4 km) suggests that the model generally agrees with

field data. The difference of 0.2 to 0.4 km between the real event
locations  and  our  model  is  not  highly  significant  given  all  of  the
uncertainties  in  parameters,  and  the  simplifying  assumptions

used. For example, assuming a uniform frictional property for the
fault can  contribute  to  the  discrepancy  between  the  model  res-
ults  and  field  observations  (assuming  they  are  highly  accurate).

The results show that failure and seismicity potential increase with
a higher  rate  in  the  deeper  basement  (compared  with  the  Ar-

buckle group and shallow basement) due to a relatively lower in-

crease of  the  normal  stress  (poroelastic  effect).  This  scenario  re-

veals that  it  is  unlikely  that  injection  was  performed  in  an  infin-

itely open or semi-restricted reservoir (Wilzetta fault), even with a

damage  zone.  There  must  be  a  fault-bounded  compartment  to

create  geomechanical  conditions  conducive  to  an  earthquake  in

2011. 

5.  Conclusions
Three earthquakes with Mw of 4.8, 5.7, and 4.8 occurred in Novem-

ber  2011  within  the  North  American  midcontinent  near  Prague,

Oklahoma, at a depth of ~5000 m. We carried out a study to simu-

late  the  potential  contribution of  disposal  wells  to  pore  pressure

and stress  perturbations  in  the  fault  zone  under  different  per-

meability structures.  In  particular,  using  FLAC3D,  we  have  con-

structed  a  coupled  fluid-mechanical  geomechanical  model  to

study the effect of saltwater injection on the fault reactivation and

earthquake sequence in  November  2011,  based on end-member

values for  permeability  and fault  structure.  We constructed three

main scenarios.  In  scenario  1,  we  assumed  that  there  is  no  hy-
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Figure 20.   Scenario 3: The pore pressure change (MPa) on the splay branch of the Wilzetta fault plane along the cross-section W–w in Dec 2001,

2005, 2010, and Nov 2011. The Arbuckle group's top and lower boundaries are shown by the red solid and dashed lines, respectively. The white

dashed line is a vertical line on the fault plane that has the shortest distance to the Mazkoori well.

Earth and Planetary Physics       doi: 10.26464/epp2021054 577

 

 
Hemami B and Ghassemi A et al.: 3D poroelastic modeling of injection near Wilzetta Fault

 



draulic communication between formation layers subjected to in-

jection. In contrast, a damage zone that acts as a path for fluid to

penetrate the deeper depth is considered in scenarios 2 and 3. We

especially  pay  attention  to  the  part  of  the  Wilzetta  fault  where

2011  foreshocks  started,  and  address  whether  the  pore  pressure

elevation is  capable  of  causing instability  on the fault  plane.  The

following  conclusions  can  be  drawn  from  our  simulation:  (1)

When there is no communication of wastewater between the Ar-

buckle group and the crystalline basement (e.g.,  through a  dam-

age zone around faults) and the Wilzetta fault is the only barrier to

fluid flow (semi-restricted reservoir), the fluid penetrates only to a

shallower depth (3.5 km after 11 years of injection). This causes a

small destabilizing poroelastic stress in the deeper basement, but

this is insufficient to reactivate the fault. The shear stress change is

insignificant compared  to  normal  stress  change.  The  model  sug-

gests  a  fault  reactivation  in  2001  at  shallow  basement  and  the

reservoir  which  does  not  match  with  reality.  (2)  When  there  is  a

damage  zone  the  fluid  penetrates  the  basement  through  that,

and for either a semi-restricted zone or an infinitely open one, the

fluid penetrates  deeper  into  the  basement  zones,  causing  a  nor-

mal  stress  increase  on  the  fault  plane.  Yet  the  simulation  shows

the pore pressure increase to be enough to reactivate the fault in

2001  at  shallow  basement  and  in  the  Arbuckle  group;  this  does

not agree with what happened in the 2011 sequence. (3) In scen-

ario 3, in contrast to other scenarios, we assume that the injection

zone  is  not  semi-restricted,  and  the  fluid  is  pumped  into  a  fully

bounded volume.  The  simulation  for  this  scenario  shows  a  con-

tinuous increase of  pore pressure which eventually  leads to fault

reactivation  in  2011  which  is  in  good  agreement  with  reality.

Based on our model, the poroelastic stress increases the tendency

of  fault  reactivation  at  a  relatively  deeper  zone  of  3.6  to  3.8  km,

whereas the actual main foreshock occurred at a depth of 3.4 km.
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Figure 21.   Scenario 3: Variation of CFS (MPa) during simulation for (a) µ = 0.72 and (b) µ = 0.75. The CFS becomes zero in 2011 at depth of

1600 m for µ = 0.72. In contrast to scenarios 1 and 2, CFS continues to increase at all depths. Due to the poroelastic effect at greater depths, the

rate of CFS increase is higher than shallower depths. The fault remains stable during injection for µ = 0.75.
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Figure 22.   Scenario 3: Depth profiles of change of CFS (MPa), pore pressure (MPa), total normal stress (MPa), and shear stress (MPa) (Upper

figure), and profile of change of poroelastic stress (MPa) and pore pressure (MPa) components of ΔCFS (Lower Figure) along the dashed line on

the splay branch of Wilzetta fault plane along the cross-section W–w (Figure 20) in (a) Dec 2001 and (b) Nov 2011. Solid red lines are the fault

boundaries. The red dashed line shows the lower boundary of the reservoir (µ = 0.75).
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These findings  suggest  that  our  model  reflects  the  general  re-

sponse  of  the  Wilzetta  fault  zone  to  the  injection  well.  However,

the model simplification, data idealization, and assumptions may

be responsible for this apparent difference.

Overall, the numerical results show that the volume of injection is
sufficient to yield the fault instability based on the reported in-situ
stress  magnitudes,  fault  geometry  (Wizletta  and  Meeker-Prague
faults),  and  hydromechanical  properties  of  different  rock  layers.
However,  modeling  idealization  of  the  subsurface  conditions
causes a discrepancy between the time of occurrence of instabil-
ity  and  potential  seismicity  in  numerical  simulations.  Oklahoma
basement  rocks  can  become  seismically  unstable  under  in-situ
depth  conditions  of  temperature,  pressure,  and  water  saturation
of  3–6  km  at  depth,  and  tend  to  slip  unstably  instead  of  creep
(Kolawole et al., 2019). More data regarding the fault systems and
the geological units and their hydrological properties are needed
to enable a  more accurate analysis  to help improve and manage
the injection operations to minimize risks.
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