Downloaded 02/08/18 to 129.116.232.113. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

State of stress in the Permian Basin, Texas and

New Mexico: Implications for induced seismicity

Jens-Erik Lund Snee! and Mark D. Zoback!

Abstract

Since the 1960s, the Permian Basin of west Texas and southeast
New Mexico has experienced earthquakes that were possibly
triggered by oil and gas activities. In recent years, seismicity has
been concentrated near Pecos, Texas; around the Dagger Draw
Field, New Mexico; and near the Cogdell Field, Snyder, Texas.
We have collected hundreds of measurements of stress orientation
and relative magnitude to identify potentially active normal,
normal/strike-slip, or strike-slip faults that might be susceptible
to earthquake triggering in this region. In the Midland Basin
and Central Basin Platform, the faulting regime is consistently
normal/strike slip, and the direction of the maximum horizontal
compressive stress (Sy,,..) is approximately east-west, although

modest rotations of the S direction are seen in some areas.

Hmax
Within the Delaware Basin, however, a large-magnitude clockwise
rotation (~150°) of S

north—south in the north to east-southeast—west-northwest in the

Hmax OCCUTS progressively from being nearly
south, including the western Val Verde Basin. A normal faulting
stress field is observed throughout the Delaware Basin. We use
these stress data to estimate the potential for slip on mapped faults
across the Permian Basin in response to injection-related pressure
changes at depth that might be associated with future oil and gas
development activities in the region.

Introduction

The Permian Basin of west Texas and southeast New Mexico
is one of the most important petroleum-producing regions in the
United States, containing numerous vertically stacked producing
intervals (Dutton et al., 2005). The basin is subdivided into several
structural regions (Figure 1), including the prolific Midland and
Delaware basins, which are separated by the Central Basin Plat-
form, a crystalline-basement-involved structural high overlain by
carbonate reef deposits and clastic rocks (Cartwright, 1930; Galley,
1958; Matchus and Jones, 1984).

Fluid injection and hydrocarbon production have been sus-
pected as the triggering mechanisms for numerous earthquakes
that have occurred in the Permian Basin since the 1960s (Rogers
and Malkiel, 1979; Keller et al., 1981; Orr, 1984; Keller et al.,
1987). The area is also naturally seismically active (Doser et al.,
1991, 1992). Seismicity in the Permian Basin has historically
occurred in several localized areas (Figure 1), including parts
of the Central Basin Platform and around the Dagger Draw
and Cogdell fields (Sanford et al., 2006; Gan and Frohlich,
2013; Pursley et al., 2013; Herzog, 2014; Frohlich et al., 2016).
Since about 2009, seismicity has occurred in the southern
Delaware Basin (Jing et al., 2017), an area where the USGS
National Earthquake Information Center and Keller et al. (1987)
report very little previous seismicity. Since the TexNet Seismo-
logical Network (Savvaidis et al., 2017) began recording

carthquakes across Texas in January 2017, at least three groups
of earthquakes, surrounded by more diffusely located events,
have occurred in the southern Delaware Basin, near Pecos,
Texas. A fourth group of events occurred mostly in mid-Novem-
ber 2017 farther to the west in northeastern Jeft Davis County.
In addition, a group of mostly small (M, < 2) earthquakes
occurred between Midland and Odessa, in the Midland Basin.

As illustrated through recent studies of induced seismicity in
Oklahoma (Walsh and Zoback, 2016), knowledge of the current
state of stress is an essential component in estimating the pore-
pressure perturbation needed to trigger an earthquake on a given
fault. Such analyses enable both retrospective analyses of potential
triggering conditions of past earthquakes as well as estimates of
the likelihood of future slip on mapped faults due to fluid injection
or extraction. As part of our work to map the state of stress in
Texas, we (Lund Snee and Zoback, 2016) recently contributed
more than 100 new, reliable (A—C-quality) maximum horizontal

compressive stress (Sy,,,.) orientations specifically within the

Hmax
Permian Basin, together with an interpolated map of the relative
principal stresses expressed using the 4, parameter (Simpson,
1997). In anticipation of fluid-injection activities associated with
the thousands of wells to be drilled in the Permian Basin in the

next few years, we report more than 100 additional S orienta-

Hmax
tions and a refined map of the relative stress magnitudes (Figure 1)
to provide a comprehensive view of the state of stress in the
Permian Basin and its relation to potential earthquake triggering
on faults in the region.

In this paper, we first summarize the compilation of new
stress measurements and provide an overview of relative stress
magnitudes. We then discuss the stress field (especially in areas
where it varies considerably, such as the Delaware Basin) and
apply the new stress data to estimate the fault slip potential that
would be expected due to fluid-pressure increases that might be
associated with fluid injection at depth. This analysis will utilize
FSP v.1.07, a freely available software tool developed by the
Stanford Center for Induced and Triggered Seismicity in collabora-
tion with ExxonMobil (Walsh et al., 2017). We use only publicly

available information about faults in the region.

Methods

In the earth, a combination of tectonic driving forces and
local factors such as density heterogeneities give rise to anisotropic
principal stresses with consistent orientations and relative mag-
nitudes throughout the brittle upper crust (Zoback and Zoback,
1980; Zoback, 1992). These principal stresses, which are continu-
ally replenished by tectonic activity, are modulated by the finite
strength of the crust, which dissipates accumulated stresses
through seismic and aseismic slip on faults. Consequently, most
of the brittle crust is thought to be critically stressed, meaning
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that it is in a state of frictional equilibrium in which the faults
best oriented for slip with respect to the principal stress directions
are usually within one earthquake cycle of failure (Zoback et
al., 2002). Thus, knowing the orientations of the principal stresses
reveals the faults that are most likely to slip. Conveniently, one
principal stress is usually vertical and the other two horizontal
(Zoback and Zoback, 1980) because the earth’s surface is an
interface between a fluid (air or water) and rock, across which
no shear tractions are transmitted. Knowing both the orientation
of Sy, and the relative magnitudes of the principal stresses is
therefore sufficient to predict the orientations (strike and dip)
and type (normal, strike slip, and/or reverse) of faults most likely
to slip.

Measuring the orientation and relative magnitudes of the
principal stresses. (Editor’s note: Figures A1 and A2 and Tubles
AI1-A5 are included as supplemental material to this paper in SEG’s
Digital Library at https://library.seg.org/doi/suppl/10.1190/
te37020127.1.) The S orientations shown in Figure 1 and
reported in supplemental Tables A1 and A2 were mostly mea-
sured using well-established techniques. The vast majority of
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these orientations represent means of the azimuths of drilling-
induced tensile fractures (DITF) or wellbore breakouts observed
using image logs such as the fullbore formation microimager
(FMI) and ultrasonic borehole imager. As reported in the
supplemental material that accompanies this article, the quality
of each measurement was assessed using Fisher et al. (1987)
statistics where possible. Quality ratings were assigned to each
measurement using criteria provided in Table A3, which now
include criteria for aligned microseismic events that define the
orientations of hydraulic fractures. Our criteria are based on
those presented by Zoback and Zoback (1989), Zoback (2010),
and Alt and Zoback (2017), who specify that only A-C-quality
data are sufficiently robust to justify plotting on a map (D-qual-
ity measurements are reported in Tables A1 and A2 but are
not mapped). These quality criteria were developed to ensure
orientation is well constrained and is

that each mapped Sy, .,
based on a sufficient number and depth range of measured
stress indicators.

Six orientations, previously reported by Lund Snee and Zoback

(2016) and included in Figure 1, were measured by averaging the

102°W

100°W

Figure 1. State of stress in the Permian Basin, Texas and New Mexico. Black lines are the measured orientations of Sy, with line length scaled by data quality. The
colored background is an interpolation of measured relative principal stress magnitudes (faulting regime) expressed using the A, parameter (see text for details) of
Simpson (1997). Blue lines are fault traces known to have experienced normal-sense offset within the past 1.6 Ma, from the USGS Quaternary Faults and Folds Database
(Crone and Wheeler, 2000). The boundary between the Shawnee and Mazatzal basement domains is from Lund et al. (2015), and the Precambrian Grenville Front is from
Thomas (2006). The Permian Basin boundary is from the U.S. Energy Information Administration, and the subbasin boundaries are from the Texas Bureau of Economic
Geology Permian Basin Geological Synthesis Project. Earthquakes are from the USGS National Earthquake Information Center, the TexNet Seismic Monitoring Program,
and Gan and Frohlich (2013). Focal mechanisms are from Saint Louis University (Herrmann et al., 2011).
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horizontal azimuth of the fastest shear-wave propagation in
subvertical wells using measurements from crossed-dipole sonic

logs. We also include several new S orientations that were

Hmax
obtained from formal inversions of focal mechanisms from micro-
seismic events detected during hydraulic fracturing operations.
Several other S

orientations of aligned microseismic events thought to represent

Hmax OFientations were obtained by measuring the
propagating hydraulic fractures. When collecting stress measure-
ments from microseismic data, we do not account for the possibility
of localized changes of stress orientations that might develop as
a result of fracturing and proppant emplacement. It is unlikely
that stimulation-induced changes in stress orientation would
occur except in areas of very low stress anisotropy (which we
demonstrate are rare). In such areas, there would not be consistent
microseismic alignments orthogonal to the least principal stress
that would satisfy the quality-control criterion for reliable stress
orientations that we have developed (Table A3).

In addition to our new data, Figure 1 also includes previously
published Sy, .. orientations from the Permian Basin area that
we consider reliable. The 2016 release of the World Stress Map
(Heidbach et al., 2016) included only a handful of S
tions in the Permian Basin. We have downgraded the quality

Hmay OTIENtA-
ratings for two older measurements that we suspect were made
on the basis of mistaken interpretations. A large collection of
S orientations published by Tingay et al. (2006) and included
in the World Stress Map Database were given D-quality ratings

Hmax

due to the lack of sufficient quality information (e.g., depth
ranges, number of fractures, or standard deviations of fracture
orientations), although many are in agreement with high-quality
nearby measurements we utilize. Previously unpublished informa-
tion contributed by R. Cornell (personal communication) is
reported in Table A1, but there is not sufficient quality informa-
tion to upgrade any of his measurements to C quality and be
included in Figure 1. We also include S

Hmax OTi€Ntations recently
published by Forand et al. (2017), who report Sy, patterns
consistent with the variations shown by Lund Snee and Zoback
(2016). Although Forand et al. (2017) do not list the number
and depth intervals for the stress indicators that they present,
this information is included in their map because the distributions
of fracture orientations shown in their rose diagrams allow us
to interpret means, standard deviations, and the minimum
number of fractures.

We interpolate the relative principal stress magnitudes across
this area (colored background in Figure 1) using measurements
reported in Table A4. We choose to represent the relative mag-
and S, . ) using
the 4, parameter (Simpson, 1997). The 4, parameter (explained

nitudes of the three principal stresses (Sy, Syimae bamin

graphically in Figure A1) conveniently describes the ratio between
the principal stress magnitudes using a single, readily interpolated
value that ranges smoothly from 0 (the most extensional possible
condition of radial normal faulting) to 3 (the most compressive
possible condition of radial reverse faulting). The parameter is
defined mathematically by

A,=(n+05)+(-1)"(¢-0.5), o

where
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§,, §,, and §; are the magnitudes of the maximum, intermediate,
and minimum principal stresses, respectively, and 7 is 0 for normal
faulting, 1 for strike-slip faulting, and 2 for reverse faulting.

Probabilistic analysis of fault slip potential. As mentioned
earlier, we utilize FSP v.1.07 (Walsh et al., 2017) to estimate the
slip potential on faults throughout the Permian Basin. The FSP
tool allows operators to estimate the potential that planar fault
segments will be critically stressed within a local stress field.
Critically stressed conditions occur when the ratio of resolved
shear stress to normal stress reaches a failure criterion, in this
case the linearized Mohr-Coulomb failure envelope. The FSP
program allows for either deterministic or probabilistic geome-
chanical analysis of the fault slip potential, the former of which
treats each input as a discrete value with no uncertainty range.
'The probabilistic geomechanics function estimates the FSP on
each fault segment using Monte Carlo-type analysis to randomly
sample specified, uniform uncertainty distributions for input
parameters including the fault strike and dip, ambient stress field,
rock properties, and initial fluid pressure.

We conducted our analysis on fault traces compiled from
Ewing etal. (1990), Green and Jones (1997), Ruppel et al. (2005),
and the USGS Quaternary Faults and Folds Database (Crone and
Wheeler, 2000). Most of these databases do not specify fault dips,
so we make the conservative assumption that, within the generally
normal and normal/strike-slip faulting environment of the Permian
Basin, all potentially active faults dip in the range of 50° to 90°.
'This assumption implies that all fault segments could be ideally
oriented for slip in either normal or strike-slip faulting environ-
ments at reasonable coeflicients of friction, depending on the
(Figure Al).

Here we apply the probabilistic geomechanics function of

alignment of their strike with respect to Sy,
the FSP tool. We apply reasonable stress values and uncertainty
ranges based on the variability of the stress field we observe
within 16 study areas (listed in Table A5). The study areas were

selected to represent fairly uniform A4, values and S orientations

Humax
(Figure 2) to minimize spatial variations of stress field in any
given study area. As an example, Figure A2 shows input parameter
distributions sampled during FSP analysis for a random fault
within Area 10.

For the purposes of this demonstration, we do not hydrologi-
cally model the pressure changes associated with any known
injection scenario; we instead estimate the fault slip potential in
response to an increase in the fluid-pressure gradient corresponding
to a 4% increase relative to hydrostatic (0.4 MPa/km or 0.018 psi/ft)
to evaluate the potential for relatively modest pressure changes
in crystalline basement (2 MPa [300 psi] at 5 km [16,400 ft])
associated with produced water disposal. This is the same gradient
of pore-pressure perturbation applied by Walsh and Zoback (2016)
for FSP analysis in north-central Oklahoma. The eventual pore-
pressure increase that will occur in the uppermost parts of the
crystalline basement due to injection in this area is of course
unknown, and it is important to note that relative differences in
slip potential between differently oriented faults will remain the
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Ay=0.7. Few S

same regardless of the magnitude of uniform pressure increase
(although the absolute fault slip potential will vary). Operators
interested in screening potential sites for wastewater injection
wells, for example, might alternatively use the software to test
specific scenarios of pore-pressure evolution with time due to
injection from wells in a localized area. Although large portions
of the Permian Basin are known to be overpressured and under-
pressured at certain stratigraphic intervals (e.g., Orr, 1984; Doser
et al., 1992; Rittenhouse et al., 2016), for the sake of simplicity
in this whole-basin demonstration, we initially assume hydrostatic
conditions (P, = 9.8 MPa/km = 0.43 psi/ft). In general, hypocentral
depths for potentially damaging injection-triggered earthquakes
are within the upper crystalline basement (e.g., Zhang et al., 2013;
Walsh and Zoback, 2015), for which little pore-pressure informa-
tion is available but for which hydrostatic values are reasonable

(Townend and Zoback, 2000).

State of stress in the Permian Basin
Figure 1 shows all reliable S

orientations and an interpo-

Hmax

lated view of the A, parameter across the Permian Basin. Through-
out the Midland Basin, the eastern part of the Permian Basin,

the stress field is remarkably consistent, with S oriented

Hmax

~east—west (with modest rotations of S in some areas) and

Hmax

A,= 1.0 (indicative of normal/strike-slip faulting). The stress field

is more extensional in the Val Verde Basin to the south, with
orientations are presently available in that

Hmax

is northwest—southest in the western part of

subbasin, but S

the basin and appears to be ~northeast—southwest in the central

Hmax

part of the basin. This is similar to the stress state seen farther to
the southeast, where S, follows the trend of the growth faults
that strike subparallel to the Gulf of Mexico coastline (Lund Snee
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Figure 2. Map of study areas chosen for FSP analysis on the basis of broadly
similar stress conditions. Text annotations indicate representative S,,,, orientation
and relative principal stress magnitudes (A, parameter) for each study area
based on the data presented in Figure 1. Gray lines in the background indicate
fault traces compiled from Ewing et al. (1990), Green and Jones (1997), Ruppel

et al. (2005), and the USGS Quaternary Faults and Folds Database (Crone and
Wheeler, 2000), to which we apply FSP analysis.
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and Zoback, 2016). Along the Central Basin Platform, S
generally ~east-west but rotates slightly clockwise from east to
west, with A4~ 0.8-1.0. In the Delaware Basin, the stress field is
locally coherent but rotates dramatically by ~150° clockwise from

Hmax 1

north to south across the basin. In the western part of Eddy
County, New Mexico, Sy, is ~north—south (consistent with the
state of stress in the Rio Grande Rift; Zoback and Zoback, 1980)
but rotates to ~east-northeast—west-southwest in southern Lea
County, New Mexico, and the northernmost parts of Culberson
and Reeves counties, Texas. It should be noted that where rapid
stress rotations are observed in the Delaware Basin are areas with
low values of 4, (indicative of relatively small differences between
the horizontal stresses) and elevated pore pressure (Rittenhouse
etal.,, 2016), making it possible for relatively minor stress perturba-
tions to cause significant changes in stress orientation (e.g., Moos
and Zoback, 1993).

Stimax
Basin to become ~N155°F in western Pecos County, westernmost
Val Verde Basin, and northern Mexico (Suter, 1991; Lund Snee
and Zoback, 2016). On the Northwest Shelf, 4, varies from
~0.5 (normal faulting) in north Eddy County to ~0.9 (normal

continues to rotate clockwise southward in the Delaware

and strike-slip faulting) further east. S rotates significantly

Hmax
across the Northwest Shelf as well, from ~north—south in north-
west Eddy County to ~east-southeast-west-northwest in northern

Lea and Yoakum counties.

Slip potential on mapped faults

Figure 3 shows the results of our fault slip potential analysis
for all study areas across the Permian Basin. We selected a color
scale in which dark green lines represent faults with <5% prob-
ability of being critically stressed at the specified pore-pressure
increase; dark red indicates faults with 245% fault slip potential;
and yellow, orange, and light red represent intermediate values.
The results shown in Figure 3 indicate that high fault slip
potential is expected for dramatically different fault orientations
across the basin, reflecting the varying stress field. In the northern
Delaware Basin and much of the Central Basin Platform, for
example, faults striking ~east—west are the most likely to slip in
response to a fluid-pressure increase. However, farther south in
the southern Delaware Basin, faults striking northwest-southeast
are the most likely to slip, and ~east-west-striking faults have
relatively low slip potential. Notably, we find high slip potential
for large fault traces mapped across the southern Delaware Basin
and Central Basin Platform, and along the Matador Arch.
Figure 3 also indicates the faults that are unlikely to slip in
response to a modest fluid-pressure increase. We find that large
groups of mostly north—south-striking faults, predominantly
located along the Central Basin Platform, the western Delaware
Basin, and large parts of the Northwest Shelf have low fault slip
potential at the modeled fluid-pressure perturbation. Knowing
the orientations of faults that are unlikely to slip at a given
fluid-pressure perturbation can be of great value because it
provides operators with practical options for injection sites.
Probabilistic geomechanical analysis of the type enabled by the
FSP software is especially useful in areas with complex fault
patterns. Figure 4 shows a larger-scale view of Area 10, an area
of particularly dense faults. In Figure 4, it is clear that even
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seemingly minor variations in fault strike can significantly change
the fault slip potential.

Figures 3 and 4 illustrate the locations of earthquakes that
have been recorded since 1970 in relation to the mapped faults.
It is noteworthy that many earthquakes have occurred away from
faults mapped at this regional scale, with the most obvious
examples being groups of events described earlier, near the Dagger
Draw Field (southeast New Mexico); the Cogdell Field (near
Snyder, Texas); a group around the town of Pecos, Texas; and a
recent group of mostly M < 2 events between the towns of Midland
and Odessa, Texas. As the earthquakes undoubtedly occurred on
faults, this observation underscores the necessity of developing
improved subsurface fault maps, particularly for use in areas that
might experience injection-related pore-pressure increases. Nev-
ertheless, Figures 3 and 4 also show a number of earthquakes that
may have occurred on mapped faults for which we estimate elevated
fault slip potential. Of particular note are the recent (2009-2017)
earthquakes in southeastern Reeves and northwestern Pecos
counties, Texas, of which an appreciable number occurred on or

near yellow or orange faults. Potentially active faults are identified
near some towns in the Permian Basin, including Odessa (Figure 3)
and Fort Stockton, Texas (Figure 4). In some areas, such as
northern Brewster County, Texas, and parts of the northern
Central Basin Platform, earthquakes occurred on or near orange
or red faults that have relatively short along-strike lengths, making
the faults appear fairly insignificant at this scale. In the area of
active seismicity in Pecos and Reeves counties, we estimate rela-
tively high slip potential for several significantly larger faults
(>20 km along-strike length) on which few or no earthquakes
have been recorded thus far (Figures 3 and 4). Larger faults are
of particular concern for seismic hazard because they are more
likely to extend into basement and, therefore, to potentially be
associated with larger magnitude earthquakes.

As labeled in Figure 3, a number of regional-scale faults are
known to exist in this area (Walper, 1977; Shumaker, 1992; Yang
and Dorobek, 1995). The Permian Basin overlies a major boundary
separating Precambrian-age lithospheric basement domains (Lund
et al,, 2015), and its crystalline “basement” hosts numerous major
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Figure 3. Results of our probabilistic FSP analysis across the Permian Basin. Data sources are as in Figures 1 and 2.
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structures that have been repeatedly activated during subsequent
plate collisions and rifting events (Kluth and Coney, 1981; Thomas,
2006). One notable example is the east-west-striking Grisham Fault
(also referred to as the Mid-Basin Fault), which is between the rift
margin of the Rodinia supercontinent and the boundary between
the Shawnee and Mazatzal basement domains. The Grisham Fault
is of particular importance for understanding the potential for induced
seismicity in the Permian Basin because it is laterally extensive, offsets
basement, and may have high slip potential. The upper part of Figure 5
(and Figure 3) shows a scenario in which the stresses resolved on the

Grisham Fault are representative of Area 5, with S oriented

Hmax
NO85°E. However, the measured stress field changes dramatically
from north to south across the Grisham Fault (Figures 1 and 2),
presenting uncertainty about the stresses resolved upon the fault,
reflected by its close proximity to Area 6, with a generalized Sy,
orientation of N128°E. The lower part of Figure 5 shows the Grisham
Fault in detail if the stress field shown in Area 6, just to the south,
was appropriate. Needless to say, in the stress field represented by
Area 5, fault segments oriented east-west are expected to have high
probability of being critically stressed in response to a pore-pressure
increase, but nearby west-northwest—east-southeast-striking faults
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Figure 4. Large-scale view of the results of FSP analysis in Area 10 (location
shown in Figures 2 and 3). Data sources are as in Figures 1 and 3.
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have relatively low fault slip potential. In contrast, inclusion within
the Area 6 stress field would result in low expected fault slip potential
on the east-west segments but high values on the west-northwest-east-
southeast-striking segments.

'The results shown in Figures 3—5 are not intended to provide
a definitive view of the fault slip potential across this complex basin,
nor do they constitute a seismic hazard map. While the stress field
is complicated in this area, the changes in the stress field are coherent
and mappable. We consider the greatest uncertainties in the map
to be the lack of knowledge of subsurface faults and the magnitude
and extent of potential pore-pressure changes in areas where
increased wastewater injection may occur in the future, especially
wastewater injection that might change pore pressure on basement
faults. Operators wishing to use the FSP tool to screen sites for
fluid injection should use detailed fault maps that are specific to
the injection interval, the underlying basement, and any intervening
units, which take into account geometric uncertainties.

Conclusions
As part of our stress mapping across the U.S. midcontinent,

we have collected hundreds of S orientations within the

Hmax

Permian Basin, and we also map the faulting regime across the
region. Our new data reveal dramatic rotations of Sy, within
the Delaware Basin and Northwest Shelf but relatively consistent
stress orientations elsewhere. The rapid stress rotations in the
Delaware Basin are observed in areas with relatively small dif-
ferences between the horizontal stresses and with elevated pore
pressure, making it easier for stress perturbations to cause sig-
nificant changes in the stress field.

We show how the FSP software package can be used as a
quantitative screening tool to estimate the fault slip potential in a
region with large variations of the stress field, and accounting for
uncertainties in stress measurements, rock properties, fault orienta-
tions, and fluid pressure. Although many historical earthquakes
have occurred away from mapped faults in this area, we find that
a number of earthquakes have occurred on or near faults for which

there is high fault slip potential under the modeled conditions. Kil:
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