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ABSTRACT
We demonstrate that pore pressure and stress changes resulting from several decades of oil 

and gas production significantly affect the likelihood of injection-related induced seismicity. 
We illustrate this process in the Delaware Basin (western Texas and southeastern New Mexico, 
USA), in which hydraulic fracturing and waste-water injection have been inducing numerous 
earthquakes in the southernmost part of the basin where there has been no prior oil and 
gas production from the formations in which the earthquakes are now occurring. In the 
seismically quiescent part of the basin, we show that pore-pressure and poroelastic-stress 
changes associated with prior oil and gas production make induced seismicity less likely. The 
findings of this study have important implications for the feasibility of large-scale carbon 
storage in depleted oil and gas reservoirs.

INTRODUCTION
Understanding where and how anthropo-

genic processes that increase pore pressure at 
depth (waste-water injection, hydraulic fractur-
ing, CO2 injection, stimulation of geothermal 
wells, etc.) could potentially induce seismicity 
is important for seismic hazard mitigation. In 
this study, we show that while knowledge of 
the preexisting state of stress, pore pressure, and 
distribution of pre-existing faults enables one 
to predict the potential occurrence of induced 
seismicity, processes such as pore-pressure and 
stress changes associated with prior oil and gas 
production can significantly reduce the likeli-
hood of induced seismicity. We investigate these 
phenomena in the Delaware Basin of western 
Texas and southeastern New Mexico (USA), 
where several studies link recent seismicity in 
the southernmost part of the basin to hydrau-
lic fracturing and waste-water injection (e.g., 
Lomax and Savvaidis, 2019; Skoumal et al., 
2020; Savvaidis et al., 2020). The Delaware 
Basin is the westernmost (and largest) part of the 
Permian Basin. Fluid injection associated with 
hydrocarbon development has long been sus-
pected as triggering mechanisms for earthquakes 
at a number of sites in the Permian Basin since 
the 1960s (Rogers and Malkiel, 1979; Keller 
et al., 1981, 1987). The area also has occasional 
natural seismicity (Doser et al., 1991, 1992).

In much of the Delaware Basin, there has 
been hydrocarbon production from the Dela-
ware Mountain Group (DMG) and Bone Spring 
Group (BSG) since the early 1970s. Figure 1A 
shows the distribution of production wells in 
the DMG, and Figure 1B shows the distribu-
tion of BSG production wells. Each of the four 
maps in Figure 1 shows the locations of 4482 
earthquakes (red dots) recorded by the TexNet 
seismic network (http://coastal.beg.utexas.edu/
texnetcatalog) since 2017 (Savvaidis and Hen-
nings, 2020). Although the TexNet catalog does 
not report earthquakes outside Texas and the 
station coverage is much better in the south-
ern part of the Delaware Basin, it is striking in 
Figures 1A and 1B that the parts of the basin 
where hydrocarbon production from the DMG 
and BSG has occurred are essentially free of 
triggered seismicity. Figures 1D and 1E show 
the areal and depth distributions of horizontal 
drilling and hydraulic fracturing operations 
throughout the Delaware Basin, principally 
in the Wolfcamp Group (WG), a Permian-age 
unconventional oil reservoir. More than 9000 
horizontal wells have been drilled in the WG 
since 2014, each with multiple (typically 20–50) 
hydraulic fracturing stimulations. Figures 1C 
and 1F show the areal and depth distributions 
of waste-water injection wells, principally in the 
DMG, a sequence of Permian-age formations 

that includes several depleted conventional oil 
reservoirs in some areas. As is the case with WG 
production wells, waste-water injection wells 
are located throughout the basin. The water 
being injected includes saline water that flows 
back to the surface after hydraulic fracturing as 
well as water that is co-produced with oil. It is 
obvious in Figure 1 that the triggered seismic-
ity in the Delaware Basin is highly concentrated 
in the southernmost part of the basin, despite 
the fact that horizontal drilling and multi-stage 
hydraulic fracturing and wastewater disposal are 
occurring throughout the basin. One objective of 
this study is to identify the processes that seem 
to prevent induced seismicity from occurring in 
areas of prior oil and gas production.

In our study, we do not address the mech-
anisms associated with the M 4.6 Mentone 
earthquake sequence of March 2020 (Savvai-
dis and Hennings, 2020), denoted by “M” in 
Figures 1A–1D. This earthquake sequence is 
spatially removed from the concentration of 
seismicity in Reeves and Pecos Counties (Texas) 
and appears to be associated with slip on deep, 
basement-rooted faults, possibly in response to 
waste-water injection at great depth occurring 
in that area. There are no deep injection wells 
in the area of seismicity in Reeves, Pecos, and 
Ward Counties (Texas) discussed here.

PORE PRESSURE AND STRESS
Lund Snee and Zoback (2018) used well-

bore stress indicators and earthquake focal 
plane mechanisms to demonstrate that normal 
faulting characterizes the entire Delaware Basin 
and that the direction of maximum horizontal 
compression (SHmax) gradually rotates clock-
wise from being approximately north-south in 
the northern part of the basin, to approximately 
east-west at the border between New Mexico 
and Texas, to northwest-southeast in the south-
ern part of the basin (black lines in Fig. 2A). 
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 Correspondingly, focal mechanism data show 
that the orientation of fault planes rotates from 
north to south, consistently striking subparallel 
to the local direction of SHmax, as Coulomb fault-
ing theory predicts.

Using a methodology that incorporates the 
uncertainties associated with the parameters uti-
lized in Coulomb failure analysis (Walsh and 
Zoback, 2016), we colored faults in Figure 2A 
to indicate the pore pressure required for slip 
on basement faults mapped by Hennings et al. 
(2020) throughout the Delaware Basin and the 
surrounding areas. Figure 2B is an enlargement 
of the area near the boundary between Reeves 
and Pecos Counties. The earthquakes shown 
by black circles in Figure 2 represent relocated 
hypocentral depths (after Sheng et al., 2020). 
Before the Sheng et al. study, earthquake depths 
were poorly determined due to the sparseness 

of the TexNet network. Earthquake epicenters 
shown by gray dots in Figure 2B are from a 
relocation of a limited number of events (Sav-
vaidis and Peng, 2020) using hypoDD soft-
ware (Waldhauser, 2001) to produce highly 
accurate relative earthquake locations. Note 
that the earthquakes occur along lineations that 
trend northwest-southeast, parallel to SHmax, as 
expected in an area of normal faulting. The col-
ored faults in Figure 2B again indicate the pore 
pressure required to induce fault slip, but in this 
figure panel we show only shallow faults, prin-
cipally in the DMG (after Hennings et al.,2020). 
The blue lines in Figure 2B show interpolated 
and smoothed directions of maximum horizon-
tal stress used in the Coulomb slip analysis, 
which used a continuously varying stress field 
and the methodology described by Carafa and 
Barba (2013) and Carafa et al. (2015). Figure 2B 

emphasizes the fact that lineations of seismicity, 
focal plane mechanisms, and mapped faults at 
shallow depth all indicate that the earthquakes in 
this area are being triggered on faults optimally 
oriented for slip in the local stress field.

Figure 3 presents a compilation of pore-
pressure and stress data for the Reeves County 
area. As can be seen in Figure 3B, the detailed 
study of earthquake depths indicates that they 
are principally concentrated in the lower sec-
tion of the DMG and the upper part of the BSG. 
The pore-pressure data in Figure 3A for Reeves 
County is principally from Luo et al. (1994), 
and the magnitude of the least principal stress, 
Shmin, and the vertical stress, Sv, are from Smye 
et al. (2020). Both the pore pressure and stress 
state shown represent those that existed prior to 
hydraulic fracturing in the WG or waste-water 
injection into the DMG. Shmin was determined 
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Figure 1. (A–D) Location of wells drilled in the Delaware Basin, western Texas and southeastern New Mexico (USA). Earthquake locations 
recorded by TexNet Seismic Monitoring Program (http://coastal.beg.utexas.edu/texnetcatalog) between 2017 and 2020 are shown with red 
dots. M is the location of the Mentone earthquake sequence. All production and injection values are in oilfield barrels (bbl). (A) Production 
wells in the Delaware Mountain Group (DMG) (purple dots). (B) Production wells in the Bone Spring Group (BSG) (green dots). (C) Waste-water 
injection wells in the DMG (purple dots). (D) Horizontal, multi-stage hydraulic fracturing (HF) wells in the Delaware Basin drilled between 2017 
and 2020 (blue dots). (E) Depths of hydraulic fracturing operations in Reeves County (Texas) between 2017 and 2020. (F) Depths of waste-
water injection wells in the DMG. Generalized stratigraphy in Reeves County is shown for reference in the center of the figure. Data are from 
FracFocus (https://fracfocus.org) and Enverus DrillingInfo (https://app.drillinginfo.com).
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from instantaneous shut-in pressures (ISIPs) 
associated with small-scale hydraulic fractures 
made specifically to determine Shmin. Note that 
pore pressure is essentially hydrostatic in the 
DMG and BSG but increases markedly with 
depth in the upper part of the WG, defining what 
is sometimes referred to as a pressure ramp (e.g., 
Rittenhouse et al., 2016). Correspondingly, the 
magnitude of Shmin increases suddenly with depth 
in the WG. This abrupt increase in the mag-
nitude of Shmin implies that hydraulic fractures 
associated with WG wells would be expected to 
propagate upward into the BSG where Shmin is 
lower, an observation supported by microseis-
mic events associated with wells hydraulically 
fractured in the upper WG (e.g., Parker et al., 
2015).

Equation 1 can be used to estimate the value 
of Shmin predicted by Coulomb faulting theory 
for optimally oriented normal faults in frictional 
failure equilibrium, where the coefficient of fric-
tion is designated by μ (see Jaeger and Cook, 
1979) and PP is the pore pressure:
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+ +
+
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2 21
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As shown by Zoback (2007), this equation 
accurately predicts the value of Shmin in sedi-
mentary basins characterized by normal fault-

ing for a coefficient of friction (μ) of ∼0.6. As 
indicated by the red straight line in Figure 3A, 
the value of Shmin from Equation 1 accurately pre-
dicts observed values of the least principal stress 
in the BSG, further indicating that the BSG is 
in a state of frictional equilibrium. There are 
very few available measurements of Shmin for 
the DMG in Reeves County. The four shallow-
est measurements are consistent with frictional 
equilibrium, while two measurements show 
higher values. The same is generally true in the 
WG—some of the Shmin measurements are con-
sistent with frictional equilibrium (using a sim-
plification of the pore-pressure ramp as shown), 
but other measurements indicate higher values 
than that predicted by Equation 1. We suggest 
that the magnitude of Shmin is higher than that 
predicted by frictional equilibrium because of 
viscoplastic stress relaxation in clay-rich litho-
facies (Sone and Zoback, 2014), which reduces 
the difference between the maximum and mini-
mum principal stress, Sv and Shmin, respectively 
(see discussion in Zoback and Kohli, 2019). 
Viscoplastic creep of the WG shales has been 
documented in laboratory tests by Rassouli and 
Zoback (2020) who showed measurements of 
the least principal stress with depth in the WG 
that vary between being consistent with criti-
cally stressed normal faults in relatively low-
clay lithofacies and significantly higher values 
in clay-rich lithofacies.

The Ochoan stratigraphic section above the 
DMG contains considerable evaporite deposits, 
resulting in a state of stress in which all three 
principal stresses are approximately equal. Con-
sequently, it is not surprising that pore-pressure 
perturbations associated with either waste-water 
disposal or hydraulic fracturing operations occa-
sionally trigger earthquakes in both the BSG 
and DMG. The shallow nature of the induced 
seismicity documented by Sheng et al. (2020) 
is consistent with the induced seismicity geo-
mechanical mechanism presented here. Unfor-
tunately, their results are limited to only a small 
area due to the relatively large station spacing of 
the TexNet array. Thus, further study of earth-
quake depths is required to thoroughly test the 
proposed induced seismicity mechanism.

POROELASTIC STRESS PATH 
ASSOCIATED WITH BONE SPRING 
GROUP PRODUCTION

The arguments in the previous sections 
focused on why seismicity could be triggered 
by waste-water injection in the DMG and/or 
hydraulic fracturing in the WG in the part of 
the Delaware Basin where there has been no 
prior production from either the DMG or the 
BSG. In this section, we discuss why seismic-
ity is not occurring elsewhere in the Delaware 
Basin where production from the DMG and 
BSG occurred in the past. Because Sv is expected 
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Figure 2. Pore pressure required for slip on basement faults and shallow faults. (A) Colored faults indicate pore pressure required for slip on 
basement faults in the Delaware Basin (western Texas and southeastern New Mexico (USA) mapped by Hennings et al. (2020). Direction of 
maximum horizontal principal stress is indicated by black lines. Earthquake epicenters (black circles) are from the TexNet Earthquake Catalog 
(http://coastal.beg.utexas.edu/texnetcatalog). M is the location of the Mentone earthquake sequence. Focal mechanisms are parallel to the 
SHmax orientation. (B) Earthquakes shown by black circles near the boundary between Reeves and Pecos Counties (Texas) are those for which 
relocated hypocentral depths are available. Earthquake epicenters shown by gray dots are from theTexNet relocation catalog of limited number 
of events utilizing hypoDD software (https://www.ldeo.columbia.edu/∼felixw/hypoDD.html). Colored faults indicate pore pressure required for 
slip, principally in the Delaware Mountain Group (recently mapped by Hennings et al., 2020). Local indicators of direction of maximum hori-
zontal stress are shown by black lines. Blue lines show interpolated and smoothed directions of maximum horizontal stress used in fault slip 
analysis in both figures (see text). Inset shows the smoothed stress orientation map that was used for the pore pressure to slip calculation.

Downloaded from http://pubs.geoscienceworld.org/gsa/geology/article-pdf/doi/10.1130/G49015.1/5346474/g49015.pdf
by Stanford University user
on 01 July 2021

http://coastal.beg.utexas.edu/texnetcatalog
https://www.ldeo.columbia.edu/<223C>felixw/hypoDD.html


4 www.gsapubs.org | Volume XX | Number XX | GEOLOGY | Geological Society of America

to remain essentially constant during depletion 
of laterally extensive reservoirs (Segall and 
Fitzgerald, 1998), there is a reduction of the 
two horizontal stresses as Pp decreases due to 
production. The ratio of the stress change to pore 
pressure change is sometimes referred to as the 
stress path, A, given by:

 A
S

P
= −

−
=α ν

ν
1 2
1

Hor

p

∆
∆
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where α is the Biot coefficient and ν is Pois-
son’s ratio (Lorenz et  al., 1991). SHor corre-
sponds to both SHmax and Shmin since the change 
in both horizontal stresses is expected to have 

the same linear correlation to the change in the 
pore pressure.

Figure 4 illustrates how pore pressure and 
stress evolve during depletion of the BSG res-
ervoir from wells outside the seismically active 
area. This representation of stress and pore-
pressure evolution with production as shown 
is based on the deformation analysis in reser-
voir space (DARS) representation of Chan and 
Zoback (2002). In Figure 4, Equation 1 is rep-
resented by the diagonal solid line, normalized 
by Sv so that data from different wells (where 
the BSG is at slightly different depths) can be 
shown together in the same figure. In other 
words, this line represents how the magnitude 

of Shmin varies as a function of pore pressure for 
a reservoir in a state of normal faulting fric-
tional equilibrium (assuming μ = 0.6). At any 
given pore pressure, if the magnitude of Shmin is 
on this line, well-oriented normal faults are in 
a state of frictional faulting equilibrium. This 
is indicated by the green diamonds, which are 
equivalent to the data points for the BSG shown 
in Figure 3A. Data points that plot above this 
line indicate a stable stress state, which would 
require an increase in Pp (shifting the point to the 
right) to hit the failure line and induce slip. It is 
generally recognized that the change in the mag-
nitude of the least principal stress with depletion 
in normal-faulting areas tends to suppress the 

Figure 3. (A) Pore pres-
sure, and measured least 
principal stress (Shmin), 
as explained in the text. 
Hydrostatic pore pressure 
and estimated overbur-
den stress are shown 
for reference. Pp—pore 
pressure, ISIP—instanta-
neous shut-in pressures 
test. AIFE relates to Ameri-
can Institute of Formation 
Evaluation (aife@cox.net). 
(B) Relocated earthquake 
depths near the bound-
ary between Reeves and 
Pecos Counties (Texas) 
from Sheng et al. (2020).

A B
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tendency for normal faulting (see discussion in 
Zoback, 2007).

Pore-pressure measurements for the BSG at 
different times are available for three wells in 
Eddy (New Mexico) and Loving (Texas) Coun-
ties just to the north of the area of triggered 
seismicity, at the locations shown by the black, 
red, and blue dots in the inset map in Figure 4. 
The red and blue dots in Figure 4 show the val-
ues of pore pressure at various times and Shmin 
values based on an assumed stress path, A, of 0.5 
(Equation 2). Chan and Zoback (2002) present 
data for a number of depleted oil and gas fields 
that indicate stress paths of 0.5–0.6. Because 
depletion normally moves the stress state away 
from normal faulting, the representation of pore 
pressure and stress in Figure 4 indicates why 
seismicity is not occurring where BSG produc-
tion has occurred. If we use appropriate values 
of Sv for the wells shown, the depletion-induced 
decrease in pore pressure in the BSG in 2013 
was so large that it would require a significant 
pressure increase of 6.2 MPa to trigger normal 

faulting, even on the most optimally oriented 
faults.

CONCLUSIONS
In the seismically active Reeves County–

Pecos County area, potentially active normal 
faults trend NW-SE, parallel to the direction of 
maximum horizontal compression in that area. 
Hydraulic fracturing and waste-water disposal 
appear to be triggering slip on northwest-south-
east–trending normal faults in the DMG and 
BSG in the part of the Delaware Basin where 
these faults were at frictional equilibrium at the 
initiation of horizontal drilling and multi-stage 
hydraulic fracturing activities in the WG and 
waste-water injection in the DMG. Elsewhere in 
the Delaware Basin, poroelastic stress changes 
result in a stress state that makes induced seis-
micity less likely. Analyses such as this will be 
essential in evaluating the potential for long-
term sequestration of CO2 in depleted oil and gas 
reservoirs and thoroughly evaluating potential 
seismic hazards.
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