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Abstract

The Delaware Basin of Texas and New Mexico is experiencing elevated levels of seismicity. There have been

more than 130 earthquakes with local magnitudes of at least 3.0 recorded between 2017 and 2021, with earth-

quakes occurring in spatiotemporally isolated and diffuse clusters. Many of these events have been linked to

oilfield operations such as hydraulic fracturing and wastewater disposal at multiple subsurface levels; however,

the identification and characterization of earthquake-hosting faults have remained elusive. There are two dis-

tinct levels of faulting in the central region of the basin where most earthquakes have been measured. These

fault systems include a contractional basement-rooted fault system and a shallow extensional fault system.

Shallow faults trend parallel to and rotate along with, the azimuth of SHMAX, are vertically decoupled from the

basement-rooted faults, accommodate dominantly dip-slip motion, and are the product of more recent proc-

esses including regional exhumation and anthropogenic influences. The shallow fault system is composed of

northwest–southeast-striking, high angle, and parallel trending faults which delineate a series of elongate, nar-

row, and extensional graben. Although most apparent in 3D seismic reflection data, these narrow elongate gra-

ben features also are observed from interferometric synthetic aperture radar (InSAR) surface deformation

measurements and can be delineated using well-located earthquakes. In contrast to the basin-compartmental-

izing basement-rooted fault system, shallow faults do not display any shear movement indicators, and they have

small throw displacement given their mapped length, producing an anomalous mean throw-to-length ratio of

1:1000. These characteristics indicate that these features are more segmented than can be mapped with conven-

tional subsurface data. Much of the recent seismicity in the south-central Delaware Basin is associated with

these faults and InSAR surface deformation observations find that these faults also may be slipping aseismically.

Introduction
The Permian Basin of West Texas and southeast New

Mexico is a prolific petroleum-producing region ap-

proximately 480 km long and 400 kmwide and accounts

for more than 39 billion barrels of oil and 138 trillion

cubic feet of natural gas production from conventional

and unconventional reservoirs at multiple subsurface

levels (Energy Information Administration [EIA], 2018,

2020, 2021). Unconventional development of hydrocar-

bons through horizontal drilling and hydraulic fractur-

ing (HF) has occurred over the past 10 years, targeting

primarily Wolfcampian and Leonardian-age strata.

More than 17,000 horizontal wells have been drilled in

the basin, with a peak of nearly 3000 wells/year drilled

in 2018–2019. This unconventional development also

has resulted in significant volumes of HF flowback and

produced formation water. The primary target for salt-

water disposal (SWD) of these volumes in the central

Delaware Basin is in shallow, depleted conventional res-

ervoirs of the late Permian, Guadalupian-age Delaware

Mountain group (DMG) (Smye et al., 2021a). These for-

mations received more than 11 billion barrels of cumu-

lative disposal from 2010 to 2021, with annual disposal

volumes peaking at 1.7 billion barrels in 2018 (Smye et al.,

2021a).

This region also has experienced an increased num-

ber of earthquakes with local magnitudes (ML) ≥ 3.0 be-

ginning in 2009 with the rate of seismicity accelerating

from 2016 to 2021 (Ellsworth, 2013; Lomax and Savvai-

dis, 2019; Savvaidis et al., 2019; Frohlich et al., 2016,

2020). Since the implementation of the Texas Seismo-

logical Network (TexNet) (Savvaidis et al., 2019), the

Delaware Basin has hosted more than 1100 earthquakes

of ML 2.5+, 4000 earthquakes of ML 2.0+, and 9400 ML 1.5

+ from 2017 to 2021 (TexNet Earthquake Catalog,

2022).
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Previous work on these earthquake sequences has

shown that earthquakes in the northern Delaware Basin

are associated with deep SWD (Lomax and Savvaidis,

2019; Savvaidis et al., 2020; Skoumal et al., 2020; Tung

et al., 2020; Grigoratos et al., 2022) whereas, in the study

area of the southern Delaware Basin, earthquakes are

associated with shallow SWD and HF (Grigoratos et al.,

2022). Earthquake clusters that are spatiotemporally

isolated are more likely to be related to HF, however,

but previous work completed by Grigoratos et al. (2022)

has determined that most of the earthquake sequences

in the southcentral Delaware Basin are associated with

shallow SWD.

Geologic setting and paleostress architecture
The Permian Basin is a structured intracratonic

basin, which has been shaped by several extensional

and compressional deformation events since the Protero-

zoic. These events have generated a well-defined network

of regional faults whose footprints divide the Permian Ba-

sin spatially into several physiographic provinces, includ-

ing the Delaware Basin, Midland Basin, and Central Basin

platform (Figure 1).

The Permian Basin is tectonically varied and extends

across several basement terranes, the southern crystal-

line area, the northern crystalline area, and the southern

granite rhyolite province, and is generally Proterozoic

in age (1000–1300 Ma) (Figures 2 and 3a; Flawn, 1956;

Muehlberger, 1965; Muehlberger et al., 1967; Denison

et al., 1971; Lund et al., 2015). The Proterozoic-age

(approximately 1000 Ma) Grenville orogeny bisects the

mapped region. Deformation and metamorphism from

this northwest-verging orogenic event likely established

a northeast–southwest-oriented crystalline grain, and
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Figure 1. Generalized paleogeographic map of the western Permian Basin of West Texas and southeastern New Mexico. Permian
depositional environments are labeled, and areal extents are shown in shades of gray. Principle subsurface basement-rooted faults
are shown, and significant fault zones, flexures, and uplifts are labeled or abbreviated. GFZ, Grisham fault zone. Outcropping faults
and stratigraphic units modified from Ewing (1991). Interpolated orientations of SHMAX are shown (Dvory and Zoback, 2021). Tex-
Net-located (Savvaidis et al., 2019) and New Mexico Tech Seismological Observatory-located earthquake hypocenters are shown
as colored circles and triangles, respectively (last updated 30 August 2021). Modified after Horne et al. (2021).
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Figure 2. Type petrophysical log, stratigraphic units, and tectonic events impacting the western Permian Basin. Type-log well
location is highlighted in Figure 1. Stratigraphy compiled in Ruppel (2019b), tectonic events, deformation directions, and depo-
sitional processes synthesized from Zoback and Zoback (1980), Horak (1985), Hentz and Henry (1989), Dickinson and Lawton
(2003), Ewing (2015), Leary et al. (2017), Brown (2019), and Ruppel (2019b). Modified from Horne et al. (2021).
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deformation from subsequent events were influenced by

these fabrics through tectonic inheritance (Horak, 1985;

Adams and Keller, 1996; Davis and Mosher, 2015). This

crust was regionally exhumed, eroded flat (Rougvie et al.,

1999; Ewing et al., 2019), and subsequent rifting initiated

along the southern, northeast–southwest-trending Lau-

rentian margin during the late Proterozoic (Horak, 1985;

Ewing et al., 2019), which continued into the early Pale-

ozoic (Walper, 1982). This continued northeast–south-

west extension leads to the development of the Tobosa

Basin, which is evidenced by depositional patterns and

facies distributions of Cambrian-Silurian age strata (Fig-

ures 2 and 3b; Adams et al., 1951; Galley, 1958; Walper,

1977; Hills, 1984; Horak, 1985; Ross, 1986; Wuellner et al.,

1986; Frenzel et al., 1988).

The principal tectonic elements that define the

modern greater Permian Basin formed as a result of the

diachronous collision between the northwest-verging An-

cestral Rocky Mountain orogeny and northeast-verging

Ouachita-Marathon orogeny (Figure 2; Dickinson and

Lawton, 2003; Leary et al., 2017). Subsequent events

are interpreted to have been influenced by the accumu-

lated tectonic fabrics generated by these Paleozoic

events; many of the structures exhibit characteristics

of reactivation and transferred strain (Hills, 1970, 1984;

Budnik, 1986; McConnell, 1989; Shumaker, 1992; Kluth,

1998). These events include the east-northeast-verging

Laramide orogeny, (Hills, 1963; Henry et al., 1985; Hen-

nings, 1994), basin-range extension, and the Rio Grande

rifting (Figure 2; Henry and Price, 1986; Brown, 2019;

Ruppel, 2019a). The post-Permian tectonic events control

much of the modern landscape of the western Delaware

Basin, and they have been attributed to heterogeneities in

the principal stress orientation SHmax and current-day

stresses of the southern Delaware Basin (Figures 1

and 2; Zoback and Zoback, 1980, 1989; Horak, 1985; Rick-

etts et al., 2014; Lund Snee and Zoback, 2016, 2018, 2020;

Dvory and Zoback, 2021).

The Delaware Basin contains more than 6000 m (ap-

proximately 20,000 ft) of preserved sediment fill. Early

Paleozoic sedimentation consisted of passive-margin

carbonates and shales, whereas fluvial-deltaic siliciclas-

tic sediments and deepwater carbonates dominated after

the structural differentiation of the basin (e.g., Ruppel,

2019a). Permian-age Wolfcampian and Leonardian age

units targeted for horizontal drilling, including the Wolf-

camp Formation and the Bone Spring group, consist of

mixed carbonate-siliciclastic systems (Ruppel, 2019a; Fu

et al., 2020; Fairhurst et al., 2021). The Guadalupian-age

DMG overlying the Bone Spring group (Figure 3) is the

target of shallow SWD and is dominated by clay-poor

sandstones, generally accepted as turbidites deposited

in the deepwater basin during relative sea-level lowstands

(Silver and Todd, 1969; Gardner, 1992; Nance, 2020).

Minor detrital carbonates were deposited proximal to

carbonate platforms, and eolian siltstones reflecting

transgressive-to-highstand conditions were deposited cy-

clically with coarser sandstones (Smye et al., 2021a). The

varied lithology of the DMG is expected to result in

mechanical stratigraphy that may influence the nature

of deformation in these units.

Previous work
Basement-rooted faults

Recent work by Horne et al. (2021) resulted in the

generation of a new fault map and 3D faulted framework

for basement-rooted faults of the Delaware Basin and

Central Basin platform. An integrated subsurface data

set of multiple 3D seismic reflection data sets, deep well

penetrations, and interpretations provided by oil and gas

operators enabled the identification of previously un-

mapped faults, as well as the amendment and validation

of fault segments mapped from previous publications

(Gardiner, 1990; Comer, 1991; Ewing, 1991; Shumaker,

1992; Yang and Dorobek, 1995; Tai and Dorobek, 2000).

The data set, methodology, static structural characteriza-

tion, and kinematic analysis of their interpretation are

described in detail (Horne et al., 2021) and the process

of converting 2D fault segments into 3D fault surfaces

follows the methodology outlined in Hennings et al.

(2019) and Horne et al. (2020).

Horne et al. (2021) identify three principal fault behav-

iors regionally, each with distinctive patterns, distribu-

tions, and interfault relationships that accompanied the

Paleozoic Formation of the basin and its uplifted margins

formation. Basement-involved deformation occurred

along north-northwest–south-southeast-striking reverse

faults, which initiated during Ancestral Rocky Mountain

convergence and continued to evolve and lengthen

throughout the overlapping Ancestral Rocky Mountain

and Ouachita-Marathon orogenesis. Secondary, gener-

ally, east–west-striking faults compartmentalize the

north-northwest–south-southeast-striking faults. These

features are interpreted to be the product of the craton

assembly during the Proterozoic time (former suture or

transfer zones and metamorphic grains; Poole et al.,

2005) that were reactivated under the combined trac-

tions of the temporally overlapping Ancestral Rocky

Mountain and Ouachita-Marathon orogenesis. Finally,

north-northeast–south-southwest-striking faults are less

developed and may have formed as linkages between

north-northwest–south-southeast and east–west fault

zones during the waning stages of Ancestral Rocky

Mountain and Ouachita-Marathon orogenesis, or per-

haps during a much later event, such as the Laramide

orogeny.

Shallow faults

In an effort to understand trends in well performance

and volumes of H2S and water, previous researchers

identified a set of subsurface features using a 3D seismic

reflection data set. These attributes illuminated the pres-

ence of shallow, elongate, and narrow graben in Reeves

Co., Texas. Charzynski et al. (2019) map and character-

ize these features and Cook et al. (2019) present a variety

of geophysical calculations that enhance the seismic

imagery. Although there is significant noise within the

seismic stratigraphic units below the Leonardian age
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(approximately 282–272 Ma) Bone

Spring Formation (BSPG), seismic attrib-

ute interrelationship calculations gener-

ated by Cook et al (2019) illuminated

corridors of potential open-fracture net-

works within the Wolfcampian age (ap-

proximately 299–282 Ma) Wolfcamp

interval. Work completed by Charzynski

et al. (2019) and Cook et al. (2019) under-

scores the importance of obtaining and

conducting seismic imaging-enhance-

ment on 3D seismic reflection data sets

to map and characterize these features,

as these fault and open fracture zones

have hindered oilfield operations by act-

ing as conduits for vast volumes of H2S

and extraneous water production, ren-

dering many wells uneconomic.

Fault slip potential

Recent work conducted by Hennings

et al. (2021) leveraged new and previ-

ously mapped fault sets to investigate

the link between elevated earthquake

rates linked spatiotemporally to uncon-

ventional petroleum operations within

the core seismogenic region of the Del-

aware Basin. Hennings et al. (2021) use

basement-rooted faults that map and

characterize by Horne et al. (2021), and

compile a multidisciplinary data set that

enables the regional extrapolation of

shallow fault segments away from the

mapped region described by Charzynski

et al. (2019) and Cook et al. (2019). Shal-

low fault segments were interpreted us-

ing 3D seismic reflection data, as newly

interpreted by Hennings et al. (2021), or

as provided by operators, extracted un-

published records from the Railroad

Commission (RRC) of Texas, as well

as interpreted using linear patterns ob-

served in interferometric synthetic aper-

ture radar (InSAR) surface deformation

measurements generated by Staniewicz

et al. (2020). Many of these lineaments

trend parallel to the map view patterns

of the HypoDD-relocated TexNet hypo-

central locations (Hennings et al., 2021).

Multiple earthquake catalogs, geome-

chanical parameters, and fault segments

at shallow and basement levels were used

as input for deterministic fault slip poten-

tial (DFSP) to establish their stability

under present conditions and determine

the change in pore pressure (ΔPp)

needed to push fault segments to critical-

ity. Hennings et al. (2021) find that many

segments at both levels of faulting have

a)

b)

Figure 3. (a) Geologic basement map of Texas and (b) Cambrian and Paleo-
zoic tectonic elements, paleogeography, and general configuration of the
Tobosa Basin. Main tectonic elements are abbreviated. DRA, Devils River axis
(or uplift); SOA, Southern Oklahoma Aulacogen. Shaded polygons represent
the Ediacaran-Middle Cambrian depositional environments and rocks. Modi-
fied from Ewing (1991, 2019), Mosher (1998), Smye et al. (2019), and Horne
et al. (2022).
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DFSP values that would render the faults geomechani-

cally stable under native conditions. However, as a pop-

ulation, the shallow faults require a far lower increase in

ΔPp to become unstable comparedwithmost of the base-

ment-rooted faults. Hennings et al. (2021) discuss how

many of the earthquake sequences occur along the shal-

low faults, triggered by ΔPp from shallow SWD and HF.

Conversely, basement-rooted faults with unstable DFSP

values are limited to well-oriented faults that are proxi-

mal to SWD into deep-injection intervals, most notably

the Culberson-Mentone earthquake zone, a region experi-

encing an increased rate of seismicity and elevated mag-

nitudes (ML 4.6, 26 March 2020; ML 4.4, 25 June 2021; ML

4.3, 28 July 2021; ML 4.3, 3 September 2021; ML 4.1, 18

September 2021; ML 4.3, 23 September 2021; ML 4.2, 29

September 2021; ML 4.0, 3 October 2021; ML 4.0, 11 De-

cember 2021; and ML 4.4, 16 December 2021) relative

to other sequences in the seismogenic region of the Del-

aware Basin (Figure 1). The work presented by Hennings

et al. (2021) provides datapoints, which support the hy-

pothesis that the maximum earthquake moment magni-

tude is tied to the surface area and stiffness of country

rock (Zoback and Gorelick, 2012); thus, favorably ori-

ented basement-rooted faults have greater potential to

host larger moments, as observed in the Culberson-Men-

tone earthquake zone; however, strata-bound shallow

faults may only host lower moment magnitudes.

Although a regional map of shallow fault segments

was constructed by Hennings et al (2021), their interpre-

tation was limited to a map view and did not include a

thorough structural characterization of these segments.

Therefore, the fault interpretations presented here re-

present a comprehensive update to the work outlined

by Hennings et al. (2021). This research includes addi-

tional subsurface data, which was leveraged to update

existing fault segments and identify previously un-

mapped fault segments. We integrated all available data

and provided an interpretation of the 3D morphologic

characteristics (e.g., strike, dip, length, vertical displace-

ment, and surface area) of all shallow faults mapped

across the basin to better understand seismogenic haz-

ards within the Delaware Basin.

Database and methodology
This study focuses on the core of the seismogenic re-

gion of the Delaware Basin (Figure 1), which aerially ex-

tends across five counties in West Texas (approximately

18,500 km2 [8500 mi2]). Shallow faults are interpreted

using an integrated data set, and the aerial footprints

of each data type are shown in Figure 4. These fault seg-

ments are locally controlled using 3D seismic reflection

data volumes, either conducted by the authors or pro-

vided externally by petroleum operators. Regional pat-

terns of faulting are observed through the integration of

regional, linear surface deformation features observed

from InSAR, earthquake hypocenters and slip-plane ori-

entations calculated from focal mechanism solutions

from multiple earthquake catalogs, and the digital inte-

gration of all publicly available data, including maps,

cross sections, existing fault interpretations, and inter-

pretations from thousands of digital and raster well logs

that were sourced from the Railroad Commission of

Texas (2022) and IHS LogNet®.

Similar to other regionally integrated data sets, the

ease of interpretation and confidence in the 3D character

of shallow faults is reflective of the quality and distribu-

tion of control data (Figure 4). Regional data, including

point locations of earthquake events (New Mexico Tech

Seismological Observatory, 2021; TexNet, 2021), relo-

cated earthquake catalogs (P. Li and A. Savvaidis, per-

sonal communication, 2021), and InSAR surface

deformation estimates (Staniewicz et al., 2020), delineate

the largest interpretation domain, which extends from

the eastern margin of the Diablo platform to the western

margin of the Central Basin platform and is herein re-

ferred to as the seismogenic region, as it extends over

most of the earthquake sequences in the Delaware Basin

(Figure 4; Table 1).

Shallow fault segments are classified according to lev-

els in mapping confidence: high, moderate, and low.

Fault segments interpreted with high confidence are sup-

ported by sufficient data to validate their mapped geom-

etry (i.e., 3D seismic data, interpretations of which are

completed in house, provided by operators, or published

online). Fault segments interpreted with moderate con-

fidence have varying degrees of uncertainty including

their current mapped extent (length and height), geom-

etry, lateral continuity, or specific placement, and are in-

terpreted from patterns of InSAR surface deformation

and/or alignment of well-located earthquakes. Low con-

fidence fault interpretations lack sufficient evidence to

warrant inclusion here.

In this study, the strength and quality of information

obtained from each data source have been considered

and delineated across the seismogenic region of the Del-

aware Basin. Inset regions informed by 2D (2Da–2Dd)

and 3D (3Da–3Dc) data sets are shown in Figure 4. Data

sources, interpretation methods, aerial coverage (indi-

vidually and percentage of the total mapped region),

as well as the number of faults mapped, and the resulting

interpretation confidences for faults mappedwithin each

data region are listed in Table 1.

Observations from 3D seismic data
Several 3D seismic reflection data sets were used to

directly interpret and guide fault interpretations through-

out the Delaware Basin. Fault segments within inset re-

gion 3Da were provided by petroleum operators and

validated by the authors. Data regions 3Db and 3Dc

are guided by depth-converted 3D seismic reflection data

volumes and interpreted by the authors.

Interpretations from these three inset regions have

the highest confidence and the finest scale of control.

When combined, these 3D seismic regions extend more

than 1889 km2 (approximately 729 mi2), accounting for

approximately 8% of the mapped region (Table 1;

Figure 4). Interpretations gleaned from 3D seismic data

provide context about morphologic heterogeneities and
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deformation intensities that may be present throughout

the basin.

In total, 211 fault segments were interpreted using

local 3D high-resolution data sets and 210 faults outside

of the seismic controlled regions. When summed, the

regional fault interpretation accounts for 1085 km (ap-

proximately 675 mi) of fault length, compared with

663 km (approximately 412 mi) of fault length within

the 3D seismic controlled regions (Table 2). Similar to

other regional integrated mapping studies, the interpre-

tation is limited to the data available; therefore, these

lengths should be considered as minimum values, as

there may be faults that are not detected using current

data sources due to their limited resolution.

3Da Rojo-Caballos fields: Reeves and Pecos Counties,

Texas

The first 3D seismic controlled inset area (3Da) cov-

ers 934 km2 (approximately 361 mi2) of the southern

Delaware Basin. This data region straddles the boun-

dary between Reeves and Pecos Counties (Figure 4).

Fault segments mapped within this data region are con-

strained by a proprietary depth-migrated 3D seismic re-

flection survey. There are 36 horizontal map-view fault

segment traces that were interpreted using this 3D sur-

vey and the traces represent the intersection line be-

tween fault segment surfaces and the gridded top-

DMG seismic horizon. These segments were interpreted

by operators and converted into 3D objects by applying
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Figure 4. Index map of data set used to interpret shallow faults across the seismogenic region of the Delaware Basin. Regions of
high and moderate mapping confidence data are outlined, and inset areas that are controlled by 3D and 2D data sources are labeled
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interpretation of shallow faults are shown (modified from Charzynski et al., 2019; Hennings et al., 2021). A strong linear pattern
of TexNet HypoDD relocated earthquake hypocenters (P. Li and A. Savvaidis, personal communication, 2021) in map view is
shown, and these elongate narrow clusters of earthquakes run parallel to narrow, elongate features observed from an InSAR
cumulative vertical deformation map (January 2019 and June 2021), newly presented here, following (Staniewicz et al., 2020).
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an average dip-angle normal to the trend

of each trace. These fault segments

were assigned a 72° dip across the data

region, following the recommendations

provided by the operator. A breakdown

of the structural characteristics of faults

mapped within the 3Da data region, in-

cluding fault length and orientation

(strike and dip), is outlined in Table 2.

Other characteristics, such as fault sur-

face area, and impacted strata (top

DMG) are outlined in Table 3.

3Db Waha-Lockridge fields: Ward, Reeves,

and Pecos Counties, Texas

The second detailed area uses an early

1990s vintage, 470 km2 (approximately

181 mi2) 3D seismic reflection data vol-

ume (3Db) from Hardage et al. (1999)

that covers the Waha-Lockridge oil fields

in the southeastern Delaware Basin,

straddling the boundaries separating

Ward, Reeves, and Pecos Counties in

West Texas (Figures 4 and 5a). The base-

ment-rooted contractile deformation and

depositional patterns have been de-

scribed in the literature (Hardage and

Major, 1998; Hardage et al., 1999; Haruna

et al., 2014; Hardage, 2015; Horne et al.,

2021). The process of interpreting shal-

low faults in this data set relied upon

traditional seismic interpretation tech-

niques, including the correlation of well

tops to identify important faulted strati-

graphic intervals, and interpreting hori-

zons and faults on a variety of vertical

seismic profiles to capture changes in

fault trends. In addition, seismic attrib-

utes were extracted from the 3D auto-

tracked and gridded top-DMG seismic re-

flector (Figure 5b and 5c). Using these

techniques, 60 fault segments were

mapped and characterized (Table 1).

These faults are interpreted as parallel,

north-northwest-striking, dip-slip faults.

These faults are centered on the top

DMG, where they have the greatest ver-

tical offset, and generally, tip out verti-

cally away from the DMG (Figure 5d

and 5e). These faults are vertically de-

coupled from the basement-rooted fault

segments mapped by Horne et al.

(2021; Figure 5e). Structural characteris-

tics including fault length, orientation,

and datum are outlined in Table 2.

Fault throw, impacted strata, and fault

segment surface area are included in

Table 3.

Table 1. Data set and methodology used in the fault interpretation.
The areal extent of each mapping region and number of faults split by
high and moderate interpretation confidences are tabulated.

Mapping region, interpretation confidence, data set

used, and methodology 

Faults

mapped

Interpretation

region area
% of

mapped

region

Mapping

confidence

# %total  (km2)  (mi2) #High #Mod.

H
ig

h

3Da Rojo-Caballos: data  from 3D seismic

interpretation provided by an operator and verified

by the authors

36 9% 934 361 4.1% 36 —

3Db Waha-Lockridge: interpretation of 3D seismic

data completed by the authors
60 14% 469 181 2.1% 60 —

3Dc Reeves County: interpretation of 3D seismic

data completed by the authors
115 27% 486 188 2.1% 115 —

2Da: interpretation gleaned from seismic image in

Cook et al. (2019) and Charzynski et al. (2019)
14 3% 108 42 0.5% 14 —

M
o

d
e
ra

te

2Db: interpretation gleaned from georeferenced

image from unpublished TX RRC report in

Culberson County, Texas and operator guidance

31 7% 2527 976 11% — 31

2Dc: interpretation gleaned from georeferenced

image from unpublished TX RRC report in Reeves

County, Texas

17 4% 1002 387 4% — 17

2Dd: interpretation gleaned from georeferenced

image provided by an operator
11 3% 2395 925 10% — 11

C
o

m
b

in
e
d

InSAR surface deformation map and TexNet 

HypoDD relocated catalog 
19 5%

22,850 8822 100%

19 —

TexNet HypoDD Relocated Catalog 120 29% — 120

Total (3D inset regions) 211 50% 1889 729 8% 211 —

Note: Inset region names, number of faults identified within each mapping region, fault mapping

confidence, and colors referenced in later figures and tables also are indicated.

Table 2. Shallow fault mapping confidence, orientation, length, and
interpretation datum summary.

Data region

color and

name

#

Mapping

confidence

Fault

orientation Defined

dip?

Fault segment length

Fault datum

High Mod.
Strike

(°)

Dip

(°)

Mean

(m)
Max. (m)

Min.

(m)

Sum

(km)

3Da 36 36 — 323 75 No 6510 15,739 1512 234 DMG

3Db 60 60 — 347 68 Yes 2296 10,536 360 138 DMG

3Dc 115 115 — 295 78 Yes 3250 2289 310 393
DMG 

and BSPG

 

2Da 14 14 — 300 75 No 5872 11,604 1618 82 DMG

2Db 31 — 31 58 80 No 5695 9726 3460 177
CASTILE  and

DMG

2Dc 17 — 17 301 75 No 6161 13,736 2659 105 DMG

2Dd 11 — 11 158 75 No 5468 11,047 2630 60 DMG

InSAR and 

HypoDD EQ
19 19 — 75 75 No 6348 10,600 3590 121 DEM

HypoDD

EQ Catalog
120 — 120 323 75 No 4509 10,528 1622 451 DMG

Faults used

in analysis
421 242 179 310 73 — 4152 19,498 427 2014 -—

Note: Inset region names, number of faults identified within each mapping region, fault mapping confidence, and

colors referenced in later figures and tables are also indicated.

Note: Inset region names, number of faults identified within each mapping region, fault mapping

confidence, and colors referenced in later figures and tables also are indicated.
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3Dc Central Grisham fault: Reeves County, Texas

The third area of detailed 3D seismic interpretation is

referred to as 3Dc Reeves County. This data region con-

tains a depth-migrated proprietary 3D seismic reflection

volume that covers approximately 486 km2 (approxi-

mately 188 mi2). This 3D survey straddles a central

portion of the Grisham fault zone (GFZ) within Reeves

County (Figures 4 and 6a) and consists of a depth-mi-

grated 3D seismic reflection volume that has undergone

postvelocity seismic reprocessing by the operator.

Similar to 3Db, this interpretation relied on the correla-

tion of well tops to identify important faulted seismic

 d)  e)

 b)  c) a)

Figure 5. (a) Index map of data regions used to interpret shallow faults across the seismogenic region in the Delaware Basin.
Sources of high and moderate mapping confidence data are outlined as solid and dashed rectangles, respectively. Areas that are
controlled by 3D data that are interpreted by the authors and used for 3D faulted framework modeling are colored by respective
data region (royal blue, 3Db Waha-Lockridge; green, 3Dc Reeves County). Examples of how the top DMG seismic horizon is used
to map shallow faults in the 3Db Waha-Lockridge data region are shown as gridded surfaces highlighting variations in (b) dip and
(c) elevation. Structural contours of the top DMG are shown in both images. (d) The uninterpreted seismic trace (A–A′) is shown,
formation tops are colored according to the stratigraphic unit, and wells that are located within 2 km of the profile are projected
onto the section. Formation top interpretations are gleaned from Smye et al. (2021a) and Geological Data Services (GDS, now IHS
Markit) (IHS Energy, 2009). Seismic trace (A–A′) is fully interpreted in (e), which highlights the two structural styles observed in
the basin: basement rooted and shallow faults.
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stratigraphic intervals. Objects were mapped along

inline, crossline, arbitrary, and fence profiles. Seismic

attribute extractions performed on the 3D auto-tracked

and gridded top DMG were especially helpful when

mapping deformation (Figure 6b and 6c). As a result,

115 fault segments were interpreted within this data re-

gion (Table 1). Of these faults, 97 offset the DMG, seven

of which extend through the DMG and into the under-

lying BSPG, which is only cut by 13 fault segment sur-

faces (Table 3). Fault segments interpreted from this

seismic data set form a series of parallel, west-north-

west-striking faults that are limited to the sedimentary

section (Figure 6b, 6c, and 6e). Structural characteris-

tics including fault length, orientation, and throw are

outlined in Tables 2 and 3.

Integration of regional data
Cumulative vertical deformation between January

2019 and June 2021 over the central Delaware Basin high-

lights elongate and narrow linear deformation features

that align parallel to earthquakes detected by TexNet

(Figure 4). The up- and downthrown sides of fault seg-

ments interpreted from the InSAR surface deformation

map are observable in the map view (Figures 4 and 7).

Earthquake hypocentral locations also were used as

input for shallow fault mapping. Specifically, dense, lin-

ear sequences of earthquake hypocenters that cluster in

elongate linear patterns with similar elevations define

the traces of 140 fault segments, 19 of which also are

mapped by patterns illuminated from InSAR surface de-

formation observations. Although there is large uncer-

tainty in the depth of the earthquakes (mean depth

uncertainty of 3.6 km), a recent publication by Li

and Savvaidis (2021) provided a HypoDD relocated

earthquake catalog; thus, XY and Z locations are more

meaningful. Patterns observed from the InSAR surface

deformation map and HypoDD relocated earthquakes

are consistent with orientations mapped using 3D seis-

mic reflection data sets, corroborating this interpreta-

tion. Furthermore, many of the fault segments mapped

from InSAR were mapped and published by Hennings

et al. (2021); however, these traces were subsequently

modified, and 3D characteristics were applied to each

mapped segment deterministically in this study.

Segments mapped using either InSAR or earthquake

locations lack sufficient dip constraints. For this reason,

fault traces mapped exclusively from HypoDD earth-

quake hypocentral locations are deemed as moderately

confident fault interpretations, and faults that are

mapped using HypoDD earthquake hypocentral locations

and InSAR surface deformation measurements are con-

sidered as high-confidence interpretations (Table 1;

Figure 7).

Specifically, dip angles for fault segments mapped

using InSAR surface deformation measurements, 2D pub-

lished and unpublished images, and earthquake hypocen-

tral pointsets are difficult to determine due to insufficient

data. Fault planes were generated from 2D polyline inter-

pretations for each of these data regions using a technique

that applies an average dip angle normal to the trend of

each line (Table 2).

Table 3 breaks down the stratigraphic interval of fault-

ing and datum of fault interpretation. Fault segments in-

terpreted from a combination of InSAR observations and

Table 3. Shallow fault orientation, length, surface area, throw, and summary of impacted stratigraphic intervals.

Data region

color and name
#

Mapping

confidence
Fault segment length Fault surface area (km2) Throw (m) Stratigraphic interval of faulting

high mod.
Mean

(m)

Max.

(m)

Min.

(m)

Sum

(km)
Mean Max. Min. Sum Mean Max. Min.

Supra-

DMG
DMG

Intra-

DMG
BSPG

DMG  and

BSPG

3Da 36 36 — 6510 15,739 1512 234 11 27 2.6 395 N/A N/A N/A — 36 — — —

3Db 60 60 — 2296 10,536 360 138 2 11 0.3 133 17 64 3 — 60 — — —

3Dc 115 115 — 3250 2289 310 393 3 24 0.2 300 29 89 7 — 106 2 13 7

2Da 14 14 — 5872 11,604 1618 82 7 14 1.9 99 N/A N/A N/A — 14 — — —

2Db 31 — 31 5695 9726 3460 177 11 19 6.9 353 N/A N/A N/A 13 18 — — —

2Dc 17 — 17 6161 13,736 2659 105 8 30 3.2 140 N/A N/A N/A — 17 — — —

2Dd 11 — 11 5468 11,047 2630 60 11 22 4.1 116 N/A N/A N/A — 11 — — —

InSAR  and

HypoDD EQ
19 19 — 6348 10,600 3590 121 12 21 7.1 1079 N/A N/A N/A 19 — — — —

HypoDD EQ

Catalog
120 — 120 4509 10,528 1622 451 9 21 3.2 235 N/A N/A N/A — 120 — — —

Faults used in

analysis
421 242 179 4152 19,498 427 2014 7 30 0.2 2849 25 89 3

Supra-

DMG: 32
DMG: 382 BSPG: 7
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 d)

 e)

 b)  c) a)

Figure 6. (a) Index map of data regions used to interpret shallow faults across the core seismogenic region in the Delaware Basin.
Sources of high and moderate mapping confidence data are outlined as solid and dashed rectangles, respectively. Areas that are
controlled by 3D data that are interpreted by the authors and used for 3D faulted framework modeling are colored by respective data
regions (royal blue, 3Db Waha-Lockridge; green, 3Dc Reeves County). Examples of how the top-DMG seismic horizon is used to map
shallow faults in the 3Dc Reeves County data region are shown as gridded surfaces highlighting variations in (b) dip and (c) elevation.
Structural contours of the top DMG are shown in both images. (d) The uninterpreted seismic trace (B–B′) is shown, formation tops
are colored according to the stratigraphic unit, and wells that are located within 2 km of the profile are projected onto the section.
Formation tops are extracted from Smye et al. (2021a), GDS (now IHS Markit) (IHS Energy, 2009). Seismic trace (B–B′) is fully
interpreted in (e), which highlights the two structural styles observed in the basin: basement rooted and shallow faults. Wells that
are projected onto the section are labeled according to type (SWD, conventional, and unconventional) and target interval (modified
from Hennings et al., 2021).
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HypoDD relocated earthquake catalog use ground eleva-

tion from a digital elevation model (DEM) as a datum.

These traces are projected downward from the DEM

at an average dip angle, perpendicular to the strike orien-

tation of 2 km into the subsurface. As these are inter-

preted as elongate graben features, an average dip

derived from high-confidence interpretations from 3Db

to 3Dc is applied (75°). Key seismic stratigraphic hori-

zons, fault surface extents, fault-horizon offset, and key

tectonostratigraphic patterns provide evidence for fault

growth and linkage evolution.

Summary of subsurface interpretation domains
A new map of shallow faults that extends across the

core of the Delaware Basin has been generated and com-

prehensively characterized. In total, 36 2D fault traces

were provided by industry operators within 3Da Rojo-

Caballos and 175 faults were mapped and characterized

from the 3Db Waha-Lockridge and 3Dc Reeves County

seismic surveys. Observations from these three data re-

gions were relied upon to provide expected morphologic

variations of the degree of faulting and fracturing of the

DMG across the seismogenic region. These data sets

underscore the subtle, but important, deformation pat-

terns that align with modern surface motion detection

and well-located earthquake hypocenters, corroborating

the use of both data sets to map deformation.

Fault segment surfaces interpreted from 3D seismic

data are considered high-confidence interpretations,

and fault segments gleaned from published maps from

literature (e.g., Charzynski et al., 2019; Cook et al., 2019;

Hennings et al., 2021), unpublished permitting report

filings submitted to the Railroad Commission of Texas

(2022), and provided to the authors from operators

have been modified, superseded, or used as is and

are considered as moderate confidence interpretations.
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Figure 7. Fault interpretation of the core seismogenic region of the Delaware Basin. Fault traces are colored by data sources. TexNet
HypoDD relocated earthquakes are shown (P. Li and A. Savvaidis, personal communication, 2021) and a newly generated InSAR
cumulative vertical deformation map (January 2019–June 2021) highlights the strong alignment with HypoDD relocated earthquake
hypocentral locations.
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Fault segments mapped using InSAR and TexNet 3D

hypocentral data are considered high-confidence inter-

pretations, whereas segments interpreted using the two

data sets independently are considered moderate con-

fidence interpretations (Table 1; Figure 7). This fault

map has 421 fault segments, 242 are considered high

confidence, and the remaining 179 are moderate confi-

dence (Figure 7).

In this study, we convert map view fault traces into

3D fault segment surfaces following the methods out-

lined by Horne et al. (2020, 2021). Faults traces com-

piled from published data sets (Charzynski et al.,

2019; Cook et al., 2019; Hennings et al., 2021), TX RRC

reports, and dense linear clusters of HypoDD relocated

earthquakes use the top DMG regional surface as a da-

tum (Table 2). This regional surface was gridded from

980 well top penetrations extracted from Smye et al.

(2021a). Fault segment traces that are interpreted from

InSAR ground deformation anomalies (Staniewicz et al.,

2020) use a regional DEM as a datum.

Fault segments mapped using 3D seismic reflection

surveys are shown in the map view (Figure 7), and these

segments represent the intersection line between the

fault surface and the downthrown hanging wall of the

faulted top-DMG stratigraphic horizon. The 3D morpho-

logic characteristics including orientation (strike and

dip), downdip height, vertical displacement (throw),

horizontal length, and surface area are observed in-

house interpreted 3D seismic regions (3Db and 3Dc).

To generate fault segments surfaces that are representa-

tive of the segment surfaces interpreted using 3D data,

an average downdip height of 2000 m was assigned to

fault segments lacking 3D control. Specifically, fault

segments mapped using the DMG as a datum (3Da,

2Da–2Dad, and TexNet HypoDD relocated catalog) were

projected at an angle normal to their trend greater than

500 m, and below 1500 m from the DMG horizon-fault

interface. Fault segment traces interpreted from the In-

SAR surface deformation map are projected at an angle

normal to their trend from ground surface elevation

down 2000 m into the subsurface. The datum used for

each interpretation is listed in Table 2 and the details

for the stratigraphic interval of faulting are provided

in Table 3.

Although there is sufficient evidence for the presence

of shallow faulting across the mapped region, the gener-

ation of 3D water-tight faulted framework models as de-

fined by Krantz and Neely (2016) was limited to 3D

seismic interpreted data regions (3Db and 3Dc); there-

fore, fault attribute interrelationships using fault throw

are not calculated for segments outside of these data

regions. A summary of fault segment, lengths, surface

areas, and offset measurements within the 3D seismic

controlled inset area is shown in Table 3. The spatial

distributions of fault segments and 3D fault-segment

surfaces are shown in Figures 7 and 8, respectively. Fault

segment surfaces interpreted directly from 3D seismic

data, as well as converted from 2D objects to 3D planes

using the methods as previously described, have

been modeled to have gridded cells with 100 m equant

triangles, enabling a consistent static structural charac-

terization of fault strike, dip, trace length, and surface

area. Figure 7 also shows that there is a boundary south-

west and west of the interpretation regions where we do

not have sufficient data control to map faults; however,

we interpret this region to be faulted.

Structural characterization
Fault characteristics

A 3D structural model of shallow faults in the Dela-

ware Basin was generated that has 421 fault segment

traces that trend north-northwest–south-southeast in the

southeast (e.g., northwestern Pecos County, southern

Ward County, and southeastern Reeves County), rotating

to west-northwest–east-southeast in Reeves County,

and west-southwest–east-southeast in Culberson County

(Figure 7). Fault orientations, and lateral and vertical ex-

tents, are deterministic in regions benefiting from 3D seis-

mic data (3Db Waha-Lockridge and 3Dc Reeves County)

and conservatively modeled elsewhere.

Many of these fault segment surfaces form conjugate

fault pairs that produce a series of elongate low-relief

graben (Figure 7). Of the 421 fault segments mapped,

389 (92%) are interpreted to offset the DMG (Table 3).

Deformation along these faults is subtle and best

viewed using 3D seismic reflection data sets. Although

vertical offset measurements are limited to the seismic

horizon that corresponds with the top DMG, where data

resolution allows, these faults have been observed to

extend up into overlying units, and down into the BSPG

(Figure 6d and 6e).

Strike and dip

Variations in fault geometry can be observed in which

3D seismic data are used in the interpretation, i.e., in the

3Db Waha-Lockridge and 3Dc Reeves County faults. The

Waha-Lockridge fault set is oriented north-northwest–

south-southeastwith an average strike of 347° (Figure 8a).

Faults dominantly dip toward the east (Figure 8b) and

range in dip from 55° to 85°, with amean of 68° (Figure 8c;

Table 2). Conversely, faults interpreted from 3Dc Reeves

County strike west-northwest–east-southeast, with an

average strike of 295° (Figure 9a). These faults form con-

jugate sets, southeast-striking faults dipping toward the

northwest-striking faults (Figure 9b). Faults mapped

within this data set have slightly steeper dips, with a

range of 65°–90°, with a mean of 78° (Figure 9c; Table 2).

Together, fault segment surfaces interpreted from 3Db to

3Dc have an average dip of approximately 75°, which is

used as input to fault segment interpretations lacking suf-

ficient 3D control (Table 2).

Shallow fault segment geometries for the regional

population are shown in map view Figure 10a. Fault

segments strike northwest–southeast, with a larger per-

centage of faults striking northwest (Figure 10b). These

fault segment surfaces have a narrow range in dip mag-

nitude (Table 2), with an average dip of approximately

73° (Figure 10c). The number of segments within a fault
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family and their structural attributes, such as orienta-

tion (strike and dip), length, surface area, throw, map-

ping confidence, and impacted stratigraphic units, has

been tabulated in Tables 2 and 3.

Trace-length analysis

Fault segments within the subsurface faulted frame-

work model range in length from approximately 0.3 to

more than 15 km (approximately 0.2–9 mi). The mean
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Figure 8. (a) Rose diagram showing a range of fault-strike directions for faults mapped in the Waha-Lockridge 3D seismic survey
(3Db). Petals are colored by a range in dip magnitude (55°–90°). The black arrow points in the direction of the mean strike.
(b) Aerial view of fault segment surfaces mapped in the 3Db Waha-Lockridge data region, colored dip direction, and (c) dip angle.
Aerial images provide insight into subtle morphological variations in the shallow faults mapped in the Delaware Basin.

0

090

180

270

360

030

060

120

150210

240

300

330

Mean strike – 295°
n:115

55° – 60°

60° – 65°

65° – 70°

70° – 75°

75° – 80°

80° – 85°

85° – 90°

Dip values

0°                120°               240°             360°

N

30°     40°     50°     60°     70°     80°      90°

N

a)

piDdirection (Azimuth) piD

Shallow faults
3Dc Reeves County

Fault dip direction

Shallow faults
3Dc Reeves County

Fault dip

Shallow faults
3Dc Reeves County
Fault strike direction

0 1.5 3 mi

0 2.5 5 km

0 1.5 3 mi

0 2.5 5 km

c)

 

b)

 

Figure 9. (a) Rose diagram showing a range of fault-strike directions for faults mapped in the Reeves County 3D seismic survey
(3Dc). Petals are colored by a range in dip magnitude (55°–90°). The black arrow points in the direction of the mean strike. (b) Aer-
ial view of the 3Dc Reeves County fault set, colored dip direction, and (c) dip angle. Aerial images provide insight into subtle
morphological variations in the shallow faults mapped in the Delaware Basin.
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Figure 10. (a) Oblique regional view of fault segment surfaces interpreted throughout the core seismogenic region of the Del-
aware Basin. Fault surfaces are colored by data sources, and black solid and dashed traces represent high and moderate con-
fidence interpretations, respectively. Fault segment surfaces mapped in interpretation region 3Db Waha-Lockridge have short
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magnitudes range of 55°–90°. Petals are colored by interpretation group and the black arrow points in the direction of the average
dip.
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and range of length values for faults mapped within

each data region have been tabulated in Table 2. Fault

segments are classified as high and moderate confi-

dence interpretations reflecting differences in control

data density. The minimum length of a fault map is de-

pendent on the resolution of the data (e.g., Table 1; Fig-

ure 5). Furthermore, 89% of faults mapped and qualified

as high-confidence interpretations are interpreted from

high-resolution 3D seismic reflection data sets. The re-

mainder of high-confidence faults and all moderate

confidence fault segments is reliant on the combined

resolution of their respective data source (e.g., pub-

lished fault maps, fault maps submitted in unpublished

reports, earthquake hypocentral locations, and InSAR

observed linear deformation features). Figure 11 shows

the cumulative frequency of fault trace-length distribu-

tion for all shallow faults in the mapped region, as well

as the distribution of fault length present between high

and moderate confidence fault populations. Due to the

varying and uneven resolution of the data supporting

moderate confidence fault segments, the minimum seg-

ment length detected is generally ≥1.5 km (approxi-

mately 1 mi). Conversely, high-resolution 3D seismic

data sets provide more control, enabling fault segments

as short as ≥0.3 km (approximately 0.2 mi) to be

mapped (Figure 11). In addition to having the shortest

segment length, the longest fault segment mapped also

is considered a high-confidence interpretation. This lon-

gest fault is 19 km (approximately 12 mi) in length and

was interpreted with the 3Da Rojo-Caballos data region.

The 3D seismic reflection data sets interpreted by the au-

thors (e.g., 3DbWaha-Lockridge and 3Dc Reeves County)

show the widest variation in fault lengths, whereas fault

interpretations provided by operators in the data region

3Da Rojo-Caballos most closely align with the maximum,

mean, and minimum length distribution of faults incorpo-

rated from published and newly mapped interpretations

leveraging one or more regional data sources (Table 2).

The cumulative frequency of fault trace lengths for the

full shallow fault population, as well as for faults that off-

set the DMG and BSPG for data regions 3Db Waha-Lock-

ridge and 3Dc Reeves County is shown in Figure 12.

Figure 12 shows the overlap in horizontal length between

the regional population and shows that faults that offset

the BSPG are the shortest fault population. Notably, shal-

low fault segments that offset the DMGwithin 3DbWaha-

Lockridge and 3Dc Reeves County have similar length

distribution to the full fault population.

Local faulted framework modeling
Two 3D faulted framework models have been con-

structed using interpretations from 3D seismic reflection

data sets. These faulted framework models focus on the

upper-Permian age stratigraphic intervals, mainly the

DMG and top BSPG. The 3D gridded surfaces of the

DMG have been interpreted as part of the fault frame-

work interpretation process using 2D and 3D data sets

andwell top correlations (e.g., Figures 5 and 6). To better

understand the nature of shallow, extensional deforma-

tion across the seismogenic region of the Delaware

Basin, a regional, surface of the top DMG was gridded

(Figure 12) using formation tops that have been inter-

preted from well-log data and published (Smye et al.,

2021a). In general, the top DMG gradually deepens to-

ward the western margin of the Central Basin platform.

Throw distribution

To characterize the distribution of displacement, we

determined fault throw versus length (T-L) for each

fault family offsetting the DMG, as well as the BSPG.

For comparison, the regional distribution of fault throw

interpreted to offset the top-Ellenburger Group (ELBG)

along basement-rooted fault surfaces across the Dela-

ware Basin and Central Basin Platform also is shown

(Figure 13; Horne et al., 2021).

Although faults are mapped across the core area of

the Delaware Basin, the assessment of throw is only con-

ducted over the inset regions controlled by 3D seismic

reflection data, including 3Dc Reeves County and 3Db

Waha-Lockridge. Shallow faults that cut the DMG have

the greatest throws; however, our sample size is limited.

In some instances of linked-fault segments, maximum

throw occurs at the fault-segment linkage zone. Maxima,

minima, and mean fault throw values for each fault
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family are summarized in Table 3. The confidence in

each fault throwmeasurement is directly tied to the level

of confidence assigned to the fault segment reflecting its

respective source. Maximum throw (T) has been plotted

against segment length (L) to better understand growth

histories (Figure 13).

Diagrams showing fault array geometry and the distri-

bution of extension depict the changes in the spatial

character of the faults within data regions 3Db Waha-

Lockridge and 3Dc Reeves County (Figures 14 and 15).

These fault offset-based syntheses use a grid of parallel-

trending equally spaced cross-section traces, which trend

orthogonal to the mean strike of shallow faults within

each data region. The offset sampling traces are spaced

every 1 km and record the hanging-wall and footwall hori-

zon-fault elevations as well as the apparent throw for the

sampled shallow faults.

Shallow faults within 3Db Waha-Lockridge are

sampled from south-southeast to north-northwest on a

series of sections that trend 81° (Figure 14a). Fault seg-

ments mapped in the north-northeastern portion of the

interpretation region have the greatest vertical displace-

ment and do not overly major basement-rooted faults

(Figure 14b). The fault-related extension is the summa-

tion of the apparent extensional heave accommodated

on the faults sampled by the 1 km spaced, 81° aligned

cross sections. This extensional strain is greatest at the

19 km sample grid line, where the summed apparent

throw for shallow faults is >270 m (Figure 14c and 14d).

Notably, the fault array summation plots shown in Fig-

ure 14b and 14c are anticorrelated to the distribution

of apparent throw along basement-rooted faults (Horne

et al., 2021) and shallow faults, further documenting the

decoupled relationship between the two fault systems.

Shallow faults within 3Dc Reeves County are sampled

every 1 km from southeast to northwest on a series of

sections that trend 24° (Figure 15a). Shallow faults with

the greatest vertical displacements occur on elongate,
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east-southeast-striking faults that dip toward the south-

west (Figure 15b). Moreover, we observe waxing and

waning throw gradient changes along the strike of the

mapped fault surface, which may indicate that the sur-

face is composed of short parallel-trending hard- and

soft-linked faults. The lateral summation of apparent

fault throw and extension is shown in Figure 15c and

15d. We observe a broad plateau of extensional strain,

which extends across much of the fault array summation

grid (Figure 15c and 15d). The apparent throw of each

fault segment is summed to generate a cumulative appar-

ent throw value to observe changes in throw across

the data set; here, we observe a rapid decrease in an

apparent throw at the northwestern and southeastern

margin of the data set, which may be due to data trun-

cation. In contrast to the fault array summation plots

completed for data region 3Db Waha-Lockridge, we

do not observe an inverse correlation between the mag-

nitude of basement-rooted deformation and shallow

faulting (Figure 15b and 15d).

Discussion
Initiation and growth of shallow faults

There are 421 shallow fault segment traces, with

mapped trends that rotate progressively from north-

northwest–south-southeast in the southeast, to west-

northwest–east-southeast in the northwest, and west-

southwest–east-southeast to the north of the GFZ, in

the region referred to as the Culberson-Mentone earth-

quake zone (Figure 16). The development of these shal-

low faults is primarily attributed to regional extension

and exhumation from basin and range extension and

the Rio Grande rifting (Henry and Price, 1986; Brown,

2019; Ruppel, 2019b), but may have initiated as fracture

zones that formed and reactivated in response to late

Permian and Triassic uplift, Mesozoic rifting events

along the Gulf Coast margin, flexural extension and

compressional reactivation of Paleozoic faults from Eo-

cene-Oligocene age Laramide orogeny (e.g., Figure 3).

These shallow faults are interpreted as elongate, high

angle, low dip-slip vertically offsetting features that are

observed to be limited to the uppermost Permian-age

strata, including the Guadalupian-age DMG, with some

segments extending upward into the Ochoan-age units,

and downward into the Leonardian-age BSPG. Specifi-

cally, these subtle elongate extensional features are

clearly observed by generating 3D gridded surfaces

from strong seismic reflectors in the DMG and BSPG;

however, this seismic signal is reduced with depth

(e.g., Figures 5 and 6). Charzynski et al. (2019) hypoth-

esize that some of these segments, or vertically offset

similar trending segments, may impact the Wolfcamp

interval; however, the offset of these faults may be too

small to resolve at the top of the Wolfcamp Formation.

Cook et al. (2019) apply seismic attribute analyses and

well production data to identify the vertical extent of

these shallow faults. Specifically, horizontal transverse

isotropic velocity variation with azimuth and amplitude

variation with azimuth prestack attributes on a 3D seis-

mic reflection data set in Reeves County (herein re-

ferred to as data region 2Da) illuminated a series of

vertically stacked open fracture networks, which extend

from the DMG, BSPG, and as deep as the Wolfcamp For-

mation. We use this work by Charzynski et al. (2019) and

Cook et al. (2019) as an analog and presume that the ver-

tically stacked nature of the open fractures mapped is

not unique to data region 2Da. The 3D seismic reflection

data show that these faults are present throughout the

basin and there is a notable variation in their trend, with

segments rotating with and parallel to changes in the di-

rection of the principal horizontal stress SHmax. Likewise,

the presence and variation in the trend of these fault sys-

tems are observed in the InSAR surface deformation

map and in HypoDD-relocated TexNet hypocentral loca-

tions (e.g., Figure 16).

In addition to faults tracking subparallel to SHmax,

there is no resolved amount of shear stress observed

in 3D seismic data (e.g., 3Db Waha-Lockridge and 3Dc

Reeves County), supporting the interpretation that

these unique faults are extensional in origin. Charzynski
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et al. (2019) and Cook et al. (2019) hypothesize that

these graben features initiated as extensional vertical

fracture systems, which conducted the formation of

water and H2S from deeper intervals. They speculate

that, through time, these vertical fracture zones evolved

into karst corridors, as these fluids have compromised

the integrity of carbonate and evaporite strata along the

flanks of the vertical fractures through dissolution.

Analysis of fault attributes including horizontal trace

length (L) and vertical displacement (throw, T) is com-

monly used to describe the growth evolution of a fault

system, where fault displacement is consistently a small

fraction of fault length (Cowie and Scholz, 1992; Schultz

et al., 2008; Gudmundsson et al., 2013). The horizontal

trace length (L) of all faults was plotted (Figure 11)

and the horizontal trace length (L) and vertical displace-

ment (throw, T) for faults mapped using 3D seismic

reflection data sets (3Db Waha-Lockridge and 3Dc

Reeves County) were investigated to

characterize the distribution of displace-

ment within each inset region (Figure 13).

The T-L plot in Figure 13 shows that fault

segments mapped in 3Db Waha-Lock-

ridge and 3Dc Reeves County have dis-

proportionally small throws given their

length.

In addition to being underdisplaced,

these faults are overly steep (mean seg-

ment dip approximately 75° from hori-

zontal) compared with ideal normal

faulting conditions (Anderson, 1951). The

shallow faults appear to be neotectoni-

cally active, with many segments spatially

correlated with elongate patterns in

HypoDD relocated earthquake catalog

(P. Li and A. Savvaidis, personal commu-

nication, 2021) and InSAR deformation

observations (Staniewicz et al., 2020).

Although these characteristics seem

anomalous, they may be the product of

mechanical stratigraphic control on fault

growth related to the faults cutting the

relatively brittle DMG with more ductile

under- and overlying units mechanically

restricting discrete propagation of slip

surfaces and horizon offset into those

units (e.g., Ferrill et al., 2017).

The under displacement of these

faults may be the result of multiple par-

allel-trending segments that are linked,

forming longer faults. These many-seg-

mented fault zones also may include sig-

nificant antithetic faults that reduce the

overall displacement and may explain

the narrow-graben features captured us-

ing InSAR data (e.g., Figure 16). This

oversteeping of fault segments may be

explained by fault growth initiating and

propagating through dilatational kin-

ematics (Ferrill and Morris, 2003), or as vertically seg-

mented fault zones that were controlled by the

mechanically stratified nature of the country rock

(i.e., DMG, Smye et al., 2021a), thus generating a series

of vertically segmented fault segments that are below

seismic resolution and imaged as high-angled fault

zones at seismic resolution.

These faults are generally decoupled from the basin-

compartmentalizing basement-rooted faults; however,

the vertical section between basement-rooted and shal-

low faults diminishes along the margins of the basin,

specifically, at the western margin of the basin as it

transitions to the Diablo platform, and along the eastern

margin of the Delaware Basin, where the presence of

basement-rooted faults is observed to have some im-

pact on the placement, orientation, and deformation

of shallow faults near the western margin of the Central

Basin platform (e.g., Figure 14).
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Application to seismicity hazard assessment
Evidence for neotectonic reactivation

Triggered earthquake events increased significantly

from 2010 to 2021 in the Delaware Basin, similar to

other prominent petroleum basins in the central United

States (Ellsworth, 2013). Given that the earthquake

depths exhibit large uncertainty (mean depth uncer-

tainty of 3.6 km [approximately 11,800 ft]), definitively

associating earthquakes to specific faults is difficult.

However, most ML 2.0+ earthquakes mapped within the

core seismogenic zone of the Delaware Basin are asso-

ciated spatially with the newly presented shallow fault

system. We adapt one of the provisional conclusions

made by Horne et al. (2021), which states that many

of the larger earthquakes have occurred on preexisting

faults or in neighboring zones of deformation. This pro-

visional conclusion can be tested by integrating 3D fault

geometry, fault stress analysis, and earthquake hypo-

centers once the uncertainty in hypocentral location

has been satisfactorily reduced.

The causative hazard for preexisting faults reactivat-

ing is dependent on several factors, including fault orien-

tation, mechanical stratigraphy, and geomechanical

characteristics, and is further influenced by local and

regional variations in principal stresses that can change

with the azimuth of SHmax. Understanding the relationship

between faults and stress state is critical for providing

predictive context for the analysis of earthquakes. Re-

search completed by Morris et al. (2021), Smye et al.

(2021b), and Dvory and Zoback (2021) has enhanced

our understanding of regional and local variations in the

stress field, and recent work completed by Hennings

et al. (2021) has leveraged this information along with

multiple earthquake catalogs, an assortment of geome-

chanical parameters, and fault segments interpretations

in fault-slip analysis to establish the stability of fault seg-

ments under present conditions and determine the

change in pore pressure (ΔPp) needed to push fault seg-

ments to criticality.

The present-day stress regime of the Delaware Basin is

extensional (Lund Snee and Zoback,

2018, 2020; Dvory and Zoback, 2021; Mor-

ris et al., 2021) and the regional stress

state is likely influenced by the base-

ment-rooted fault system that formed

with the basin during the late-Paleozoic

collisional events (e.g., Lund Snee and Zo-

back, 2018) and reflects the stress state of

post-Permian tectonism (Zoback and Zo-

back, 1980, 1989; Horak, 1985; Ricketts

et al., 2014; Lund Snee and Zoback,

2016, 2018, 2020; Dvory and Zoback,

2021). These events influenced the

modern landscape and have been attrib-

uted to heterogeneities in the principal

stress orientation SHmax and the in-situ

stress of the Delaware Basin.

The azimuth of maximum horizontal

stress SHmax systematically rotates

counterclockwise from north-northwest

trending in the south to northwest and

west trending in the central parts of the

basin, and east-northeast trending in

the Culberson-Mentone earthquake zone

north of the GFZ (Figure 16; Lund Snee

and Zoback, 2018, 2020; Dvory and Zo-

back, 2021). Horne et al. (2021) suggest

that the GFZ and first-order basement-

rooted faults that bound the westernmar-

gin of the Central Basin platform poten-

tially influence the azimuth of SHmax

regionally (Figure 16).

Characterization of seismogenic faults

Given that we use well-located earth-

quakes to assist with fault mapping, we

have conducted a qualitative aerial

assessment to determine which faults

have recently slipped and have qualita-
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Figure 15. Fault array summation and strain diagrams for 3Dc Reeves County.
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tively classified segments as seismogenic, aseismo-

genic, or not associated with recent seismicity (Fig-

ure 17). Fault segments that are proximal to HypoDD

relocated earthquake events are considered as recently

seismogenic. Of the 421 faults mapped, 270 have been

recently seismogenic and 151 have not. Furthermore,

173 faults have produced InSAR surface displacements

and 248 have not. Of the faults with an interpreted sur-

ficial expression, 105 segments are associated with seis-

micity, and 68 are not associated with recent seismicity.

We interpret these 68 faults with surficial expression

and no association with seismicity to be rupturing

aseismically. The seismogenic association of shallow

faults in the Delaware Basin is illustrated (Figure 17)

and tabulated (Table 4) to highlight these qualifications

across each data region. From this analysis, we con-

clude that most mapped faults (approximately 65%)

have been recently seismogenic and roughly 40% have

displaced the ground surface.

Sampling bias and data impact
This mapped region extends over a significant portion

of the Delaware Basin and, although high-resolution data

sets are spatially limited, our integrated data sets enable

the interpretation of shallow faults to be mapped at a

semiregular sampling interval. Themost trusted data sets

cover approximately 1900 km2 (approximately 8%) of the

total area (Table 1). In these regions, we are confident

that faults with trace lengths greater than approximately

0.5 km have been identified; however, these interpreta-

tions are limited to the upper-Permian age strata. Data

regions with lower resolution, including 2D inset regions

and the entirety of the seismogenic region of the Dela-

ware Basin, have fault control information that often is

interpolated laterally across significant distances. For

these areas, we are confident that faults with trace

lengths of greater than 4 km have been accounted for.

Fault segments are generally longer in regions con-

trolled by sparse data sets; however, even fault segments
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mapped using 3D seismic data are long relative to their

observed vertical displacement (e.g., Schultz et al., 2008).

This underdisplacement may be a product of data reso-

lution, and faults are more likely composed of many

hard- or soft-linked fault segments. Similarly, the over-

steepened mapped and modeled nature of these fault

segments may be the product of vertically segmented,

and laterally staggered series of shallow faults and frac-

tures, which are the product of the vertically variable

mechanical properties of the country rock and are below

data resolution.

Future applications
This characterization of shallow faults in the Dela-

ware Basin can be combined with dynamic models

of the DMG as subject to injection of oilfield waste-

water. Ge et al. (2022) provide a regional analysis of

pore-pressure change in the DMG using the comprehen-

sive geologic model of Smye et al. (2021a). They show

that magnitudes of recent pore-pressure change range

from 100 to 400+ psi (0.7–2.8 MPa). This change in pres-

sure is undoubtedly sufficient to produce dynamic

changes in the reservoir including fracturing and fault-

ing. Seismic and aseismic fault-slip history can be com-

pared with rates of pore-pressure change to determine

fault instability thresholds. Our fault interpretation can

be used to further guide the parameterization of these

dynamic models including the implementation of fault-

controlled permeability heterogeneity and anisotropy.

The fault interpretation can be used to assess how

injected fluids migrate laterally, potentially causing in-

creases in water cuts for wells that produce hydrocar-

bons from the DMG. Given that some of the faults may

extend downward into hydrocarbon-productive shales,
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this fault interpretation, along with previous work on

basement-rooted faults, can be used to assess structural

controls on hydrocarbons in place, gas/oil ratios, degree

of overpressure, and presence of H2S. Given that many

of the faults extend upward into the overlying evapor-

ites, the interpretation can be used to assess geologic to

recent patterns of dissolution. Our interpretation also

can be used to investigate the hazard of the seismogenic

faults by thoroughly integrating fault moment analyses

along with fault-slip history. Petroleum regulators can

adopt this interpretation, with caveats regarding its con-

fidence and completeness, for use in regulating petro-

leum operations.

Conclusion
The Delaware Basin of West Texas and southeast

NewMexico is appreciably faulted and has experienced

an increase in seismic activity, with earthquakes occur-

ring in spatiotemporally isolated and diffuse clusters

that are generally restricted to the central Delaware Ba-

sin. Many of these events have been linked to oilfield

operations such as HF and wastewater disposal waste-

water at multiple subsurface levels, and there are two

distinct levels of faulting in the central region of the ba-

sin that exhibits the highest earthquake rate. These fault

systems include a contractional basement-rooted fault

system and a shallow extensional fault system.

Shallow faults are mapped across the seismogenic

region of the south-central Delaware Basin, the trend

of these segments follows rotations in the maximum

horizontal stress, deformation accommodated along

these high-angle fault segments is subtle, and the faults

are under displaced relative to their

mapped lengths. Shallow faults are ob-

served to be vertically decoupled from

the basement-rooted faults; however,

there may be subseismic fracture corri-

dors that may occupy the vertical section

between basement-rooted faults and shal-

low faults, as well as extending to the

ground surface, as illuminated through

the InSAR surface deformation map.

The shallow fault system is com-

posed of the northwest–southeast-strik-

ing parallel trending segments, with a

mean strike orientation of 310°, and dips

that range ±15° from 70°. Faults range in

length from 0.45 to 19.5 km and delin-

eate a series of elongate, narrow graben,

with a cumulative mapped length of

>2000 km. These narrow elongate gra-

ben features are most reliably observed

using 3D seismic reflection data; how-

ever, these features also have been in-

terpreted by delineating patterns from

InSAR observations and earthquake hy-

pocentral locations from TexNet Hy-

poDD relocated catalogs.

Fault lengths are generally consistent across data

sets; however, faults mapped using sparse data sources

are slightly longer than those interpreted using high-res-

olution data sources. The 3D seismic reflection data

sets also illuminate variations in fault segment surface

geometries that may be present across the mapped re-

gion. These geometries help inform fault modeling fault

segments mapped from sparse regional data sets. Ver-

tical deformation is only calculated in regions of suffi-

cient data density, including 3Db Waha-Lockridge and

3Dc Reeves County 3D seismic surveys. In these re-

gions, the magnitude of fault throw ranges from approx-

imately 10 to 90 m. Fault attribute interrelationship

analyses were conducted on interpretations from these

3D seismic data sets. These analyses show that the shal-

low faults interpreted in the 3Db (Waha-Lockridge)

have the largest magnitude fault-related extensional

strain in areas not overlying basement deformation.

Conversely, shallow faults mapped within the 3Dc

(Reeves County) data region have a more homogeneous

deformation intensity that does not seem to be im-

pacted by deformation observed within the base-

ment-rooted fault system.

Deformation offset is mapped conservatively and has

only been measured in terms of dip-slip movement in

data regions supported by 3D seismic reflection surveys.

In contrast to the basin-compartmentalizing contractile

basement-rooted fault system, statistical analysis of fault

length and throw shows that shallow faults have small

throw given their mapped length producing a mean

and highly anomalous TL ratio of 1:1000. The combina-

tion of steep dipping and underdisplaced fault segments

could indicate that these features are strike slip in origin;

Table 4. Seismogenic association of shallow faults mapped within each
interpretation domain.

Data region

color and

name

All

faults

#

EQ

faults

#

HypoDD InSAR Seismogenic
InSAR

only

Not

associated

with

seismicity
Yes # No # Yes # No #

InSAR +

HypoDD

HypoDD

only

3Da 36 24 24 12 32 4 21 3 11 1

3Db 60 17 17 43 12 48 2 15 10 33

3Dc 115 40 40 73 56 57 22 18 34 39

2Da 14 11 11 3 9 5 9 2 0 3

2Db 31 24 24 7 23 8 17 7 6 1

2Dc 17 6 6 11 11 6 6 0 5 6

2Dd 11 9 9 2 11 0 9 0 2 0

InSAR  and

HypoDD EQ
19 19 19 0 19 0 19 0 0 0

HypoDD EQ

Catalog
120 120 120 0 0 120 0 120 0 0

Faults used in

analysis
421 270 270 151 173 248 105 165 68 83
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however, given the data available for integration, there is

no observed or resolved amount of shear stress in the

lateral direction or significant fault-fault interactions that

would suggest development under a strike-slip or trans-

tensional stress state.

Our interpretation that these faults are extensional

rather than strike-slip transtensional is supported by data

recently published by Lund Snee and Zoback (2022).

Specifically, their maps show that the present-day fault-

ing regime of the south-central Delaware Basin is cur-

rently normal, with AΦ values ranging from 0.5 to

0.75, well within the bounds of normal faulting (0.5 = nor-

mal, 1.5 = strike slip, and 2.5 = reverse). Furthermore,

earthquake moment solutions compiled throughout liter-

ature and published by Lund Snee and Zoback (2022)

show that, although there are some variabilities across

the basin, moment-tensor solutions are dominantly nor-

mal. In addition, strike-slip deformation is a kinematic

condition that would be coupled through the crust,

impacting the full section of the basin. Given the data

available to us, we do not find sufficient evidence of this

coupling or interaction between these shallow features

being linked to deformation in the deeper intervals.

These fault segment surfaces are limited to the upper-

Permian units and are decoupled from basement-rooted

contractile features. These faults likely tip out as parallel-

trending, mechanically stratified fracture corridors

above and below these mapped systems, notably as shal-

low as creating surface ruptures or as deep as the Wolf-

camp Formation. Increased access to higher resolution

data sets (i.e., 3D seismic data) basinwide would cer-

tainly provide clarity to the kinematic development of

these atypical fault zones.

Results from this work show that many recent earth-

quake sequences are associated with these faults in the

south-central earthquake region of the Delaware Basin

and InSAR observations show that these faults may be

slipping aseismically. Future earthquakes can be com-

pared spatially to this interpretation for structural con-

text. The 3D faulted frameworks generated in 3Db Waha-

Lockridge and 3Dc Reeves County interpretation regions

can be used as foundations for mechanical analysis of

fault rupture and seismogenesis. Finally, these faults

can be used regionally or locally as controls for modifying

permeability inputs to pore pressure modeling and fault

rupture causation pathways and to generate discrete frac-

ture network models as input to hydrogeologic models to

better forecast future seismogenic hazards.

Data and materials availability
The fault interpretation and characterization were

performed by integrating published data, publicly avail-

able data, well data as interpreted from the IHS Markit

database under an academic license, and fault data from

proprietary 3D seismic reflection data as interpreted or

verified by the authors. Regional fault segments were

mapped using map and cross-section interpretations

and data publicly available from the RRC of Texas.

Faults in the 3Da data region were provided by petro-

leum operators using proprietary seismic data and were

verified by the authors. Faults within 3Db were inter-

preted by the authors on the basis of theWaha-Lockridge

3D seismic data set that can be obtained at https://store.

beg.utexas.edu/seminars-and-workshops/1312-sw0008.

html (last accessed January 2022). Faults in 3Dc were

interpreted by the authors using proprietary seismic data

sets provided by petroleum operators. A geographic in-

formation system shapefile and layer file for the subsur-

face fault trace interpretations derived by 2D mapping

and 3D interpretations are publicly available within

the Texas Data Repository at doi: 10.18738/T8/

UHWLDR (uploaded 10 January 2022). The TexNet

earthquake catalog is available at https://www.beg.

utexas.edu/texnet-cisr/texnet/earthquake-catalog (last

accessed January 2022). The HypoDD relocated TexNet

earthquake catalog is the product of an unpublished

manuscript by P. Li and A. Savvaidis and is available

at doi: 10.18738/T8/RBEGTH. The earthquake catalog

for New Mexico can be accessed at the New Mexico

Tech Seismological Observatory and is available at

https://geoinfo.nmt.edu/nmtso/events/home.cfml (last

accessed January 2022). The U.S. Geological Survey Ad-

vanced National Seismic SystemComprehensive Catalog

(ComCat) is available at https://earthquake.usgs.gov/

earthquakes/search/ (last accessed January 2022).
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