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Integration of regional gravity modeling, subsidence analysis, and source
rock maturity data to understand the tectonic and hydrocarbon evolution
of the Permian Basin, West Texas

Hualing Zhang', Paul Mann', Dale E. Bird?, and Kurt Rudolph®

Abstract

The Permian Basin of West Texas and southeast New Mexico is currently the most prolific oil-producing
basin in the United States. This region experienced deformation and extreme rates of subsidence (up to
500 m/my), especially during the Late Paleozoic. To investigate the larger scale crustal geometry of the Permian
Basin, its tectonic evolution, and the distribution of its most productive late Paleozoic source rocks, we have
created regional 2D and 3D gravity models that incorporate density and lithologic controls from wireline logs,
published seismic refractions, and regional cross sections. These gravity models better define a regional north-
east-trending gravity low called the Abilene gravity minimum (AGM) that underlies the northern Permian Basin.
We infer this feature to be underlain by a low-density assemblage of Precambrian granitic and metasedimentary
rocks. Structural inversion from the gravity model shows that the top of the lower crust and the Moho is pres-
ently depressed beneath the AGM. Subsidence analysis defines five tectonic phases from Cambrian to recent
with maximum subsidence during the main, late Paleozoic deformational phase resulting in deposition of sedi-
ments up to 2.4 km thick. We have determined that the geobody under the AGM acted as a zone of preferential
weakness in a “broken foreland basin” setting that accommodated regional shortening related to the Marathon
orogeny and to other coeval orogenies along the Sonoran margin and Nevadan margin. Our new regional map of
the top basement defines the limits of deep basinal areas that may host the most productive and thermally
mature, late Paleozoic source rock kitchens — some of which are localized in depocenters controlled in part
by syncollisional, left-lateral strike-slip faults that align with the edges of the AGM. Our results show a deeper
basement ranging from 5.5 to 6.2 km in the Delaware basin that predicts a broader zone of source rock thermal
maturity.

Introduction
Geologic and tectonic setting

The Permian Basin of West Texas and southeast New
Mexico is located in the distal foreland area of the Ouach-
ita-Marathon-Sonoran fold-thrust belt (Yang and Doro-
bek, 1995; Poole et al., 2005; Ruppel, 2019) and was
likely subjected to other, more distant, late Paleozoic oro-
genic effects from the southwestern and western margins
of North America (Leary et al., 2017; Ewing, 2019). The
Permian Basin covers an area of 220,000 km? of West
Texas and southeastern New Mexico and includes three
major components: in the west, the Delaware Basin
(DB) contains up to 6.4 km, mainly Paleozoic strata that
dip eastward; in the center is the relatively elevated

area of the north—south-trending Central Basin Platform
(CBP); and in the east, the Midland Basin (MB) contains
up to 4.4 km of mainly Paleozoic strata (Matchus and
Jones, 1984; Dutton et al., 2005; Figure 1).

Previous interpretations of the tectonic controls
on the Permian Basin subsidence

Previous regional geologic studies by Graham et al.
(1975), Kluth and Coney (1981), Dickinson and Lawton
(2003), and Poole et al. (2005) all characterized the Mar-
athon-Ouachita orogeny as a diachronous, late Paleo-
zoic collision that youngs from the south-central USA
(late Mississippian) to West Texas and New Mexico
(Permian) and into northern Mexico (Permian) along
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a suture zone between Gondwana and Laurentia. Oro-
genic deformation was proposed to have begun in the
Late Mississippian near the Black Warrior Basin in
western Alabama and northern Mississippi and mi-
grated southwestward, creating a set of foredeep basins
that include the Arkoma Basin of southeastern Okla-
homa and Central Arkansas and the Fort Worth Basin
of northern Texas as the result of the flexure of the
continental margin of North America by a north- and
northwest-directed thrust sheet (Graham et al., 1975;
Dickinson and Lawton, 2003). Along the southern mar-
gin of the Permian Basin, thin-skinned convergence em-
placed the allochthonous Marathon fold-thrust belt,
whereas thick-skinned deformation formed the Devils
River Uplift during Pennsylvanian and Wolfcampian
time (Ewing, 2019).

Previous interpretations by Graham et al. (1975) and
Kluth et al. (1981) proposed that the Ouachita-Marathon
collisional orogeny was the main driver for thick-
skinned deformation, which formed part of the Ances-
tral Rocky Mountain (ARM) system and invoked the on-
going collision of India with the Asian continent as a
modern, structural analog. More recent interpretations
of the Ouachita-Marathon belt and ARM to the north
have emphasized that many of these late Paleozoic
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Figure 1. (a) Geographic setting of the Permian Basin region
showing major basin names. (b) Vertical gradient of gravity
anomalies of the Permian Basin region showing gravity ex-
pression of major basins and the AGM outlined by the white
dashed line (modified from Garcia et al., 2014).
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basement uplifts trend north—south and therefore re-
flect shortening from either the northwest-trending So-
noran margin to the southwest in Mexico or the north—
south-trending Nevadan margin in the western USA
(Dickinson and Lawton, 2003; Poole et al., 2005; Leary
et al., 2017; Ewing, 2019).

Contractional deformation and intricate faulting con-
trolled the formation of the two late Paleozoic subba-
sins of the Permian Basin: the MB and DB — along
with structural highs that include the CBP, the Diablo
Platform, and the Ozona Arch (OA) (Hills, 1972; Frenzel
et al., 1988; Ewing, 2019) (Figure 1). Detrital zircon
studies indicate that sediment sources into the synoro-
genic Permian Basin included (1) the distal Appalachian
orogenic belt far to the west or east (Soreghan and Sor-
eghan, 2013; Gao et al., 2019; Xie et al., 2019), (2) the
Ouachita orogenic belt in the southeast (Soreghan
and Soreghan, 2013; Xie et al., 2019), and (3) peri-Gond-
wanan terranes from nearby southern orogenic high-
land in the southwest (Gao et al., 2019; Xie et al., 2019;
Liu and Stockli, 2020; Soto-Kerans et al., 2020).

Hydrocarbon significance

The Permian Basin is the most prolific oil-producing
basin in the United States, with an estimated 5 billion
barrels of proven conventional oil reserves (Dutton
et al., 2004, 2005). The Permian Basin has generated hy-
drocarbons for over a century and has supplied more
than 33.4 billion barrels of oil and approximately 118
trillion cubic feet of natural gas as of September 2018
(EIA report, 2018).

With advances in technology such as hydraulic frac-
turing and horizontal drilling, unconventional oil and
gas reservoirs have become an important target for
petroleum exploration in the Permian Basin. Unfortu-
nately, high-quality 2D and 3D seismic coverage has
not been made widely available for research studies, in-
cluding Ewing (2019) and this study. For this reason, we
rely on public access potential field data (Daniels et al.,
2002; Pavlis et al., 2012) to help us understand the
regional tectonic controls on the basin, including its
broader context in the late Paleozoic tectonic events
that include deformation along the Ouachita-Marathon
belt and within the coeval ARM orogeny.

Objectives of this study

The objective of our study is to better understand the
structural and depositional responses of the Permian
Basin region to the potentially combined effects of the
Marathon-Ouachita orogeny and the ARM orogeny by
integrating subsidence history, basin structure, and
the underlying crustal structure of the Permian Basin.
A prominent 6560 km long, northeast-trending negative
gravity anomaly exhibits an average magnitude of
136 mGal, extends across the northern Permian Basin,
and forms one of the main topics of our regional study
(Figure 1b).

This gravity anomaly was named the Abilene gravity
minimum (AGM) by Adams and Keller (1994), who infer
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that it represented a highly elongated batholith of Early
Mesoproterozoic age (Adams and Miller, 1995, 1996; Kel-
ler, 2019). Adams and Keller (1994, 1996) build regional
2D gravity models of the deep structure in the Permian
Basin. In his most recent gravity models, Keller (2019)
reinterprete the AGM as underlain by Early Mesoproter-
ozoic granitic and metasedimentary rocks and/or sedi-
ments with lower density compared to the rest of the
upper crust. A well penetrated the basement in the AGM
southwest of Abilene and encountered granite with a
U-Pb age of 1078 + 23 Ma (Ewing et al., 2019).

Ewing et al. (2019) describe the diverse Proterozoic
basement in the Permian Basin in terms of its lithologic
compositions and radiometric ages. The Southern Gran-
ite-Rhyolite Province to the north of the AGM is char-
acterized by interbedded volcanic and sedimentary
rocks and sills (1400-1320 Ma) (Ewing et al., 2019). To
the southwest of the AGM, the Permian Basin basement
is considered to be correlative with the exposed Llano
Uplift (Mosher, 1998).

The tectonic origin of the AGM is not well understood.
Adams and Keller (1996) attribute the AGM to an elon-
gated batholith formed by Precambrian subduction proc-
esses that were later modified by orogenic processes
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along the suture between the southern edge of the Lau-
rentian continent and accreted, island arc terranes to the
south. Mosher (1998) propose that this region formed as
a Precambrian back-arc basin that accompanied north-
dipping subduction along the structural boundary, now
known as the Llano Front.

To understand the origin and deformational history
of the enigmatic AGM, our study incorporates 296 in-
dustry wells with seismic refraction station controls
to generate 2D and 3D gravity models for understanding
the crustal framework of the Permian Basin, including
its relation to the AGM. Compared to previous gravity
models, our study added the lower crust and mantle
layers to provide a complete crustal structure of the re-
gion. The results of the deep structure were then com-
pared to basin modeling results on the two most prolific
Permian Basin source rocks (the Woodford and the
Wolfcamp shales) to provide insights into future hydro-
carbon exploration (Figure 2).

Data and methods
Well data

Well logs used for 2D and 3D gravity modeling in-
clude 166 wells provided by TGS and 130 wells provided
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Figure 2. (a) Regional, east-west trending, 193 km long cross section across DB, CBP, and MB showing sediment packages thick-
ening toward the high-angle normal faults bounding the CBP (modified from Matchus and Jones, 1984). Lower Permian unconformity
was observed on the CBP. (b) Regional, southwest-northeast-trending, cross section across the VVB, CBP, and MB showing syn-
orogenic, clastic wedge thickening toward the high-angle reverse faults bounding the CBP (modified from Feldman and Chairman,

1962). The lower Permian unconformity was observed on the CBP.
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by Enverus (Figure 3). Most wells are deep enough to
reach the Ordovician Ellenburger Formation, which lies
within 100-500 m of the top of the crystalline basement.
Using previous publications (Matchus and Jones, 1984)
and 30 wells that contain formation tops provided by
Enverus as control points, six key formation tops were
correlated, which include the (1) top of the Rustler For-
mation, (2) top of the Leonardian (Cisuralian), (3) top of
the Strawn Formation, (4) top of the Barnett Formation,
(5) top of the Devonian (Woodford Formation), and
(6) top of the Ellenburger Formation. The top of the
Leonardian is defined as the top of the Bone Spring For-
mation in the DB, the top of the Spraberry Formation in
the MB, and the top of the Glorieta Sandstone Member
in the CBP.

In this study, we conducted basin modeling of six
representative wells from the Permian Basin using Pet-
roMod 1D (Figure 3). The basin models were used to
better understand the uplift and subsidence history and
its relationship to the Marathon-Ouachita orogeny and
the ARM orogeny (Leary et al., 2017; Ewing, 2019). Well
logs and cross sections for basin modeling were com-
piled from previous publications by Feldman and Chair-
man (1962) and Matchus and Jones (1984).

Gravity and magnetic data

Open-file gravity and magnetic data were used for de-
veloping integrated geophysical models to infer deep
structure and basin depocenters. Gravity data over the
study region combine onshore Bouguer gravity anomalies
of the Decade of North American Geology (DNAG) grav-
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Figure 3. Structural map of the top of the Precambrian base-
ment beneath the Permian Basin by Ruppel et al. (2008) show-
ing the locations of well logs (the red dots) used in this study
for well correlations and gravity modeling. The locations of
the wells used for subsidence analysis are shown by the yel-
low dots.
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ity grid that is spaced at 6 km and compiled by the Na-
tional Oceanic and Atmospheric Administration. The
DNAG grid covers the US, and the EGM2008 gravity
model from Pavlis et al. (2012) covers Mexico (Figure 4a).

Residual Bouguer gravity anomalies were then de-
rived by subtracting a 10 km upward continuation of
Bouguer anomalies from the original Bouguer gravity
grid (Figure 4b). The derived residual gravity anomalies
enhance short wavelengths at the expense of long
wavelengths, thus improving the imaging of geologic
features with subtle gravity anomalies. Magnetic data
over the study area are from magnetic anomaly maps
of the North America grid that was compiled by the
USGS (Daniels et al., 2002) (Figure 5).

2D gravity model

All gravity modeling was performed using Geosoft’s
Oasis montaj software. Three regional 2D gravity mod-
els were generated, incorporating density and struc-
tural controls of the six key formations from well-log
interpretation, regional cross sections from Matchus
and Jones (1984), refraction stations for regional con-
trol of basement and Moho horizon depths, and from
previously published gravity models by Adams and Kel-
ler (1996).

The density inputs of the upper crust, lower crust,
and upper mantle used in our model were 2.75, 2.9,
3.3 g/lcm?, respectively. These density values were con-
sistent with ranges of densities applied to the crust and
mantle layers in numerous studies, including 2D and 3D
models (Adams and Keller, 1996; Hall et al., 2018). The
2D gravity models were also compared with the 3D
gravity inversion results to test the consistency of the
crustal structural details.

3D gravity model

The 3D gravity model uses structural and density
grids that incorporate inputs from well interpretations
and previous publications. The basement grid was
calculated by subtracting the Ellenburger isopach, as
mapped by Ruppel et al. (2008) from the top of the El-
lenburger horizon. Our initial input Moho grid was de-
rived from an isostatic calculation (Blakely, 1995):

dm = h(pt/Ap) + ds. )}

In this equation, all depths are in km, dm and ds are
the Moho depth with the compensation depth (33 km)
at the shoreline (the isobaric Moho depth), h is eleva-
tion, pt is the average crustal density, and Ap is the den-
sity contrast at the base of the crust. Our initial input for
the top of the lower crust grid was created by splitting
the depth from the basement to the Moho in half.

The density inputs of the upper crust, lower crust,
and upper mantle used in our model were 2.75, 2.9,
3.3 g/cm?, respectively. Sedimentary rock densities
were extracted from bulk density logs and gridded.
Structural inversion of the Moho in our 3D gravity model
was performed using a method of the Fourier transform
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technique for calculating potential field anomalies pro-
duced by uneven layers described by Parker (1973).

Results from 2D gravity modeling
Density variations

Stratigraphy and lithology within the two subbasins
and the CBP vary greatly (Figure 2), especially during
the orogenic period from the Late Mississippian to the
Mid Permian. For example, the Wolfcamp Formation in
the MB contains a mixture of limestone, silt, and shale
whereas the Wolfcamp Formation in the CBP is domi-
nated by carbonate rocks (Figure 2). Therefore, by com-
paring the density values from bulk density logs and
previous studies (Djeddi, 1979; Adams and Keller,
1996), we divided the sedimentary rocks above the
basement into seven layers (Figure 6). Each density
layer consists of one or more formations that share sim-
ilar density values, and the density within these similar , ‘ ‘
layers was considered constant. Density values vary - —— T
from 2‘45 tO 2‘8 g/cms as a result Of lithologic VariatiOIl -333.15-200.98-154.91-115.82 —-81.18 -47.26 -873 3168 76.08 123.45 176.77 248.15 367.70
between the formations (Figure 6).

Magnetic anomaly (nT)

Figure 5. (a) Total magnetic field anomalies of the Permian
Basin study area from the North America grid compiled by the
USGS. The magnetic high anomalies in the Central Basin in-

Model A-A’
Model A-A’ is a 292 km long, north-south regional

cross section through the MB (Figure 7). This model
was modified from a previous gravity model by Adams
and Keller (1996) by adding the lower crust and the

dicate potential areas of igneous intrusions, such as the PIC.
The AGM forms a linear magnetic low across the northern
Permian Basin.
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Figure 4. (a) Bouguer gravity anomalies of the Permian Basin region, which combines the DNAG gravity grid on the US side and
the EGM2008 gravity grid on the Mexico side, showing major basins and structural high. The AGM is an east-northeast-trending
major gravity low in the northern Permian Basin. The Pecos Intrusive Complex (PIC) shows as north-northwest-trending gravity
high in the CBP. DB, Delaware Basin; MB, Midland Basin; CBP, Central Basin Platform; VVB, Val Verde Basin; OA, Ozona Arch;
MOFB, Marathon-Ouachita orogenic fold belt; and PIC, Pecos Intrusive Complex. (b) Residual Bouguer gravity anomalies of the
Permian Basin study area derived from the Bouguer gravity. The boundary of the AGM is identical on the residual Bouguer gravity
anomaly map.
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Figure 6. Density intervals assigned for gravity modeling
with simplified stratigraphy and generalized lithology of the
Permian Basin region. Density values were extracted from
density logs from wells shown as the red circles in Figure 3.
The dashed lines indicate major unconformities. Density val-
ues change from 2.45 to 2.8 g/cm?® due to the lithologic varia-
tion between formations.

upper mantle layers as well as additional constraints
from well logs and a published seismic refraction sta-
tion (Gaherty, 2004). Model A-A’ crosses the AGM in the
northern MB and shows that the AGM was produced by
a geobody of lower density (2.64 g/cm®) compared to
the adjacent upper crust. Although the density of the
AGM is similar to a granitic intrusion, the geobody
underlying the AGM produces a magnetic low anomaly,
which differs from a granitic body that generally produ-
ces magnetic high anomalies (Figure 5). Based on our
observations, our modeling results, and previous inter-
pretations by Keller (2019), we interpret the AGM as a
mixture of granitic and metasedimentary rocks with a
lower density relative to the upper crust.

Another elongate and subparallel gravity low in the
southern MB produces gravity and magnetic anomalies
similar to the AGM (Figures 5 and 7). This gravity low is
related to a distinct source similar to the metasedimen-
tary or granitic belt underlying the AGM. Model A-A’
shows the presence of an intrusive mafic body in the
northern MB (Figure 7), which was inferred from its dis-
tinctive magnetic amplitude (Adams and Keller, 1996;
Keller, 2019; Figure 5). The model shows that the total
crustal thickness of the MB ranges from 33 to 35 km.

Model B-B’

Model B-B’ is a 240 km long, north-south regional
cross section through the DB (Figure 8). This model
is roughly coincident with the section shown by Adams
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Figure 7. Regional 2D gravity modeling A-A’ trending north—south across the MB and collinear with a previous gravity model by
Adams and Keller (1996). The model location is shown in the base map to the left. The dotted line shows the location of an inferred
and elongate mixture of granitic and metasedimentary rock 50 km to the south and subparallel to the AGM. A single refraction
station is shown as an inverted black triangle on the base map that was projected onto the plane of the section to constrain the
model along A-A’. The calculated gravity response closely fits the observed gravity signal.
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and Keller (1996) (Figure 9). Our model B-B’ contains
more constraints from well logs and refraction stations
(Romney et al., 1962; Jackson and Pakiser, 1966; Mitch-
ell and Landisman, 1971; Dumas, 1982) than the pre-
vious model of Adams and Keller (1996).

We added the lower crust and the upper mantle
layers to model B-B’ to better constrain the deeper
crustal structure. This model crosses the AGM in the
northern DB. Like model A-A’; the geobody that pro-
duced the gravity low in this area was interpreted as a
mixture of granitic and metasedimentary rocks. The
modeled geobody is much wider (127 km) compared to
the MB (60 km), and its thickness ranges from 2.7
to 12.4 km.

The P-wave velocity from seismic refraction stations
across the AGM showed a lower value of 5.95 km/s com-
pared to other locations (averaging 6.7 km/s). This ob-
servation further supports the inferred presence of the
mixture of granite and metasedimentary rocks underly-
ing the AGM (Keller, 2019). The presence of an intrusive
mafic body in the southern DB was inferred from its
distinctive magnetic amplitude (Adams and Keller,
1996, Keller, 2019) (Figure 5). The total crustal thick-
ness across this area is thicker than the MB, and it
ranges from 36.9 to 38.8 km.

Model C-C’

Model C-C' was constructed along the east-west
regional cross section from Matchus and Jones (1984).
Model C-C’ passes from west to east through the DB,

N
B

the CBP, and the MB (Figure 9). Model C-C’ was also
well constrained using well logs and refraction data
(Dumas, 1982; Gaherty, 2004; Shen et al., 2013). Model
C-C’ is consistent with models A-A’ and B-B’ at their
intersection points.

As shown in Figure 8, model C-C’ traverses through
the AGM in the DB and partially in the MB. The AGM in
the eastern DB was interrupted by an intrusive mafic
body whose location was constrained by its distinctive
magnetic signal as an isolated magnetic high. The depth
to Moho and depth to the top of the lower crust is shal-
lower in the CBP as the likely result of less sedimentary
overburden and the absence of the mixture of granitic
and metasedimentary rocks in the upper crust as shown
in Figure 8. The total crustal thickness is the least
(31.9 km) along model C-C’ beneath the CBP. Similar
to the previous two models, the Moho on model C-C’ is
relatively deeper beneath the center of the AGM (aver-
age 42 km).

Results from 3D gravity modeling
Density variation

Based on the bulk density logs, the sediment density
within the Permian Basin region varies vertically be-
tween formations and laterally within the same strati-
graphic intervals. Similar to 2D gravity modeling, we
divided the sedimentary layers into seven density layers
separated by seven horizons.

The seven density layers include (1) surface stations
(topography) — top Rustler Formation, (2) top Rustler
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Figure 8. Regional 2D gravity model B-B’ trending north-south across the DB and collinear with a previous gravity model by
Adams and Keller (1996). The model location is shown on the base map on the left. Five refraction stations are shown as the
inverted black triangles on the base map, and they were projected onto the plane of the section to constrain the model along
B-B’. The calculated gravity response closely fits the observed gravity signal. A mafic intrusion body was added in the south based

on the magnetic signal from Figure 5.
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Formation — top of the Leonardian, (3) top of the Leo-
nardian — top of the Strawn Formation, (4) top of the
Strawn Formation — top of the Barnett Formation,
(5) top of the Barnett Formation — top of the Devonian
(Woodford Formation), (6) top of the Barnett Formation
— top of the Ellenburger Formation, and (7) top of the
Ellenburger Formation — top basement. Each of these
horizons was interpreted and correlated across the study
region. The top of the Leonardian is defined as the top of
the Bone Spring Formation in the DB, the top of the Spra-
berry Formation in the MB, and the top of the Glorieta
Sand Member in the CBP.

Average density values within each layer were calcu-
lated at every well location (1614 measurements) to in-
corporate density variations within the Permian Basin
and were then gridded (Figure 10). The average density
between the Ellenburger Formation and the basement
varies from 2.66 to 2.85 g/cm?® (Figure 102). Higher den-
sity was observed in the western DB and central MB.
Areas with low-density anomalies may due to the effect
of karst weathering within the lower Ellenburger For-
mation (Loucks, 2008).

Density values vary greatly throughout the study re-
gion from the top Devonian to the top Strawn Formation
because of lithologic differences (Figure 2) between the
two subbasins and the platform (Figure 10b—10d). The
CBP is more carbonate-dominated compared to the two
subbasins, which are clastic-dominated. The DB consists
of thicker, fine-grained sediments compared to those of
the MB. Density values become more uniform between

OZ

the top of the Leonardian and the top Rustler and show a
higher value on the platform and lower values within the
two subbasins (Figure 10e). The average density above
the Rustler Formation was set constant to 2.45 g/cm?
based on Adams and Keller (1996) because the density
logs used in this study did not cover the interval above
the Rustler Formation.

3D gravity modeling framework

Formation tops bounding the density intervals were
correlated using 296 well logs as the structural input
for the 3D gravity model (Figure 11). In general, the
DB received thicker sediments, as shown by the deeper
depocenters shown in Figure 11a-11d. The top Ellen-
burger Formation reaches a depth of 6200 m below
sea level beneath the deepest area of the central DB
(Figure 11a).

The CBP is a structural high separating the DB and
MB. During the upper Demoinesian (upper Strawn)
through lower Wolfcamp time, the CBP underwent up
to 1000 m of uplift and erosion to create a hiatus known
as the Lower Permian unconformity (Matchus and
Jones, 1984; Figure 10d). The Lower Permian (Wolfcam-
pian and Leonardian) section is relatively uniform in
thickness in the DB and MB (Figure 1le), and it was
partially filled by the top of the Rustler Formation
(Figure 11f).

The 3D gravity model includes 10 layers, including
the same seven sedimentary layers described above,
the upper crust, the lower crust, and the upper mantle.
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Figure 9. Regional 2D gravity model C-C’ trending east-west across the entire northern Permian Basin. The model location is
shown on the base map on the left. Four refraction stations are shown as the inverted black triangles on the base map, and they
were projected onto the plane of the section to constrain the model along C-C’. The locations of models A-A’ and B-B’ were tied
with model CC’. A mafic intrusion body was added in the east based on the magnetic signal from Figure 5. The Moho depth is
deeper beneath the DB and the shallowest in the CBP. The calculated gravity response closely fits the observed gravity signal.
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Crustal structure of the Permian Basin

Using gravity data, we completed a 3D structural in-
version of the Moho and the lower crust of the Permian
Basin. The calculations were iterated until the best fit
crustal model was derived. The inverted Moho revealed
a deep root underlying the AGM that varies in depth
from 5 km beneath the DB to 3 km beneath the CBP
and the MB (Figure 12a). Similarly, the top of the lower
crust is deepest beneath the AGM, especially in the
northern DB (Figure 12b).

We also carried out a density inversion of the upper
crust of the Permian Basin. The results suggest that
lower density zones exist beneath the AGM that is also
observed on our 2D gravity models (Figure 13a). Iso-
lated higher density values correlate with the locations
of igneous intrusions mapped by Adams and Keller
(1996) (Figure 13a and 13b).

Basin modeling results and implications for
hydrocarbon exploration
Basin tectonic phases from subsidence analysis

Subsidence analysis using Petromod 1D was carried
out for this study that included sediment decompaction
and paleowater depth estimates based on the depositio-
nal height of carbonate platform margins, as shown in
previous regional cross sections (Feldman and Chair-
man, 1962; Matchus and Jones, 1984).

Subsidence plots from the wells were divided into
five tectonic phases in general agreement with previous
subsidence studies (Horak, 1985; Ewing and Christen-
sen, 2016; Ewing, 2019; Ruppel, 2019):

1) The predeformational, Tobosa Basin, and transi-
tion phase extended from the Ordovician to the Early
Pennsylvanian with deposition of shallow-marine car-
bonate facies to deeper marine mudstone facies.

a) b) ©)

235 239 243 247 251 255 259 263 267 271 275 279 283

Average density (g/cmd)

Figure 10. Density grids used for gravity modeling. (a) The average density between the top Ellenburger Formation and the
basement. Density values range between 2.83 and 2.78 g/cm®. (b) The average density between the top Devonian Formation
and the top Ellenburger. Density values vary from 2.77 to 2.61 g/cm®. (¢) The average density between the top Barnett Formation
and the top Devonian. Density values vary from 2.67 to 2.50 g/cm®. Density high anomalies were observed on the CBP due to
changes in bed thickness affected by the Devonian unconformity. (d) The average density between the top Strawn Formation
and the top Barnett. Density values vary from 2.68 to 2.46 g/cm®. (e) The average density between the top Lower Permian For-
mation and the top Rustler. Density values vary from 2.71 to 2.51 g/cm®. (f) The top Rustler Formation to the top Lower Permian.
Density values vary from 2.77 to 2.45 g/cm®. Black dots are the well control points.
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2) The main deformational and subsidence phase
extended from the Early Pennsylvanian to the end
of the Permian with deposition of mixed, siliciclas-
tic-carbonate deep-marine facies in the basins and
shallow-water carbonates facies on the platforms;
there are sediment packages up to 2.4 km thick within
the basin. Latest Permian (Ochoan) deposits are do-
minated by evaporites, including more than 1 km of
anhydrite and halite in the DB;

3) The postdeformational, low-subsidence phase
occurred during the Triassic with deposition of a
thin interval of nonmarine redbeds.

4) The stable platform phase extended from the Juras-
sic to the Eocene with significant deposition occurring
only during the Cretaceous and represented by shal-
low marine carbonates and subsidiary clastic rocks.
Some minor Laramide deformation effects occurred
from the Late Cretaceous to the Middle Eocene;

5) The basin exhumation/tilting phase occurred
from the Late Eocene to the present and was related

a) b)
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to Trans-Pecos volcanism, followed by Neogene Ba-
sin and Range extension to the west. This event
tilted the western area of the DB, Diablo Platform,
and Northwest Shelf to the east, with accompanying
erosion of much of the Ochoan and some Guadalu-
pian strata in this area.

Three representative subsidence plots from the MB,
DB, and CBP were annotated with the above five tec-
tonic phases, as shown in Figure 14. The subsidence
rate was relatively slow (average rate of 13 m/my) in
the predeformational phase, Tobosa Basin, and transi-
tion phase.

Subsidence history curves show that a marked in-
crease in the subsidence rate occurred during the Early
Pennsylvanian as the region entered its main deforma-
tional phase and period of maximum subsidence. Sub-
sidence reached its maximum rate (500 m/my in the
DB) during the Middle Permian. During the postdefor-
mational phase in the Triassic, the Permian Basin re-

5000 10000
] \eters

—5843.50 —5061.54 —4279.49 —3497.44 —271538 —1933.33 —1151.28 —369.23

Depth (m)

—3871.70 —323077_—2589.74 —1948.72 —1307.69 _—666.67 —16385 35807 87179 | 7170 393077 —2589.74 —1048.72

130760 —666.67 —15385 35807 87170 |—048.72—74350 —538.46 —333.33 —12821 76.92 230.77 43590 641.03 84615

Depth (m)

Depth (m)

Figure 11. Summary of structural inputs used for gravity modeling. (a) Top Ellenburger Formation, which reaches 6200 m below
sea level beneath the central DB (b) Top Devonian Formation. (¢) Top Barnett Formation. (d) Top Strawn Formation. (e) Top
Lower Permian Formation that was partially eroded across the southern CBP during the Early Permian. (f) Top Rustler Formation.

The black dots are the well control points.
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Figure 12. (a) Inverted Moho structure derived from 3D gravity inversion shows a deeper Moho (42.2-45.3 km) beneath the
location of the AGM compared to the adjacent areas (38.7—41.8 km). (b) Inverted lower crust structure from 3D gravity inversion
shows a deeper lower crust (21.9-36.9 km) beneath the location of the AGM than in the adjacent areas (10.9-21.4 km).
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Figure 13. (a) Summary of the density inversion results for the upper crust. The density value distribution shows a linear density
low in the upper crust at the location of the AGM, which closely matches the 2D gravity results. (b) Basement geology of the
Permian Basin study area (modified from Adams and Keller, 1996) showing major basement features labeled in Figure 1. Locations
of igneous intrusion in panel (b) correlate with density highs in a.
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gion underwent minor subsidence at a rate of
0-2 m/my.

Subsidence decreased abruptly during the Triassic
and remained stable during the stable platform phase.
After the post-Paleozoic stabilization of the region, sub-
sidence was only punctuated by uplift during the late
Cretaceous-Eocene Laramide Orogeny and later during
the Miocene to recent basin and range extensional
event.

Stratigraphy of units deposited during the five
tectonic events

Lithologic components vary laterally between the CBP
and the flanking DB and MB during the main deforma-
tional phase from Early Pennsylvanian to Late Permian
(Galley, 1958; Adams, 1965; Ruppel, 2019) (Figure 2).

The CBP is a late Paleozoic carbonate platform do-
minated by limestone and dolomite. The main sediment
packages of the DB are composed of fine-grained mud-
stone with interbedded sandstone (approximately 20%),
whereas the sediment packages in the MB consist of
more limestone (approximately 15%) and sandstone

Dowlen-Houpt
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(approximately 30%) with minor shale (Matchus and
Jones, 1984). These sediment packages are bounded
by high-angle thrust faults active during periods of
maximum thrusting occurring in the Pennsylvanian and
especially during Wolfcampian time (Figure 2). Up to
1000 m of erosion or nondeposition was observed on
the CBP as a result of uplift along the bounding thrust
faults while the adjacent DB and MB were undergoing
rapid subsidence (Figure 2). Tectonic activity in this
region decreased greatly following the Late Permian
(Guadalupian) and ceased by the end of the Permian
(Ewing, 2019).

Distribution of thermal maturity with respect to
Permian Basin depocenters

Thermal maturity was modeled at the same locations
as the wells that were used for subsidence analysis
(Figure 15). The maturity profile was calibrated with
corrected bottom-hole temperature data from Southern
Methodist University geothermal laboratory database
and vitrinite reflectance data from the USGS database
(Pawlewicz et al., 2005). It should be noted that alter-
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Figure 14. Subsidence history with five numbered tectonic stages from the Cambrian through Neogene based on representative
exploration wells for (a) MB — Dowlen-Houpt No. 1 well, central Midland county; (b) CBP — Mobil Glenn No. 14 well, southern
Crane county, and (c) the DB — Pennzoil No. 1 Anderson well, central Loving County. Five tectonic phases include the (1) pre-
deformational Tobasa Basin and transition phase, (2) main deformational phase; (3) postdeformational, subsidence phase, (4) sta-
ble platform phase, and (5) basin reactivation phase.
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nate measures of maturity by Manos and Perez (2018)
using Raman spectroscopy yielded different results for
the Permian Basin than the maturity results that we
present here. Our basin modeling assumed constant heat
flow over geologic time, and the heat-flow information
was based on the regional geothermal map of North
America (Blackwell and Richards, 2004). Two major hy-
drocarbon source rocks focused in this study are the
Wolfcamp shale and the Woodford shale.

In general, the DB is more thermally mature than the
MB. The CBP lies within the immature zone due to less
burial and a large amount of uplift and erosion during
the Early Permian (Figure 2). In the DB, the maturity
profile indicates that the top and base of the Woodford
shale lies in the overmature zone with thermal maturity
higher than 2%Ro (Figure 15a). The Wolfcamp shale is
partially in the oil window and partially in the gas win-
dow (Figure 15a). In contrast, in the southern CBP, the
Wolfcamp shale is in the immature zone while the Wood-
ford shale was eroded below during the Lower Permian
unconformity (Figure 15b). In the MB, most of the Wolf-
camp shale and the Woodford shale is currently in the oil
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window with Ro values ranging from 0.5% to 1.5%
(Figure 15c¢).

Discussion
Reconciling contrasting views on the regional,
tectonic controls of Permian Basin subsidence

Earlier interpretations of the Ouachita-Marathon-
Sonoran orogenic belt by Graham et al. (1975), Kluth
et al. (1981), and Dickinson and Lawton (2003) empha-
sized its diachronous, east-to-west progression during
the Pennsylvanian and Permian and its tectonic control
on a near-field, elongate, suture-parallel foreland basin
adjacent to a thin-skinned, northward-vergent fold-thrust
belt (Hickman et al., 2009). Kluth et al. (1981) propose
the modern India collision with central Asia as an
analog for the far-field deformation effects of the ARM
triggered by the Ouachita-Marathon-Sonoran orogenic
belt.

A later generation of geoscientists that includes
Marshak et al. (2000) and Craddock et al. (2017) recog-
nized many far-field structural effects in the North
American craton. These late Paleozoic structures were
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Figure 15. Maturity modeling based on representative exploration wells for (a) MB — Dowlen-Houpt No. 1 well, central Midland
county, (b) CBP — Mobil Glenn No. 14 well, southern Crane county, and (c) the DB — Pennzoil No. 1 Anderson well, central
Loving county. Major hydrocarbon source rocks in the MB have entered the oil window. In the DB, major source rocks are partially
in the oil window whereas deeper source rocks, such as the Woodford shale, have entered the gas window. Major source rocks are
mostly immature in the shallowly buried and partially eroded CBP.
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attributed to a single or slightly varying, north—south,
Ouachita-Marathon-Sonora stress field that reactivated
and inverted intracratonic features of the ARM and
areas as distant as the upper Midwest that included Pre-
cambrian rifts and older, orogenic belts. Marshak et al.
(2000) propose that strike-slip faulting was a common
mode of reactivation of these older structures that in-
cluded Precambrian faults, rifts, and suture zones.

In a more recent revision of these earlier ideas of far-
field, late Paleozoic deformational effects, Leary et al.
(2017) and Ewing (2019) point out that the orientation
of north—south basement uplifts that comprise the wide-
spread ARM orogenic event is oriented at right angles to
the compression direction of the Ouachita-Marathon-
Sonoran orogeny and are better explained by a uniform,
northeast-directed compression related to orogenic
shortening events along the Pacific margin of North
America. Therefore, the northwest- or north-directed
shortening related to the Ouachita-Marathon-Sonora
event was a less significant “soft orogeny” in compari-
son to the “harder” northeast-directed Pacific orogenies
(van Staal and Zagorevski, 2020).

One concept that can help reconcile these differing
views of the structural controls of the late Paleozoic Per-
mian Basin is the concept of a contiguous versus broken
foreland basin, as illustrated in active foreland basins
along the Andean margin of South America (Strecker
et al, 2011). Contiguous foreland basins are those
formed adjacent to a fold-and-thrust belt and result from
accommodation space created by the flexural response
of the crust to the topographic load of the fold-and-thrust
belt, such as the Arkoma Basin and the Fort Worth Basin.
This leads to the familiar suite of contiguous foreland ba-
sin depozones: the wedge-top, foredeep, forebulge, and
backbulge (DeCelles and Gilles, 1996). Contiguous fore-
land basins in the northern Andes form in a retroarc
position adjacent to areas of steeper subduction and ex-
tensional type arcs (Strecker et al., 2011).

In contrast, broken foreland basins are formed in
areas of flat subduction and compressional type arcs
where retroarc convergence is accommodated along re-
activated, high-angle structures in the basement. Uplift
along these reactivated basement structures is dispa-
rate in space and time and create ranges and basins that
are limited in their along-strike length and occur far
inboard and remote from the main topographic and de-
formation front of the orogen. These broken foreland
basins tend to be isolated and restricted from one an-
other and are quite different in appearance from the
more familiar and much larger, contiguous foreland
basins (Strecker et al., 2011).

The Permian Basin as a broken foreland basin
Although the Permian Basin lies less than 100-400 km
north of the Marathon thin-skinned, fold, and thrust belt
(Hickman et al., 2009), its main depocenter is oriented at
right angles to the Marathon thrust front orientation. Gal-
ley (1958, 1970) propose that this unusual orientation is
related to the reactivation of a Precambrian rift formed

at approximately 1100 Ma and later reactivated during
the Marathon orogeny and the formation of the ARM.
These north—south rift trends are not easily mapped on
potential field data because the Permian Basin is cross-
cut by the east—northeast-trending AGM that we have de-
scribed in this paper (Figure 4). We also noted rapid
gravity changes along the boundaries among the AGM,
CBP, and flanking two subbasins.

Along with Adams and Keller (1994, 1996) and Keller
(2019), we have focused on the reactivation of the
regional crustal feature marked by the AGM. Major base-
ment-involved structures have been repeatedly activated
during subsequent plate collisions and rifting events
(Kluth et al., 1981; Marshak et al., 2000, Craddock et al.,
2017; Snee and Zoback, 2018). As shown in Figure 16a,
several regional-scale faults are known to exist in the
Permian Basin region (Walper, 1977; Shumaker, 1992;
Yang and Dorobek, 1995; Ewing, 2019). One prominent
feature is the east-west-striking left-lateral strike-slip
Grisham fault (GF) along the southern margin of the
AGM that was active during the period of maximum Per-
mian subsidence, as shown on the Permian thickness
map (Shumaker, 1992; Ewing, 2019; Ruppel, 2019) (Fig-
ure 16b). This east-northeast-trending basement ridge
defined on its northern edge by the GF is roughly parallel
to the northermmost salient of the Marathon fold and
thrust belt 100 km to the south. For a strike-slip fault,
this is an unexpected orientation for reactivation invok-
ing north-south shortening associated with the Mara-
thon orogeny. Leary et al. (2017) and Ewing (2019)
propose that the GF reflects a northeast-southwest
shortening that could be the composite response to the
Marathon, Sonoran, and Nevadan belts. In addition to the
GF, two other strike-slip fault zones (Big Lake, Todo-Elk-
horn) mapped by Ewing (2019) are shown in Figure 16a.
Moreover, the CBP itself shows three left-lateral deflec-
tions in its overall north-south trend (Figure 16a). The
central and northern CBP was bound by the north-
west-southeast-trending Monahans and the Hobbs trans-
verse zone, respectively, as discussed by Ewing (2019)

Deformational model for the rift inferred along the
AGM trend

We propose that the underlying crustal structure of
the AGM also plays an important role in generating the
large amount of subsidence observed during the Mara-
thon and ARM orogenic events. We propose that the
elongate mixture of granitic and metasedimentary
rocks with a lower density as interpreted from gravity
modeling (Figures 7, 8, 9, and 13a) — acted as a zone of
weakness that collapsed and focused extreme synoro-
genic subsidence (phase 2, Figure 14). Synorogenic
deformation included left-lateral shearing along the
GF that coincides with the east-northeast-trending
southern edge of the AGM (Figure 16a). It should be
noted that this local east-west-trending basement low
adjacent to the GF is a second-order effect, with the
primary DB depocenter remaining in a north-south
orientation.
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As aresult of Permian shortening, the crust and upper
mantle of the AGM, which we infer as a Precambrian rift
feature — similar to those described by Marshak et al.
(2000) or as proposed by Mosher (1998) — were de-
pressed along the rift-controlled, preexisting zone of
weakness, as illustrated in Figure 16c. An analog of
the response of the lithosphere under compression along
a preexisting weakness zone has been described from
the eastern North Sea by Gemmer et al. (2002) (Figure 7).
The results from our gravity structural inversion further
confirmed that the depths to the lower crust and Moho
are deeper below the AGM (Figure 13).

Analysis of regional burial history pattern

We compiled subsidence analysis representative wells
of seven sedimentary basins along the Marathon-Ouach-
ita orogenic belt and part of the ARM system that include
from east to west: (1) the Arkoma Basin, (2) the Ana-
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darko Basin, (3) the Palo Duro Basin, (4) the Val Verde
Basin (VVB), (5) the MB, (6) the DB, and (7) the Orog-
rande Basin to analyze the subsidence pattern on a
regional scale (Figure 17a and 17d). We measured the
distance between each geohistory site and from the
western edge of the Black Warrior Basin, where the
continental collision is thought to have begun (Graham
et al., 1975; Dickinson and Lawton, 2003).

In Figure 17b, we plotted the measured distance
versus the average subsidence rate during the period
of maximum subsidence during the Pennsylvanian-
Permian orogenic period and the total subsidence for
the seven basins. The basins with the higher average
subsidence rates from east to west are the Arkoma
Basin (135 m/my), Anadarko Basin (152 m/my), VVB
(123 m/my), and DB (113 m/my). With the exception
of the Anadarko Basin, these higher rate basins are
within 150 km of the Ouachita-Marathon deformation
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Figure 16. (a) Comparison of Paleozoic faults distribution (the thin black lines) with mapped by Ruppel et al. (2008) and Ewing
(2019) and the AGM (the white dotted line). Major northwest—-southeast-trending faults are marked as the white lines. Major thrust
faults are the boundary of the CBP marked by the thick, white line. The black box shows the location of (b). DBN, North Delaware
Basin; DBS, South Delaware Basin, BLF, Big Lake fault; TEF, Todd-Elkhorn fault; GH, Grisham fault; HF, Huapache fault; AF,
Apache fault; and RCSM, Rojo Caballos-San Martine fault zone. (b) Thickness of Permian rocks (as measured from the base Per-
mian to the surface) in the DB. Grisham left-lateral strike-slip fault is shown by the red line (modified from Ruppel, 2019). The AGM
is shown by the white dashed polygon. (¢) Conceptual model for convergence of the crustal structure with a preexisting, rifted
zone of weakness (modified from Gemmer et al., 2002). The model shows the crust and mantle response to east-west compression
during the phase 2 main deformational phase from the Early Pennsylvanian to the Late Permian. The rifted zone of weakness
(AGM) acts as a load that presses down the region adjacent to the weak zone due to the lateral strength in the crust and mantle.
The location of the modeled line is labeled in panel (a). GF, Grisham fault.

T

Downloaded from http://pubs.geoscienceworld.org/interpretation/article-pdf/doi/10.1190/INT-2020-0065.1/5217414/int-2020-0065.1.pdf
bv lniversity of Houston user



front. The more distant basins except for the DB (the
Palo Duro Basin — 480 km and the Orogrande Basin
— 440 km) show lesser average subsidence rates (49
and 47 m/my, respectively) and total sedimentation
(Figure 17b). The DB shows the highest total sub-
sidence of 8000 m as it continued to subside at a high
subsidence rate up to the end of the Permian.

In Figure 17c, we plotted the measured distance ver-
sus the start and end times for the most rapid period of
the presumed climax of orogenic activity — along with
the end time for all orogenic activity — for the seven
basins. These plots show a slight younging trend from
east to west over the 1000 km distance with an average
rate of 0.04 cm/yr. This rate is considerably less than
the rate of 0.6 mm/yr that we calculated using the data
provided by Leary et al. (2017).

Our younging rate is similar to the rate of 0.02 mm/yr
that we calculated using data provided by Ewing (2019).
Our data indicate that the South America-Yucatan col-
lision occurred almost synchronously along the Ouach-
ita-Marathon thrust front, and, for that reason, higher
sedimentation occurred in the more proximal basins
as a consequence of an elevated highland generated
along this zone (Gao et al., 2019; Liu and Stockli, 2020;
Soto-Kerans et al., 2020).

Effect of basement structure on the thermal
maturity of source rocks

The top to basement depth shown in Figure 18a was
constrained by gravity modeling, well logs, and previous
subsurface mapping summarized by Ruppel (2008).
Two depocenters were observed in the northwest and
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Figure 17. (a) Location of the representative wells of seven sedimentary basins along the Marathon-Ouachita orogenic belt and
part of the ARM system, including the (1) Arkoma Basin, (2) Anadarko Basin, (3) Palo Duro Basin, (4) VVB, (5) MB, (6) DB, and
(7) Orogrande Basin. The basemap was modified from Marshak et al. (2017). (b) Plot showing the maximum subsidence rate for the
seven basins compared to their estimated distance from the easternmost location where continental collision is thought to have
begun (labeled as a star). (c¢) Plot showing the time of the most rapid subsidence initiation and the time of maximum subsidence
rate for the seven basins versus estimated distance away from the location where continental collision began (labeled in start).
(d) Subsidence analysis for the seven basins marked with the period from the initiation of rapid subsidence to reaching their
maximum subsidence rate followed by the end of rapid subsidence and with an eventual return to basin stability.
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southeast DB (Figure 18a). The depocenter in the
northern DB is called the Malaga subbasin by Ewing
(2019). The depocenter in the northern DB overlies the
east-northeast trend of the AGM and is bounded in the
south by the GF (Figure 18a).

Basement depth was then compared with thermal
maturity and production trend in this region. We com-
bined our maturity modeling results with previous
maturity studies in the Permian Basin to generate a
maturity map of top Devonian (modified from Echegu,
2013; Jarvie et al., 2017). The maturity map shows that
the dry gas window, which has the highest thermal
maturity, correlates with the thicker depocenters in
the DB (Figure 18b). The location of maturity associ-
ated with the deeper depocenters also correlates
with the most recent production trends in the Permian
Basin unconventional plays (Figure 18c). Thermal
maturity is also related to the presence of granitic/
mafic intrusion bodies, which will produce higher heat
flow. The study by Manos and Perez (2018) using

Raman spectroscopy of carbonaceous material
shows that the highest maturity gradient lies in an area
of higher heat flow in the southwestern DB in western
Pecos County, that they attribute to the area of Ceno-
zoic intrusions. The location of the highest maturity gra-
dient also correlates with the presence of two major
bodies of pre-Grenville mafic intrusions (Adams and
Keller, 1996; Manos and Perez, 2018), as shown in
Figure 13a.

Production information from Enverus shows that
from December 2019 to February 2020, new wells started
to produce in a concentrated area in the northwestern
DB that correlates with these areas of more mature base-
ment depocenters (Figure 18c). The DB has been the site
of recent large increases in unconventional hydrocarbon
production, especially from the Wolfcamp and Bone
Spring formations. Although reservoir characteristics
are the primary driver, we speculate that thicker sedi-
ments and higher thermal maturity may have contributed
to this sweet spot of recent oil production.

Conclusion
We have developed three regional 2D
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gravity models that incorporate the fol-
lowing data sources: (1) density and
lithologic controls from industry well
logs drilled to the Ordovician Ellenbur-
ger Formation, (2) published seismic re-
fraction data, and (3) published, regional
cross sections in the Permian Basin. Be-
cause sediment densities and basinal
stratigraphy vary between the three com-
ponents of the Permian Basin — MB,
DB, and CBP — we divided the sedi-
mentary section above the crystalline

basement into seven layers for the 2D
model. The result of this gravity model-
ing improved the boundaries of a 34—
108 km wide, 650 km long east-west-
trending AGM over the northern Permian
Basin, which we infer is underlain by a
belt of Early Mesoproterozoic, granitic,
and metasedimentary rocks with a lower
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density compared to the surrounding
areas of the upper crust.

We also generated a 3D model incor-
porating structural and density controls

Basement depth (m)

Figure 18. (a) Depth to basement map constrained by the gravity model, the
well logs, and the previous study by Ruppel (2008). Two depocenters were ob-
served in the DB (in the white polygon). (b) Top Devonian maturity map modi-
fied from Echegu (2013) and Jarvie et al. (2017) showing the distribution of the
oil window, wet gas window, dry gas window, and areas that are early mature to
immature. Zones of basement depocenters from (a) are shown in the white poly-
gons. (c) Basement structure with production wells for a three-month period
(Dec. 2019-Feb. 2020) based on data provided by Enverus. New wells that start
production with a promising barrel of oil equivalent (BOE) concentrated in the
northern DB. Zones of basement depocenters from (a) are shown in the white
polygons.
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from well logs. Structural inversion re-
sults show that the depth to top lower
crust and Moho is deeper below the
AGM, especially beneath the deep depo-
center of the northern DB. Density inver-
sion results further confirm that the upper
crust density is lower beneath the AGM.

Subsidence analysis-based deep wells
in the Permian Basin allow division of the
stratigraphic section into five tectonic
phases:
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1) predeformational, Tobasa Basin and the transition
phase from the Ordovician to the Early Pennsyl-
vanian

2) main deformational and subsidence phase from the
Early Pennsylvanian to the Late Permian

3) postdeformational, low-subsidence phase from the
Late Permian to the Late Triassic

4) stable platform phase from the Jurassic to the
Eocene

5) basin exhumation/tilting phase from the Late Eocene
to the present.

The maximum subsidence (up to 421 m/my) hap-
pened during the main deformational phase with sedi-
ment packages up to 2.4 km thick.

We propose that the belt of granitic and metasedimen-
tary rocks inferred from gravity modeling acted as a zone
of preferential weakness in a broken foreland basin set-
ting that accommodated regional shortening related to
the Marathon orogeny to the south and to coeval orog-
enies along the Sonoran margin to the southwest and the
Nevadan margin to the west. Basement depth in the Per-
mian Basin defines the limits of deep basinal areas that
may host the most productive and thermally mature
source rock kitchens. These deep and localized depocen-
ters are controlled in part by Permian strike-slip faults
aligned with the edges of the AGM. High-maturity zones
for hydrocarbons overlie deeper basement depocenters
and are delineated by our basement maps. The deeper
(4.2-6.2 km) basement of the DB has resulted in its
broader zone of oil and gas maturity than observed
above the shallower (1.6-3.6 km) basement of the MB.
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