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Abstract: Frequent salt tectonic activities within the Perdido fold belt complicate hydro-
carbon accumulation, severely constraining hydrocarbon exploration. In this paper, the
characteristics and differences of hydrocarbon accumulation in the Wilcox and Frio For-
mations in the central and eastern regions of the Perdido fold belt are analyzed through
geochemical analysis, hydrocarbon generation simulation, and regional tectonic restoration.
The results indicate the following: (1) Hydrocarbon in the Wilcox and Frio Formations in
both the central and eastern regions of the Perdido fold belt originates from the Jurassic
Tithonian source rocks. (2) Source rocks in the central and eastern regions entered the oil
generation threshold in the late Paleocene and reached the oil generation peak in the late
Eocene. Compared with the central region, the eastern region reached the gas generation
threshold earlier, which is influenced by the activities and differential distribution of salt
in the Perdido fold belt. (3) Hydrocarbon accumulation in central and eastern regions is
divided into four stages, showing a “terraced single-layer” and “dual-layer” accumulation
pattern in the central and eastern regions of the Perdido fold belt, respectively. (4) Central
and eastern regions represent discrepancies in the petroleum systems elements of reservoirs,
caprocks, traps, generation, charging, and preservation of hydrocarbon.

Keywords: hydrocarbon accumulation pattern; salt tectonics; thermal evolution simulation;
hydrocarbon migration; Perdido fold belt

1. Introduction
The Gulf of Mexico Basin is a renowned salt-bearing basin in the passive continental

margin, and its long history of oil exploration and production has attracted widespread
attention in industry and academia [1–4]. According to the statistics of Snedden et al. [4],
the cumulative offshore production and the ultimately recoverable resources in the Gulf
of Mexico Basin exceed 60 billion barrels of oil equivalent (BOE) and 113 billion BOE,
respectively. Up to now, three hydrocarbon-bearing regional fold belts have been found in
the deepwater area of the northern Gulf of Mexico, namely, the Perdido, Keathley-Walker,
and Mississippi Fan [5]. The study area of this paper is the Perdido fold belt, which has
presented significant exploration potential for oil and gas since the successive discoveries
of the Great White and Silvertip oil fields [6].
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The Perdido fold belt possesses complex geological conditions, with Mesozoic–
Cenozoic sedimentary bodies, extensional and contractional faults, and fold belts [5].
The super-thick, widely distributed, and diversified salt rocks in the Perdido fold belt
influenced the generation and accumulation of hydrocarbons. Structurally, the Perdido
fold belt can be divided into the western, central, and eastern regions. In the western
region, the salt tectonics are mainly dominated by salt piercements formed by Jurassic
Louann salt. In the central region, large-scale Jurassic Louann salt cores and allochthonous
salts are developed. In contrast, salt structures are rarely developed in the eastern region.
At present, there are a few works on the accumulation of oil and gas in the Perdido fold
belt [7,8]. These previous studies mainly focus on thermal evolution simulation of source
rocks, the characteristics and genesis of oil and gas, and hydrocarbon migration.

Salt tectonics influence hydrocarbon generation, migration, and preservation in passive
continental-margin basins. In terms of hydrocarbon generation, Davison and Cunha [7]
and Liu [9] reckon that the presence and tectonic activities of salt layers affect the heat
conduction and convection processes in the formations, thereby influencing the formation
temperature and postponing the maturation of the subsalt source rocks. In terms of
hydrocarbon migration, the effects of salt tectonics are still controversial. Some scholars
believe that the active stepped faults and ductile migration pathways formed by salt
tectonics can serve as conduits for oil migration [8,10–12]. However, Zhang et al. [12]
argue that the listric faults formed by salt tectonics may create barriers and baffles for fluid
flow. Additionally, Bian et al. [13] suggest that salt rocks prevent hydrocarbon migration
along the strike–slip faults. In terms of hydrocarbon preservation, most works present that
the salt structure salt tectonics are beneficial. It is found that salt rocks can preserve pore
space in subsalt reservoirs by alleviating their diagenesis [9]. Moreover, Snedden et al. [4]
believe that salt rocks, due to their strong fluidity and plasticity, are prone to forming
various types of salt-related traps, such as salt core compression anticline traps and salt
weld traps. Overall, the characteristics of hydrocarbon accumulation in the Perdido fold
belt are not fully understood, and the role of salt tectonics in hydrocarbon accumulation
remains unrevealed.

By three-dimensional seismic data, geochemical analysis, and thermal evaluation
simulation, the hydrocarbon generation, migration, and accumulation processes in two
typical hydrocarbon-bearing strata, i.e., the Wilcox and Frio Formations, in the central and
eastern regions of the Perdido fold belt are comparatively analyzed. The results not only
reveal the salt-involved hydrocarbon accumulation characteristics and patterns within the
Perdido fold belt but also emphasize their spatial discrepancies in the central and eastern
regions. The findings of this paper will benefit the identification of favorable exploration
areas and reduce the exploration risks in the Perdido fold belt.

2. Geological Background
The Perdido fold belt is located in the Burgos Basin, northern Gulf of Mexico (Figure 1a).

The Burgos Basin is a typical passive continental-margin basin with a seawater depth
of 1000–3000 m [14]. Based on the characteristics of gravity detachment deformation of salt
rocks, the Burgos Basin can be divided into a tensile zone, transitional zone, and compressive
zone from west to east (Figure 1b). According to the developmental characteristics of salt
tectonics, the Perdido fold belt is divided into three regions, i.e., the western, central, and
eastern regions (Figure 1c). Specifically, the western region of the Perdido fold belt is located
in the transitional zone of the Burgos Basin, while the central and eastern regions are situated
in the compressive zone of the Burgos Basin. In the western region of the Perdido fold
belt, mud diapirs and a small number of salt welds are developed; in the central region,
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large-scale allochthonous salt sheets are developed; and in the eastern region, thrust-related
folds are developed, with no allochthonous salt present.

The Perdido fold belt develops a complete source–reservoir–cap system. The
Jurassic Tithonian Stage carbonate rocks are important source rocks in the Perdido
fold belt (Figure 1d). These source rocks are characterized by high-organic-matter abun-
dance, with the average total organic carbon (TOC) content exceeding 4 wt% and
Type II kerogen [8,15]. This indicates that the Perdido fold belt has excellent source rock
conditions, providing abundant hydrocarbons for the formation of oil and gas reservoirs.
The Upper Paleocene–Lower Eocene Wilcox Formation and the Oligocene Frio Formation
are dominating reservoirs in the Perdido fold belt (Figure 1d). The porosity of the Wilcox
and Frio Formations ranges from 25 to 30% and 10 to 23%, and the permeability ranges
from 50 to 250 mD (1 mD = 1.019 × 10−15 m2) and 3 to 21 mD [5,16]. The regional cap
rocks in the Perdido fold belt are marine mudstones from the Eocene to Oligocene and
continental mudstones from the Miocene.

The Gulf of Mexico Basin, which came into being during the Mesozoic, has undergone
long-term tectonic evolution, forming a stratigraphic system primarily composed of marine
carbonate rocks and continental clastic rocks (Figure 1d). In the late Triassic, the Gulf of
Mexico Basin entered a rifting stage. During this period, the Gondwana Continent split
from the Laurentia Continent, resulting in the northwest–southeast-oriented rifting that
formed grabens, half-grabens, and rift valleys [17–19]. The sediments deposited during this
stage were primarily shale, mudstone, and siltstone [17]. In the middle Jurassic, Earth’s
crust cracked, and the ocean expanded in the Gulf of Mexico Basin [20,21], with thick
Louann salt deposited during the marine transgression [22].

In the late Jurassic, the Gulf of Mexico Basin entered the period of the passive continen-
tal margin, with the Yucatan Block rotating counterclockwise and the forming of oceanic
crust [22]. In the early Cretaceous, rifting and ocean expansion came to an end [17,21,23,24].
From the late Jurassic to the early Cretaceous, marine deposits dominated and continen-
tal deposits subordinated; the Tithonian Stage carbonate rocks developed during this
period [22].

In the late Cretaceous, the Gulf of Mexico Basin entered a passive continental-margin
reconstruction stage, in which the shelf at the western margin of the Gulf of Mexico was
uplifted, influenced by the Laramide Orogeny, depositing marlstone and shale [25–27].
In the Paleocene, the Burgos Basin received abundant siliciclastic sediments supplied by
the uplift and erosion of the Laramide Orogenic Belt, and the Lower Wilcox Formation
sandstone deposited [28]. In the early Eocene, the Burgos Basin received sediments from
the Rio Grande and developed a large-scale basin bottom fan [22]. Late Paleocene to early
Eocene, the Upper Wilcox Formation turbidite sandstone formed [5]. In the late Eocene to
Oligocene, the terrain was uplifted, and erosion intensified due to the Laramide Orogeny,
causing a substantial increase in the sediments carried by the Rio Grande, developing
sandstone and turbidites in the Burgos Basin [29,30]. In the Oligocene, the Frio Formation
sandstone was deposited. From the Miocene to the present, the original depositional center
of the Burgos Basin shifted eastward to the Mississippi River, leading to the weakening of
the sedimentation in the Perdido fold belt; clastic deposits dominated [31].

For the Perdido fold belt, more specifically, the stratigraphic framework is also influ-
enced by salt tectonics. In the Eocene to Oligocene, the Louann Salt was transferred to
the compression area of the Burgos Basin under the driving of gravity, developing widely
distributed allochthonous salt sheets at the central region of the Perdido fold belt, while
a thrust-fold belt was formed at the eastern region. As the sedimentation weakens, the
allochthonous salt advances slowly toward the extrusion zone. During this period, the
double-layer salt tectonics pattern in the Perdido fold belt is gradually established, which is
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composed of the deep Louann Salt and the shallow allochthonous salt. After the Miocene,
the allochthonous salt was covered by terrestrial clastic sediments, ultimately forming the
current framework of the Perdido fold belt (Figure 1c).
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Figure 1. Geographic location, stratigraphic column, and geological profile of the Perdido fold belt
in the Burgos Basin. (a) Locations of the Burgos Basin and the Gulf of Mexico (modified from [32]);
(b) Location of the Perdido fold belt and its subdivisions (modified from [33,34]); (c) Typical geological
profile of the Perdido fold belt and the Burgos Basin (modified from [35]); (d) Stratigraphic column of
the Perdido fold belt (profile AA’) (modified from [16,33]).

3. Data and Methods
In this section, the basic data collected in this work and the geological research methods

of basin modeling and back-stripping are introduced briefly.

3.1. Data

As displayed in Table 1, the basic data collected in this paper mainly include three-
dimensional seismic data, stratigraphic divisions, and hydrocarbon geochemical data.
The locations of related wells are illustrated in Figure 1b. These wells are fairly evenly
distributed in central and eastern regions of the Perdido fold belt, which is beneficial to
obtain a comprehensive understanding of geochemical characteristics and hydrocarbon
accumulation characteristics. Except for partial hydrocarbon geochemical data collected
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from the published literature [8], the other data are sourced from the Major Scientific and
Technology Project of China National Offshore Oil Corporation During the 14th Five-Year
Plan Period.

Table 1. Basic data of this paper.

Data Source
Subdivisions of the Perdido Fold Belt

Central Region Eastern Region

Three-dimensional seismic This work Yes Yes
Stratigraphic division This work C-2 M-2

Geochemistry This work C-1, C-2, D-1, K-1, L-1, and H-1 M-2
Ref. [8] T-1 and T-2 E-1, M-1, M-3, N-1, and N-2

The three-dimensional seismic survey was conducted throughout the whole Perdido
fold belt. The stratigraphic divisions and fault interpretation are carried out on Petrel
software (version 2021.1) based on the preprocessed three-dimensional seismic data. The
grid sizes are 1.9 km × 1.9 km and 76 m × 76 m for the whole Perdido fold belt and salt
tectonics, respectively. More elaborate stratigraphic divisions are also identified from the
logging data (mainly natural gamma ray, true formation resistivity, and acoustic curves) of
typical wells C-2 and M-2, including the depth, lithology, and thickness of strata. The result
of the stratigraphic division is in accordance with the seismic interpretation. Moreover, the
approximate age and paleo-water-depth of these strata of wells C-2 and M-2 are analyzed
for the further conduction of basin modeling.

The geochemistry data contain the laboratory data on source rock, natural gas, and
crude oil. Among them, the geochemistry data on Tithonian source rock include the
TOC content and pyrolysis hydrocarbon content (S2) from wells H-1 and L-1 (5 sets of data).
In addition, the vitrinite reflectance (Ro) from Oligocene to Quaternary in wells C-2 and
M-2 are also collected. Geochemistry data on natural gas and crude oil in the Wilcox and
Frio Formations from 14 wells are collected. It should be noted that some high-quality
published geochemistry data in reference [8] on gas and oil in the Perdido fold belt are
adopted in this paper (Table 1). This is due to the available geochemistry data in the study
area being relatively scarce, and the supplement of these published data will benefit the
comprehensiveness and accuracy of the geochemical insights in the Perdido fold belt. The
geochemical data of natural gas include its compositions and characteristics on stable
carbon isotopes, while for the crude oil, the American Petroleum Institute (API) gravity
and sulfur content are collected.

3.2. Basin Modeling

Basin modeling is a method for the hydrocarbon generation history reconstruction of
source rocks. This method predicts oil and gas generation through temperature modeling:
the model is calibrated by the vitrinite reflectance and well temperature, and then it
simulates the hydrocarbon generation process [36–38]. In this paper, the basin modeling
on a single well is carried out by the one-dimensional (1D) module of BasinMod software
(version 2014). The main analysis processes include data preparation, burial and subsidence
history construction, and thermal history simulation. The basic data for basin modeling
are mainly stratigraphic divisions, lithology, Ro, stratigraphic age, stratum thickness,
denudation thickness of stratum, stratum temperature, thermal conductivity, terrestrial
heat flow, and paleo-water-depth. In the first step, the burial and subsidence history are
constructed with the input data. Then, by fitting thermal history parameters, the thermal
history in a single well can be generated. It should be noted that the simulation results
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on thermal history should be verified by the comparison between the simulated Ro and
measured Ro.

In this paper, one-dimensional temperature modeling was conducted for the strati-
graphic sequences from the Upper Jurassic to the present for well C-2 in the central region
and well M-2 in the eastern region of the Perdido fold belt. The hydrocarbon generation
history of the Tithonian source rocks in the central and eastern regions was then recovered
by the calibration of the vitrinite reflectance.

3.3. Back-Stripping

The back-stripping method is a technique for reconstructing paleosurface morphology
and sedimentary history. This method involves removing stratigraphic layers from new
to old through decompression, fault displacement removal, and layer flattening, thereby
restoring the original depositional state of the strata [39,40]. The above processes are
carried out by the two-dimensional (2D) module of Move software (version 2010.1). Key
parameters include fault properties and initial formation porosity. In this work, the tectonic
evolution history of the central and eastern regions of the Perdido fold belt from the early
Eocene to the present (typical geological profile of BB’ in Figure 1b) was reconstructed.

4. Results
The geochemistry characteristics of hydrocarbons and source rocks, as well as the

results of basin modeling, in the Perdido fold belt are analyzed in this part. Based on these
analyses, the origin and generation process of hydrocarbons is preliminarily understood.

4.1. Geochemistry Characteristics of Hydrocarbon

The study of geochemical characteristics of oil and gas is an important means to
determine their composition, origin, and thermal evolution stages. In this section, the geo-
chemical characteristics of natural gas and crude oil from the Wilcox and Frio Formations
in the Perdido fold belt are analyzed, and the differences in geochemical characteristics
between the central and eastern regions are compared.

4.1.1. Oil Geochemistry

API gravity and sulfur content are important indicators for evaluating the qual-
ity of crude oil. The API gravities of heavy oil, medium oil, and light oil are <22◦API,
22◦API -38◦API, and >38◦API, respectively, while the sulfur contents of low-sulfur, sulfur-
containing, and high-sulfur crude oils are <0.5%, 0.5–2.0%, and >2.0%, respectively [41].
The API gravity and sulfur content of crude oil in the Perdido fold belt are shown in Fig-
ure 2. The API gravity of crude oil in the Wilcox Formation ranges from 20◦API to 48◦API,
with an average of 38◦API; the sulfur content ranges from 0.2% to 2.1%, with an average of
0.7%. The API gravity of crude oil in the Frio Formation ranges from 28◦API to 47◦API,
with an average of 34◦API; the sulfur content in the Frio Formation ranges from 0.4% to
1.1%, with an average of 0.7%. The crude oil in the Wilcox Formation and Frio Formation of
the Perdido fold belt is primarily composed of medium-to-light oil, with low-to-moderate
sulfur content, and contains a small amount of heavy oil and high-sulfur crude oil. A
previous study has shown that most of the oil in the Perdido fold belt is light and medium
oil [8], which is consistent with the results of this study. Overall, high-quality crude oil is
mainly enriched in the deeply buried Wilcox Formation in the central and eastern regions,
while the crude oil quality is relatively poorer in the shallowly buried Wilcox Formation in
the central region and the Frio Formation in the eastern region. The shallowly buried crude
oil may undergo biodegradation to some extent, resulting in a decrease in oil quality.
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Figure 2. (a) API gravity and (b) sulfur content of crude oil at different depths in the Wilcox Formation
and Frio Formation of the Perdido fold belt. MW: data of the Wilcox Formation in the central region;
MWC: cited data of the Wilcox Formation in the central region; EWC and EFC: cited data of the Wilcox
Formation and the Frio Formation in the eastern region, respectively. The green areas represent trends
in API and sulfur content in the shallow Wilcox and Frio Formations. The gray lines in figure (a)
represent API gravities of 30◦API and 45◦API; The gray line in figure (b) represents a sulfur content
value of 1.2%.

The relative contents of C27, C28, and C29 regular steranes can be used to identify the
type of oil-generating kerogen and the maturity of crude oil [42–44]. As shown in Figure 3a,
the oil-generating kerogens of both the Wilcox and the Frio Formations in the Perdido
fold belt are derived from phytoplankton and bacteria, suggesting that they may originate
from the same set of source rocks. The maturity of crude oil can be revealed by the sterane
isomerization parameters C29ααα20S/(20S + 20R) and C29αββ/(ααα + αββ). As maturity
increases, the α configuration of steranes converts to the β configuration, and the biological
configuration R converts to the geological configuration S, which is manifested by an in-
crease in C29ααα20S/(20S + 20R) and C29αββ/(ααα + αββ) with increasing maturity [44].
As shown in Figure 3b, the C29ααα20S/(20S + 20R) and C29αββ/(ααα + αββ) values of
crude oil in the Wilcox Formation and Frio Formation of the Perdido fold belt are dis-
tributed in the ranges of 0.37–0.63 and 0.54–0.72, respectively, indicating that the crude
oil has entered the mature thermal evolution stage. In terms of horizontal distribution,
the degree of thermal evolution of the Wilcox Formation crude oil in the eastern region is
higher than that in the central region.
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Wilcox Formation in the central region; MWC: cited data of the Wilcox Formation in the central
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4.1.2. Natural Gas Geochemistry

The natural gas components of the Wilcox Formation and the Frio Formation in the
Perdido fold belt are primarily hydrocarbons (with methane content ranging from 81.2% to
94.9%, averaging 88.0%; the average contents of ethane, propane, and butane are 7.0%, 3.0%,
and 1.3%, respectively) and contain a small amount of non-hydrocarbon gases (mainly
carbon dioxide, with content ranging from 0.08% to 1.09%, averaging 0.38%) (Figure 4).
Since the methane content in the natural gas is below 95%, the enriched natural gas in the
Wilcox and Frio Formations in the central and eastern regions of the Perdido fold belt is
predominantly wet gas. This section not only analyzes the type, origin, and maturity of
natural gas in the Perdido fold belt, but also compares the vertical and horizontal changes
in these parameters, supplementing and enriching the existing findings of [8].
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The origin, type, and maturity of natural gas can be determined by its compositions
and carbon isotopes [45–48]. Specifically, the origin of natural gas can be analyzed based on
the relationship between methane, ethane, propane components, and the carbon isotope of
methane [49,50]. As shown in Figure 5a, the natural gas in the central and eastern regions
of the Perdido fold belt is overall thermally generated, but there may be some differences in
the sources of natural gas within the fold belt. In terms of vertical distribution, the natural
gas in the Wilcox Formation is derived from the cracking of Type I and Type II kerogen,
while the natural gas in the Frio Formation is primarily derived from the cracking of
Type II kerogen. In terms of planar distribution, the natural gas in the Wilcox Formation in
the central region of the Perdido fold belt tends to originate from the cracking of Type I
and Type II kerogen, while the natural gas in the Wilcox and Frio Formations in the eastern
region tends to originate from the cracking of Type II kerogen. The type and maturity
of natural gas can be determined based on the carbon isotopes of methane, ethane, and
propane [51–53]. As shown in Figure 5b, the natural gas in the Wilcox Formation is a
mixture of oil-type gas, coal-type gas, and a combination of both, while the natural gas in
the Frio Formation is composed of oil-type gas and coal-type gas. Regionally, the natural
gas in the Wilcox Formation in the central region of the Perdido fold belt is composed of
oil-type gas, as well as a mixture of oil-type gas and coal-type gas, while the natural gas in
the Wilcox Formation in the eastern region is primarily oil-type gas. As shown in Figure 5b,
the natural gas in the Wilcox Formation is in the mature-to-high-mature stage, while the
natural gas in the Frio Formation is in the low-mature-to-mature stage. For the Wilcox
Formation, the maturity of natural gas in the central region of the fold belt is higher than
that in the eastern region.
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4.2. Origin and Generation of Hydrocarbon

As shown in Figure 6, the kerogen enriched in the carbonate rocks of the Tithonian
Stage is Type I and Type II. The Tithonian carbonate rocks have a thickness of 300–500 m,
with a TOC content ranging from 0.77 wt% to 6.56 wt%. Due to the deep burial depth
and high formation temperature, the Tithonian carbonate rocks have considerable po-
tential for hydrocarbon generation, with pyrolysis hydrocarbons ranging from 3.79 to
48.45 mg HC/g rock. The temperature of maximum pyrolysis yields (Tmax) of the Titho-
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nian source rocks in the Gulf of Mexico Basin ranges from 404 ◦C to 467 ◦C, indicating
that partial source rocks have entered the high-maturity thermal evolution stage [16].
According to the geochemical characteristics and physical properties of hydrocarbons
(Figure 3a, Figure 4, and Figure 5a), the Type I and Type II kerogen are determined to be
the hydrocarbon-generating kerogen of the Wilcox Formation and Frio Formation in the
Perdido fold belt. Moreover, based on the type of kerogen and its thermal evolution stage,
it is inferred that the oil and gas in the Wilcox Formation and Frio Formation of the Perdido
fold belt originates from the Tithonian source rocks. This inference is mutually verified
with the findings of [5,7].
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The reconstruction of burial history and hydrocarbon generation history is an effective
means to analyze the periods of stratigraphic subsidence and hydrocarbon generation,
expulsion, and migration. The basin modeling results for the Tithonian source rocks at
well C-2 in the central region of the Perdido fold belt and well M-2 in the eastern region
are shown in Figure 7. The simulated vitrinite reflectances are highly consistent with the
measured values, indicating the reliability of the simulation results. In terms of stratigraphic
burial history, from the late Jurassic to the present, the strata in the central and eastern
regions of the Perdido fold belt have been continuously sinking. From the late Jurassic to
the end of the Cretaceous, the stratigraphic subsidence rate was relatively low; however,
it increased significantly from the early Paleocene to the early Oligocene. From the late
Eocene to the late Oligocene, the Jurassic Louann Salt broke through the surface in the
central region of the Perdido fold belt, forming large-scale allochthonous salt sheets, which
also led to the rapid subsidence of the overlying strata of the Louann Salt. Under the effect
of gravity, the allochthonous salt sheets compressed the strata in the eastern region of the
Perdido fold belt, causing the subsidence of the eastern strata to increase slightly. From
the Miocene to the late Pliocene, the subsidence rates of the strata in both the central and
eastern regions slowed down. Since the Quaternary, the strata in the whole Perdido fold
belt have undergone rapid subsidence.
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In terms of hydrocarbon generation history, the simulation results indicate that the
Tithonian source rocks have considerable hydrocarbon generation potential. As displayed
in Figure 7a,b, the Tithonian source rocks at well C-2 in the central region and well M-2 in
the eastern region both entered the oil generation stage (Ro: 0.5–1.0%) in the late Paleocene,
then reached the oil generation peak (Ro: 1.0–1.3%) in the middle-to-late Eocene. Moreover,
the central region entered the gas generation stage (Ro: >1.3%) in the late Oligocene, which
was later than that of the eastern region (i.e., the end of the Eocene). Previous study has
shown that the compression of salt rock has a cooling effect on the underlying strata and
prolongs the maturity period of the subsalt source rocks [7]. This is consistent with the
results of this study; in addition, it is believed that the high thermal conductivity of salt
rock is the key reason for this phenomenon. When the thickness of the overlying strata
above the source rocks is similar, the high thermal conductivity of the thick allochthonous
salt in the central region results in a smaller temperature increase, causing the source rocks
in the central region to reach the gas generation window later.

5. Discussion
In this section, the hydrocarbon accumulation characteristics in the Perdido fold

belt are discussed, mainly in the aspects of transport systems, hydrocarbon migration
characteristics, accumulation patterns, and petroleum systems. The contrastive analysis
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in the above aspects between the central and eastern regions of the Perdido fold belt is
conducted.

5.1. Transport Systems of Hydrocarbon

The geological model analysis shows that the oil and gas transport system in the
Perdido fold belt mainly includes faults, the Wilcox sandstone, and the Frio sandstone
(Figure 8). Generally, faults are the effective “highways” of the source rock–reservoir
connection due to their considerable size in length and cross-sectional area. Moreover,
considering the good petrophysical properties of the reservoir strata, the Wilcox and Frio
Formations can also play the role of oil and gas transport system to a certain extent. Previous
research has shown that faults generated by salt rock activity and the Wilcox Formation
sandstones constitute the oil and gas migration pathways in the Perdido fold belt [8], which
is consistent with the results of this paper. However, previous research did not explore in
depth the changes in fault properties during salt rock activity and ignored the role of Frio
Formation sandstones as migration pathways for oil and gas.
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In the central region, subsalt reverse faults developed at the end of the Eocene. From
the plane perspective, these faults mainly strike northeast and are nearly perpendicular to
the direction of the seaward flow of allochthonous salt. From the profile perspective, these
faults extend upward to the base of the allochthonous salt and cut downward through
the Jurassic source rock, with multiple faults with similar dips forming nearly parallel
thrust belts. In the middle and late Eocene, with the formation of allochthonous salt,
partial subsalt reverse faults reversed, forming the composite oil and gas transport system
consisting of reverse faults, negative inversion faults, and the Wilcox sandstone (Figure 8).

In the eastern region, reverse faults also developed. The strikes of these faults are
controlled by the lateral compression of salt. Faults close to the thrust of allochthonous salt
are mostly upright and have a higher distribution density, while faults far from the salt
are mostly shovel-shaped and have a lower distribution density. The faults in the eastern
region do not cut through the Jurassic source rock, but cut through the Wilcox sandstone
and connect to the Jurassic source rock through a nearly northeastern boundary fault,
forming the composite oil and gas transport system consisting of a source-rock-connected
reverse fault, the Wilcox sandstone, the thrust-fold faults, and the Frio sandstone (Figure 8).

5.2. Migration Directions of Hydrocarbon

Geochemical tracing of oil and gas is a mature method for determining the direc-
tion of hydrocarbons migration. In this paper, the ratio of 4-methyldibenzothiophene
to 1-methyldibenzothiophene (4/1-MDBT), the relative content of Ts/(Ts + Tm), and
C29αββ/(αββ + ααα) are adopted to analyze the oil migration, while the dryness
coefficient (C1/C1–5) is used to analyze the gas migration. Theoretically, these parame-
ters are positive for the maturity of hydrocarbons. Hydrocarbons with higher maturity
usually migrate into the reservoir later than those with lower maturity [55]. In other words,
the hydrocarbons with higher maturity are usually behind the hydrocarbons with lower
maturity during their migration. Therefore, the decreased direction of hydrocarbon matu-
rity in the same reservoir, i.e., the decreased direction in the values of the above parameters,
indicates the migration direction of hydrocarbons [56–58]. In the previous work [8], the
vertical migration of hydrocarbons was analyzed and discussed, but the interregional
migration characteristics are still unclear. In this section, the migration directions of crude
oil and natural gas in the Wilcox Formation are revealed.

The hydrocarbons in the Perdido fold belt have undergone vertical and lateral migra-
tion during their accumulation. Vertically, the source rocks and reservoirs in the study area
have a “lower generation and upper storage” configuration, signifying the hydrocarbons
migrated vertically to the reservoirs from deeper strata. As displayed in Figure 9, the values
of C29αββ/(αββ + ααα) and C1/C1–5 both show a decreasing trend with the decrease in
depth of the Wilcox Formation, which also confirms the vertical migration for the hydrocar-
bons in the Wilcox Formation. In the plane graph of Figure 10, the values of 4/1-MDBT and
Ts/(Ts + Tm) show a decreasing trend from SW to NE, indicating that the hydrocarbons in
the Wilcox Formation migrated from SW to NE. Moreover, the lateral migration direction
of hydrocarbons is in keeping with the extension direction of the strike–slip faults in the
study area, further confirming the transport capacity of the faults and reservoir rocks. In
the northeast part of the Perdido fold belt, crude oil with relatively higher maturity also
developed, which may be related to the multiple charging of hydrocarbons.
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Figure 10. Distribution of maturity parameters and the preferential oil migration directions in the
Wilcox Formation of the Perdido fold belt. (a) 4/1-MDBT and (b) Ts/(Ts + Tm). Larger 4/1-MDBT
and Ts/(Ts + Tm) values indicate higher hydrocarbon maturity. The direction of the arrow is the
direction of hydrocarbon migration. The colored filled areas are the elevation contours of the Wilcox
Formation.

5.3. Accumulation Processes and Patterns of Hydrocarbon

The hydrocarbon accumulation models for the central and eastern regions of the
Perdido fold belt are constructed based on tectonic evolution restoration. The results
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indicate that the hydrocarbon accumulation processes between the two regions are
different (Figure 11).
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The hydrocarbon accumulation process in the central region can be divided into
four stages. Stage I: In the late Paleocene, the Tithonian source rocks reached the oil
generation threshold, resulting in the generation of a small amount of crude oil. In the
early Eocene, the strata were in integrated contact with minimal tectonic relief, and low-
angle east-dipping reverse faults developed. The Wilcox Formation dipped slightly to
the east (Figure 11a). Stage II: In the middle-to-late Eocene, the autochthonous salt broke
through the surface, forming the allochthonous salt. Regional compression led to the
formation of the eastward-dipping thrust-fold belt, with anticlinal traps developing in the
central region. During this period, the Tithonian source rocks entered the oil generation
peak, and crude oil migrated vertically upwards along reverse faults into the Wilcox
Formation, forming large-scale anticlinal oil reservoirs (Figure 11b). Stage III: In the
late Oligocene, large-scale allochthonous salt sheets formed and pushed the middle–late
Eocene mudstone caprock. This process led to the destruction of the regional caprock, the
complete destruction of oil reservoirs in the Wilcox Formation, and the formation of widely
distributed bitumen. Meanwhile, the allochthonous salt sheets were overlaid on the Wilcox
Formation, becoming the new regional caprock. The loss of in situ salt caused the collapse
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of the overlying strata, creating a local extensional environment. As a result, the early-
formed reverse faults were inverted, forming negative inversion faults. During this period,
the Tithonian source rocks entered the gas generation threshold. The hydrocarbons first
migrated vertically along faults to the Wilcox Formation, and then laterally migrated in the
Wilcox Formation, accumulating in anticlinal traps at higher tectonic positions (Figure 11c).
Stage IV: from the Miocene to the present, faults beneath the allochthonous salt are mostly
sealed under the regional compressive environment, and the sealing height of the traps has
increased (Figure 11d).

The hydrocarbon accumulation process in the eastern region can also be divided into
four stages. Stage I: late Paleocene to early Eocene, the hydrocarbon accumulation in the
eastern region is similar to Stage I in the central region (Figure 11a). Stage II: During
the mid-to-late Eocene, regional compressive tectonic activity led to the formation of an
eastward-dipping thrust-fold belt in the east. During this period, the Tithonian source
rocks entered the oil generation peak, and low-maturity crude oil migrated vertically along
faults to the Wilcox Formation to form ancient oil reservoirs (Figure 11b). At the end of
the Eocene, the source rocks reached the threshold for gas generation, producing a small
amount of natural gas. Stage III: During the late Oligocene, a large amount of natural gas
was generated, and the oil and gas migrated upward along middle Jurassic reverse faults
to the Wilcox Formation. A significant amount of oil and gas migrated upward through
reverse faults to the Frio Formation, and “dome-shaped” dominant gas reservoirs were
formed. Meanwhile, the scales of the Wilcox oil and gas reservoirs were reduced. The
oil and gas within the Frio Formation further migrated laterally to the west through the
fault system, forming “progradational” oil and gas reservoirs (Figure 11c). Stage IV: From
the Miocene to the present, the Tithonian source rocks are still in the gas generation stage,
and oil and gas continue to migrate along reverse faults towards the Wilcox Formation
and further accumulate in the shallow Frio Formation, forming oil and gas reservoirs
(Figure 11d).

In summary, the differences in hydrocarbon accumulation between the central and
eastern regions of the Perdido fold belt are as follows:

1. Type of oil and gas transport systems. The hydrocarbon migration pathway in the cen-
tral region consists of reverse faults, negative inversion faults, and Wilcox Formation
sandstone, while in the eastern region, it consists of source-rock-connected reverse
faults, Wilcox Formation sandstone, thrust-fold faults, and Frio Formation sandstone.

2. Threshold for gas generation of the source rocks. The source rocks in the central
region entered the gas generation stage in the late Oligocene, while those in the
eastern entered the gas generation window at the end of the Eocene.

3. Hydrocarbon accumulation pattern. In the central region, hydrocarbons first migrate
vertically from the source rocks to the Wilcox Formation along faults, then migrate to
structurally high positions within the Wilcox Formation to form reservoirs, overall
following a “step-like” single-layer accumulation pattern. In the eastern region,
hydrocarbons migrate vertically from the source rocks to the Wilcox Formation and
then to the Frio Formation along faults, forming “dome-shaped” gas reservoirs in the
Wilcox Formation and “progradational” oil and gas reservoirs in the Frio Formation,
overall exhibiting a dual-layer accumulation pattern.

5.4. Petroleum Systems

In this section, the petroleum systems in the central and eastern regions of the Perdido
fold belt are elaborated, interpreted by the comprehensive review of the reservoir geochem-
ical characteristics, single-well burial history, source rock hydrocarbon generation history,
and regional tectonic evolution (Figure 12).
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The elements of the petroleum systems in the central and eastern regions of the Perdido
fold belt are as follows:

1. Source rocks. The source rocks are marine carbonate rocks of the Jurassic Tithonian
Stage, with large thickness, wide distributed area, abundant phytoplankton and
bacteria-originated organic matters, Type I and Type II kerogen, and significant
hydrocarbon generation potential.

2. Reservoirs. The reservoir in the central region is the Wilcox Formation, while the
reservoirs in the eastern region are the Wilcox Formation and the Frio Formation, both
of which are marine turbidite sandstones.

3. Caprocks. In the central region of the Perdido fold belt, the caprock was mudstone
from the early Paleocene to the late Eocene, which has turned into allochthonous salt
since the late Eocene. The caprock in the eastern region is always mudstone since the
formation of the reservoirs. These caprocks are thickly and widely deposited in the
study area, providing excellent preservation capacity for oil and gas reservoirs.

4. Traps. The traps in the central region are anticline traps with a closing height of
approximately 4 km, while in the eastern region, they are thrust-fold traps with a
gentler structure and less closing height. Most of these traps were formed in the
middle Eocene and finalized in the late Oligocene.

5. Hydrocarbon generation. There are two major hydrocarbon generation periods in the
central and eastern regions. Abundant oil was generated in the middle Eocene for the
two regions, while the major generation period for natural gas was the late Oligocene
and late Eocene in the central and eastern regions, respectively. The amount of oil and
gas generated is only a qualitative display, which may be subject to uncertainty and
does not represent an absolute quantity.

6. Hydrocarbon charging. There were two stages of hydrocarbon charging events in both
the central and eastern regions. The first stage of hydrocarbon charging occurred in
the middle Eocene, with large amounts of crude oil charged into the Wilcox Formation.
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In the second stage, crude oil and gas charged into the Wilcox and Frio Formations,
happening in the late Oligocene and late Eocene for the central and eastern regions,
respectively.

7. Reservoir preservation. The hydrocarbons in the central region have been protected
by regional mudstone since the middle Eocene. But since the late Eocene, regional
allochthonous salt rocks have served as caprocks. During the transformation period
of the caprock, the reservoirs in the central region were destroyed. For the eastern
region, the hydrocarbons have been continuously protected by regional mudstones
since the middle Eocene to the present.

6. Conclusions

1. The hydrocarbons in the central and eastern regions of the Perdido fold belt originate
from the Tithonian source rocks, while their type and maturity are different. Mature
medium–light crude oil is reserved in the Wilcox and Frio Formations, but the oil in
the eastern region shows higher maturity. Gas in the central region is generated from
type I and type II kerogen and is in the mature–highly mature stage. Gas in the eastern
region is mainly cracked from type II kerogen and in the stage of low mature–mature.

2. The Tithonian source rocks entered the oil generation stage in the late Paleogene and
reached the oil generation peak in the middle Eocene, but entered the gas generation
stage and peak in the late Oligocene and late Eocene, respectively. The natural gas
generation in the central region of the Perdido fold belt was postponed since the
development of super-thick allochthonous salt.

3. The hydrocarbons mainly migrated from southwest to northeast and from deep buried
strata to the shallow formations. Hydrocarbons in the central region first migrated
vertically to the Wilcox Formation, and then migrated in the Wilcox Formation, pre-
senting a “terraced single-layer” accumulation pattern. Hydrocarbons in the eastern
region first migrated vertically to the Wilcox and Frio Formations, and then made
westward-spreading adjustments in the Frio Formation, presenting a “double-layer”
accumulation pattern.

4. Differences exist in petroleum system elements between the central and eastern
regions. By the systematic analyses and comparisons of the hydrocarbon accumulation
in the central and eastern regions, it is believed that the eastern region is the preferable
exploration zone.

In guiding the development of oil and gas, cluster horizontal wells and three-
dimensional development strategies are recommended to be deployed in the eastern
region since the development of the double reservoirs of the Wilcox and Frio Formations
and gentle stratigraphic structure, to improve exploitation efficiency and save engineering
costs. For the salt-bearing central region, the next research direction includes drilling risks
evaluation and anti-sticking technology optimization for the efficient development of oil
and gas.
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Abbreviations
The following abbreviations are used in this manuscript:

API American Petroleum Institute
BOE Billion barrels of oil equivalent
C1 Methane
C1/C1–5 Dryness coefficient
C2 Ethane
C3 Propane
C4+ Butane and heavier alkanes
C27 C27 n-alkanes
C28 C28 n-alkanes
C29 C29 n-alkanes
C29ααα20S/(20S + 20R) Sterane isomerization parameter
C29αββ/(ααα + αββ) Sterane isomerization parameter
EFC Cited data of the Frio Formation in the eastern region
EWC Cited data of the Wilcox Formation in the eastern region
E1 Paleocene
E2 Eocene
E3 Oligocene
HI Hydrogen index (HI = S2/TOC)
J2 Middle Jurassic
J3 Late Jurassic
K Cretaceous
K2 Late Cretaceous
MWC Cited data of the Wilcox Formation in the central region
MW Data of the Wilcox Formation in the central region
N1 Miocene
N2 Pliocene
Q Quaternary
Ro Vitrinite reflectance
S2 Pyrolysis hydrocarbon content
T3 Upper Triassic
Tmax Temperature of maximum pyrolysis yields
TOC Total organic carbon
Ts/(Ts + Tm) Relative content of trimethylhopane
4/1-MDBT Ratio of 4-methyldibenzothiophene to 1-methyldibenzothiophene
δ13C Carbon isotopes
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