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Petroleum reserves are abundant in the large-scale lacustrine fan delta reservoirs containing mixed oil in the
Baikouquan Formation (MA131 Block, Junggar Basin). However, detecting such subtle reservoirs in the lacus-
trine foreland basins is challenging. High-resolution sequence stratigraphy, sedimentary basin evolution, and
reservoir models are established by integrating the results obtained via wireline log data, cores, thin sections, and
seismic data. A fifth-order sequence stratigraphic framework for the Baikouquan Formation is established, which
enables the reconstruction of the sedimentary basin evolution and further detailing of the reservoir model, such
that the correlation to multistage progradation and retrogradation of the fan delta complex can be determined.
The study of core samples led to the identification of eight microfacies, of which sandy debris flows and dis-
tributary channels dominate approximately 80% of the depositional system. Stratal slices enable the charac-
terization of the northern Xiazijie and eastern Madong fan-delta systems. The northern Xiazijie fan delta is widely
distributed throughout sequences SSQ1-SSQ6, whereas the Xiazijie fan delta underwent, in general, gradual
retrogradation during the formation of sequences SSQ6 and SSQ7. The eastern Madong gravity flow fan-delta
system only developed during the formation of sequences SSQ1-SSQ5 at the location of an abrupt slope
break. There are nine categories of reservoir models in the study area based on the source rocks, faults, and
reservoirs. Geomorphology and climate are crucial in controlling the sedimentary infill. Deep faults and an
unconformity between the Permian and the Triassic of the Mahu Sag played a decisive role in controlling the
hydrocarbon migration pathways. The faults, source rocks, and microfacies together exert considerable control
on hydrocarbon accumulation. Within the nearshore fan-delta front, variable reservoir quality can be observed.
Crucial factors in improving reservoir quality are fine-grain size and relatively low clay content. This study may
facilitate subtle reservoir characterization in other basins.

1. Introduction

Hydrocarbon exploration has been primarily focusing on structural
traps using either paleogeomorphic maps or surface outcrop data. With
decreasing probability of the discovery of large oil and gas reservoirs,
seeking subtle oil and gas resources has considerably progressed (Amy,
2019; Warnecke and Aigner, 2019). The concept of a subtle trap was first
proposed by Carll (1880), which was used to represent stratigraphic,
unconformity, and paleogeomorphic traps that are different from
structural traps. With the advancement of exploration, development,
and theoretical research of subtle reservoirs, there have been substantial
breakthroughs in new theories and technologies, such as sequence
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stratigraphy, lithofacies paleogeography, paleogeomorphology analysis,
reservoir-forming dynamics, seismic attribute analysis technology, and
high-resolution seismic inversion technology (Ehman et al., 2021;
Anyiam and Uzuegbu, 2020; Xian et al., 2018). This helps in demon-
strating the reservoir-forming mechanism of subtle reservoirs and
providing strong technical support for their broad exploration and
exploitation strategy.

Most continental basins in China are characterized by variable lith-
ofacies, particularly a small reservoir scale and complex reservoir-
forming mechanism (Dai et al., 2021; Tian et al., 2022). Recently, as
the oil fields gradually enter a medium-to-high exploration stage, the
exploration target has transformed from the original large structural
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reservoir into a subtle reservoir controlled by factors such as lithology,
stratum, and low-amplitude structure (Yu and Wang, 2021; Song et al.,
2020). Statistically, the proportion of proven reserves of subtle reser-
voirs of total discovered reserves in China’s petroliferous basins has
exhibited a yearly increase, such as the Junggar Basin and Ordos Basin,
with 70% in the east and 85% in the west (Li et al., 2017).

Subtle petroleum traps have become an important target for explo-
ration in the Junggar Basin, western China, where the large lacustrine
fan delta of the Baikouquan Formation is found in the slope belt of the
Mahu Sag, including the Xiazijie, Huangyangquan, and Karamay fans
(Zhu et al., 2019; ZHAO et al., 2019). Contrary to the fan delta devel-
oped in the marine environment, the lacustrine fan delta is poorly
influenced by waves and tides, well preserving its internal sedimentary
characteristics and forming a large-scale lithological reservoir. Thus far,
a great quantity of hydrocarbon has been discovered and extracted from
the Triassic Baikouquan Formation in the fan-delta complex (Xiao et al.,
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2021; Tang et al., 2021). However, the reservoir is characterized by a
regionally mixed source of crude oil, various reservoir types, and com-
plex hydrocarbon accumulation mechanism, restricting subtle reservoir
development. Few studies have focused on the applications of seismic
data to study the sedimentary-filling evolution in a fifth-order sequence
framework. In general, hydrocarbon reservoirs vary in different regions
and stages as hydrocarbon enrichment is dominated by a combination of
different source rocks, reservoir-seal assemblages, traps, and their
temporal as well as spatial distributions. In this study, a series of hy-
drocarbon reservoir models were proposed to better clarify the hydro-
carbon enrichment law in such lacustrine fan delta deposits. We
integrated the results obtained from wireline logs, core samples,
three-dimensional (3D) seismic cube, formation testing data, and pro-
duction data for thoroughly demonstrating the sedimentary evolution
under the fifth-order stratigraphic sequence framework and the forma-
tion of the hydrocarbon reservoirs in the strata. This study aims to
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Fig. 1. Tectonic maps showing the locations of (a) the Junggar Basin and (b) the Mahu Sag and major tectonic units of the Junggar Basin. The red polygon represents
the study region. (c) The well location map of the MA131 well block; the cross section in Figs. 3 and 10 (outlined by the black line) and secondary thrust faults are
shown. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)



Z. Yu et al Marine and Petroleum Geology 142 (2022) 105730

as well as Zhayier, northeastern Kelameili, southeastern Bogeda, and
southwestern Yilinheibiergen (Fig. 1b).

The Mahu Sag (100-km long; 50-km wide) is located along the
northern edge of the basin, flanked to the west by the Kebai and Wuxia
fault zones and to the east by the Dabasong and Xiayan uplifts (Fig. 1b).
It is a secondary structural unit belonging to the central depression,
covering an area of ~6800 km?. The research region MA131 well block
is seated on the clival area of the northern Mahu Sag and is dominated by
the Xiazijie fan-delta complex. This region is a monocline gently dipping
to the south (Fig. 1c). Prefan-delta facies, fan-delta front facies, and fan-
delta plain facies had successively developed from west to east (Lu et al.,
2019). Nose convex, groove, and platform structures have developed
locally, and two groups of 10-40 m reverse faults have developed in the
study area (Liang et al., 2020). From northeast to southwest, the MA131
well block can be divided into three fault blocks: XIA72, MA131, and
MA133 fault blocks (Fig. 1c).

The Mahu Sag stratigraphy can be subdivided into the lower Bai-
kouquan, middle Karamay, and upper Baijiantan Formations that were
developed during the Triassic (Fig. 2). The Baikouquan Formation of the

construct a high-resolution stratigraphic sequence framework; to depict
the sedimentary evolution of the fan delta deposits; to summarize the
hydrocarbon models; and to discuss the depositional model, hydrocar-
bon accumulation in the study area, and implications for petroleum
exploration.

2. Geological setting

The Junggar Basin (total area ~13 x 10* km?) is a large continental
basin known to have undergone the Late Carboniferous—Quaternary
tectonic events on a regional scale in Northwest China (Fig. 1a). The
compression and nappe between plates caused the formation of the
continental foreland basin along the northwestern edge of the basin in
the Early-Middle Permian. During the Late Permian, the basin under-
went a large-scale tectonic movement again and the foreland basin
gradually evolved into a depression basin. Subsequent tectonic events
considerably weakened and the stratum subsided intermittently, form-
ing the present-day stratigraphic distribution pattern. The basin is sur-
rounded by the Paleozoic mountains, including northwestern Hala’alat
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Fig. 2. Synthetical stratigraphic histogram of the strata in the research region. A high-resolution sequence of the target layer is shown on the right (modified from
Xinjiang Oilfield).
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Fig. 3. Interpreted sequence-interface cali-
bration characteristics and the Triassic
sequence comparison framework. Fig. 3a
depicts the longitudinal section direction
and 3b depicts the cross section direction.
See Fig. 1c for the location. The column to
the right shows the interpreted Triassic se-
quences SQ1—SQ5. The red well log curve
refers to GR, and the blue well log curve
refers to RD. (For interpretation of the ref-
erences to color in this figure legend, the
reader is referred to the Web version of this
article.)
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Lower Triassic is our target stratum, which lies with an angular un-
conformity upon the underlying lower Wuerhe Formation (Pow) of the
Middle Permian and a conformable contact with the overlying Karamay
Formation (T2k) of the Middle Triassic. Fluviolacustrine deposits of
conglomerates that are interbedded with pebbly sandstone, sandstone,
and mudstone characterize the Baikouquan Formation (Feng et al.,
2019; Xu et al., 2019). The Baikouquan Formation can be further sub-
divided into three members (Mbrl, Mbr2, and Mbr3). From bottom to
top, the retrograded fan deltaic depositional system developed during
the lake transgression. Many sets of thick glutenite developed vertically,
which facilitated the formation of large-scale high-quality reservoirs and
lays the foundation for taking shape lithologic reservoirs.

3. Materials and methodology
3.1. Materials

We used core samples, wireline log data, fluorescence thin sections,
casting thin sections, 3D seismic data, and data associated with oil and
gas production, which had been obtained for hydrocarbon exploration
within the northern Mahu Sag in the Junggar Basin and provided by the
Exploration and Development Research Institute of Xinjiang Oilfield

¥ 3rd sequence
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SQ2

SQ3

SQ4

SQs

Company (CNPQC).

The 3D seismic volume covered the entire research region, with
20-50 Hz effective bandwidth, 2 ms vertical sample interval, and 12.5
m x 12.5 m horizontal bin size. The vertical resolution of the seismic
data was assumed to be ~23 m on account of a dominant frequency of
30 Hz in the target zone. Thus far, 38 wells have been drilled into the
Triassic strata, including 34 vertical and four horizontal wells, with most
well depths exceeding 3000 m. Core samples (including thin sections)
provide the most direct evidence of lithology and sedimentary microf-
acies identification. The conventional logs sensitive to lithology
included gamma-ray (GR) and formation resistivity (RD), which were
used for detailed analysis of the stratigraphy, lithofacies, and sediments.
0Oil and gas production data from numerous appraisal wells along with
some fluorescence thin sections were used in the hydrocarbon accu-
mulation analysis of the study area. Leica polarized light fluorescence
microscopy was performed to observe fluid inclusion petrography.
Furthermore, the homogeneous inclusion temperature of 32 samples
from four wells was measured.

3.2. Methodology

A fifth-order sequence was first constructed by sequence boundary
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identification through the pattern of logging curves with high vertical
resolution under a fourth-order sequence framework constraint. Subse-
quently, the sedimentary microfacies were identified based on the core-
calibrated logging facies under a fifth-order isochronous stratigraphic
framework constrain. Then, extraction of the acoustic impedance (AI)
amplitude seismic attribute was performed to ascertain the vertical and
planar distributions of the depositional systems and to explain the dy-
namic sedimentary evolution processes by creating stratigraphic slices
in 2 ms intervals. The workflow can be described as follows.

(1) The construction of a high-resolution fifth-order stratigraphic
sequence framework of the Baikouquan Formation was
performed.

(2) The sedimentary microfacies were accordingly determined via
interpretation of the core-calibrated logging facies. Extraction of
the AI amplitude seismic attribute was done to ascertain the
vertical and planar distributions of the depositional systems.

(3) The examination of the filling and evolution processes of the
sedimentary system under the fifth-order sequence framework
was carried out by applying stratigraphic slices in 2 ms intervals.

(4) The hydrocarbon accumulation analysis of the study area used
fluorescence thin sections, measured homogeneous inclusion
temperature, and oil as well as gas production data.

(5) Afterward, the main hydrocarbon reservoir models were sum-
marized according to the conditions and characteristics under
which the hydrocarbon reservoirs formed. Eventually, the hy-
drocarbon enrichment law governing the different types of hy-
drocarbon reservoirs was discussed.

4. Results
4.1. Sequence stratigraphy

Statistically, 86% of the reserves of most oil and gas fields in the
world may be located in the lowstand system tract (LST), 12% in the
transgressive system tract, and 2% in the highstand system tract (Melo
et al., 2021; Shang et al., 2022). Accordingly, the enrichment law of
hydrocarbon accumulation is highly correlated with the types of system
tract in the sequence stratigraphy. The substantial majority of hydro-
carbon reservoirs distributed in the LST of sequences are subtle reser-
voirs, such as stratigraphic and lithologic reservoirs, including lithologic
lens formed in the basin floor and underwater fans, stratigraphic
pinch-out reservoirs associated with the delta or estuary formed near the
progradational wedge, and oil and gas reservoirs associated with ancient
river channels traced upward against the estuary (Bahmani et al., 2020).
Thus, investigating the sequence stratigraphy is an essential and effec-
tive strategy for providing a foundation to locate stratigraphic lithologic
reservoirs.

4.1.1. Sequence boundaries

The Junggar Basin is in a foreland basin phase and the study interval
Baikouquan Formation is dominated by proximal fan delta deposits,
developing several sets of thick sandy conglomerates (Wu et al., 2020).
Hence, the classic sequence stratigraphy mainly employed in the marine
facies stratum near the passive continental margin is no longer appli-
cable for the fine sequence division of the strata in the study area (Vail,
1987). Furthermore, deep burial depth, thin thickness strata charac-
terize the Baikouquan Formation (~1 km); hence, accurately identifying
the stratigraphic sequence boundary is difficult. A high-resolution
sequence stratigraphy is highly recommended, integrating results ob-
tained from seismic data, well logs, and core samples to reconstruct the
sequence framework for subsequent sedimentary analysis and subtle
reservoir identification.

A high-resolution sequence stratigraphic framework of the Baikou-
quan Formation was reconstructed according to the 3D seismic data and
appraisal wells in the research region via a fine-synthetic seismogram.

Marine and Petroleum Geology 142 (2022) 105730

The Triassic in the northern Mahu Sag was further subdivided into five
third-order sequences, where the internal seismic events had good
continuity (Fig. 3). The Baikouquan Formation is a third-order sequence
at the bottom of the Triassic. The top interface of the Baikouquan For-
mation represents a lacustrine flood surface, which is the conversion
interface between a set of fine-grained deposits in the late stage of the
Baikouquan Formation and grayish-green sandy conglomerates of the
lower Karamay Formation (Fig. 4). The seismic reflector marks a
conformable contact (Fig. 3), and the log curve abruptly changes from
low resistivity to high resistivity (Fig. 4). The bottom interface of the
Baikouquan Formation denotes an angular unconformity between the
underlying Permian and the overlying Triassic. It could be recognized
with truncation and onlap characteristics observed on the seismic profile
(Fig. 3). Because of the resolution of the seismic data, the fifth-order
sequence boundaries can only be determined via geophysical logging
responses and core samples. The target interval in the study area is
predominantly terrigenous coarse clastic deposits containing high shale
content, which indicated that the natural GR curve cannot precisely
reflect the cycle characteristics. The fifth-order sequence boundaries in
accordance with the changes in particle size and sedimentary energy are
mainly inferred, synthesizing the natural GR and RD curves. Therefore,
the Baikouquan Formation was divided into nine fifth-order sequences
(SSQ1-SSQ9) in the wells (Fig. 4).

4.1.2. Sequence stratigraphic analysis

The fourth-order sequence Mbr 1 of the Baikouquan Formation
comprises SSQ1-SSQ3. SSQ1 and SSQ2 correspond to the lower Mbr 1,
with the lithology mainly comprising grayish brown sandy conglomer-
ates interbedded with thin mudstones (Fig. 4a). The GR log curves of
SSQ1 and SSQ2 were mainly bell-shaped and funnel-shaped, respec-
tively (Fig. 4a), with the characteristics of thinning upward and coars-
ening, indicating the lake transgression in SSQ1 and regression in SSQ2.
SSQ3 corresponds to the upper part of Mbr 1, with the lithology pre-
dominantly comprising dark-gray massive sandy conglomerates.
Medium-to-low GR values and high RD values are observed for the
conventional logging response. A thick box shape can be seen in the RD
curve (Fig. 4a), with obvious serrated features, corresponding to an
oscillatory transgressive sedimentary process.

SSQ4-SSQ6 constitute Mbr 2 of the Baikouquan Formation, where
SSQ4 and SSQ5 correspond to the lower part and SSQ6 corresponds to
the upper part. The lithology of the lower part of Mbr 2 is mainly
green—gray matrix-supported conglomerate characterized by poorly
sorted and substantial high muddy content (Fig. 4a). The gravel clasts
are suspended in the muddy matrix. Generally, they are characterized by
stacked massive beddings. Such rock facies are formed via debris-flow
deposition. A high GR value and low RD value are observed for the
conventional well log. The lithology of the upper part of Mbr 2 com-
prises gray sandy conglomerate interbedded with brown mudstone. A
low GR value and high RD value can be observed in the logging curve,
and there are no obvious serrated features (Fig. 4b), indicating a sulffi-
cient accommodation space and relatively stable deposition process.

Mbr 3 of the Baikouquan Formation comprises SSQ7-SSQ9. SSQ7
corresponds to the lower Mbr 3, with the lithology mainly comprising
reddish-brown mudstones interbedded with thin sandstones. High GR
and low RD values can be observed in the log curve (Fig. 4a). SSQ8
corresponds to the middle part of Mbr 3. Its lithology comprises gray
conglomerate with thin sandstones and exhibits the characteristic of
coarsening upward. A serrated box shape can be seen in the RD curve
(Fig. 4b). SSQ9 corresponds to upper Mbr 3, with a lithology and logging
response similar to those of SSQ7.
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Fig. 4. Division of the fifth-order sequence of the Baikouquan Formation in the MA133 and MA15 wells. See Fig. 1c for the locations of the wells.

4.2. Sedimentary facies
4.2.1. Sedimentary facies type

4.2.1.1. Fan-delta plain. The fan delta plain has characteristics very
similar to those of the root fan and inner-middle fan of the alluvial fan,
both of which are coarse-grained sedimentary bodies formed under an
aquatic oxidation environment. The sedimentary deposits are generally
brown, brownish-red conglomerate, and sandy conglomerate packed
with sandstones as well as mudstones. Debris flow, braided river chan-
nel, and overflow can be observed in the fan-delta plain, which is
dominated by the former two microfacies.

(1) Debris flow

Debris flow deposition forms the principal part of the fan delta plain.
It was a coarse-grained, sheet-shaped hybrid accumulation spreading at
the mountain pass, carrying a large amount of mud, sand, and gravel
sediments within the flood during the disaster period. The lithology
comprised brown and brownish-red thick medium-grained conglom-
erate or pebbly sandstone. The typical sedimentary characteristic was

marked by a matrix-supported structure, medium-to-poor sorting
(Fig. 5), and subangular-to-angular particles. The gravel sizes were
generally in the range of 0.6-40 mm, with a maximum particle size up to
100 mm. The gravel particles were suspended in the sandy or muddy
matrix locally and exhibited disorderly arrangement, without any
directionality and imbrication.

(2) Braided river channel

The lithology comprised brown, brownish-red, medium-to-fine
grained conglomerate, pebbly sandstone, and sandstone, dominated by
conglomerate (82%). The sorting was medium to poor, and the round-
ness characteristics suggested that the gravels were mainly subangular
and subrounded. The gravels at the bottom of the river channel gener-
ally exhibited an imbricate orientation and low-angle crossbedding
(Fig. 5) in the middle and lower parts of the channel. A relatively low
content of the argillaceous matrix was found (generally <5%). From the
bottom to the top, the complete channel exhibited the normal-graded
sequence transited from imbricated pebble to crossbedding conglom-
erate, pebbly sandstone, and to parallel bedding or massive bedding
sandstone.
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(3) Overflow

The overflow sediments comprised brown and brownish-red, me-
dium-thin mudstone and siltstone, of which plant fossils may be recor-
ded (Fig. 5). Because of the incision and erosion of debris flow and
braided river channel, the single layer produced was mostly <0.3 m and
developed mass bedding.

4.2.1.2. Fan-delta front. The underwater part of the fan delta comprises
the fan-delta front and prefan delta, which is the most important evi-
dence differentiating it from alluvial-fan deposits. The fan-delta front
sediments were generally grayish-green conglomerates and sandy con-
glomerates packed with sandstones and mudstones. Detailed core ob-
servations revealed that there are four types of microfacies: sandy debris
flow (underwater debris flow), subaqueous distributary channels,
interdistributary channels, and mouth bars, with sandy debris flow and
subaqueous distributary channels being dominant (90%).

(1) Sandy debris flow

Sandy debris flow is the underwater extension of debris flow in the
plain environment. It had similar sedimentary characteristics with
debris flow and the lithology comprised grayish-green, medium-grained
conglomerate and sandy conglomerate. The gravel exhibited poor sort-
ing, low roundness, and subangular characteristics, without direction-
ality and imbrication (Fig. 5). Huge gravels were suspended in the sandy
matrix, without bedding and other sedimentary structures.

(2) Subaqueous distributary channels

The lithology comprised grayish-green, fine-grained conglomerate,
pebbly sandstone, and sandstone. They were poorly-to-moderately sor-
ted and their psephicity is commonly subrounded-to-subangular shapes,
representing tractive current deposits that evolved mainly in underwa-
ter distributary channels. Oil spots were identified (Fig. 5). Matrix-
supported conglomerates have higher density, while higher resistivity
and lower density values were found for the clast-supported conglom-
erates. There were observed low-angle cross-bedding and parallel
bedding in the middle lower part of the channel. The normal-graded
sequence commonly occurred from the fine-grained conglomerate to
pebbly sandstones as well as sandstones from bottom to top in the
channel. The deposits of subaqueous distributary channels could extend
further than those in the sandy debris flow, which usually deposited at
the proximal fan-delta front.

(3) Mouth bars and interdistributary channels

Because of the erosion of debris flow, preservation of mouth bars was
hard and it results in their low development. The lithology comprised
medium sandstone, coarse sandstone, and pebbly sandstone, forming a
reverse-graded sequence (Fig. 5). Interdistributary channels were char-
acterized by fine-grained sediment deposited between subaqueous dis-
tributary channels, which mainly comprised grayish-green mudstones
and siltstones.

4.2.1.3. Prefan delta. Dark-gray and dark horizontal bedding mud-
stones primarily comprise the prefan delta, with some locally developed
thin sandy debris flow deposits (Fig. 5).
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4.2.2. Sedimentary evolution

The provenances were afforded by the northern Xiazijie fan and the
eastern Madong fan based on the studies investigating the ZTR index of
stable heavy minerals. By integrating the results obtained via the ZTR
index with those from dominant microfacies of the single well, sand
(sandstone and conglomerate) strata ratio, and extraction of seismic
inversion cube, the final sedimentary microfacies of the Baikouquan
Formation were interpreted to follow the fifth-order sequence bound-
aries. Stratal slices were employed to produce seismic facies maps within
an isochronous sequence stratigraphic framework, which could more
precisely delineate the lithologic features and sedimentary environment.
Herein, the top and bottom interfaces of the seismic events of the Bai-
kouquan Formation were selected as the reference layers for their
globally continuous and traceable characteristics. Fig. 6 (panels a—f)
depicts the six evolutionary stages of the fan delta systems during the
deposition of the Baikouquan Formation. The northern Xiazijie fan delta
system and the eastern Madong fan delta system are identified using
stratal slices.

SSQ1-SSQ3 (Fig. 6a): in the early stage of the Baikouquan Forma-
tion, there was a considerably lower accommodation-space expansion
rate than the supplying rate of the sediment. The Xiazijie fan in the north
and the Madong fan in the east accumulated, characterized by rapid
progradation. During this period, the subaqueous distributary channel
of the fan-delta front exhibited a wide distribution to the south of wells
MA153 and MA158, whereas the sandy debris flow was distributed to
the south of well MA131. The SSQ1 sequence was marked by a large area
of fan-delta front and sandy debris flow in the research region. A few
mouth bars were developed in the southern portion near well MA137.

SSQ4 (Fig. 6b): at this stage, both the Xiazijie fan and the Madong fan
prograded because of a fall in the lacustrine level. The sediment supply
of the Xiazijie fan was sufficient and the fan-delta plain subfacies belt
was found to migrate from well XIA723 to the south of well XIA722. The
fan-delta front subfacies had retreated to the north of well MA154
because of the progradation of the sandy debris flow afforded by the
Madong fan in the east. The isolated mouth bars were developed near
wells MA137 and MA133. Generally, relatively developed sand bodies in
this sequence were observed, with coarse particle size.

SSQ5 (Fig. 6¢): dominant extensive sandy debris flow was found in
the southern portion of the research region, of which the microfacies
belt gradually migrated to the south of well MA133. Conversely, the fan-
delta plain of the Xiazijie fan had retrograded to the south of well
XIA723. The sand bodies of the fan-delta front exhibited the charac-
teristics of good connectivity and were developed to the north of well
MA154. Simultaneously, the mouth bars were not developed and the
lacustrine deposits were only distributed within a narrow area in the
southern portion of the research region.

SSQ6 (Fig. 6d): during the middle stage of the Baikouquan Forma-
tion, a gentle paleotopography had formed following the earlier sedi-
mentary filling process. Hence, the sandy debris flow was not developed
because of the control of the offloading of gravity flow sand bodies by an
abrupt paleotopographic slope break. In addition, because of the rise in
the lake level, the fan-delta plain had disappeared because of the
retrogradation of the Xiazijie fan in the north. Therefore, this sequence
was dominated by the fan-delta front over a large area in the study area.
The isolated mouth bars were distributed near well MA17.

SSQ7-SSQ8 (Fig. 6e): at this stage, the Xiazijie fan continuously
retrograded and the microfacies belt of the fan-delta front migrated to
the north of well MA132. The sand bodies of the fan-delta front
exhibited relatively stable thickness and continuous development. In
addition, the scale of the mouth bars in the fan-delta front had increased
and the interdistributary channels were developed locally near well
MA156.

SSQ9 (Fig. 6f): during the late stage of the Baikouquan Formation,
there was decreased sediment supply of the Xiazijie fan, possibly caused
by a sharp increase in the lake level. In this period, the sequence was
dominated by muddy deposits of interdistributary channels and sand
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bodies of the subaqueous distributary channels. The sand bodies of the
subaqueous distributary channels were broom-shaped and developed
centered around wells MA155 and XIA723.

4.3. Genetic type of hydrocarbon models

Table 1 shows the formation pressure and physical properties of
crude oil in each fault block of the Baikouquan Formation. The forma-
tion pressure factors of MA133, MA131, and XIA72 fault blocks were
1.23, 1.27, and 0.88, respectively. Furthermore, properties of crude oil
and saturation degree have distinct characteristics. These results indi-
cate that the fault block has a substantial control on the reservoir hy-
drocarbon accumulation. The primary source rocks of the Mahu Sag are
the Permian Fengcheng (P1f) and Wuerhe (P,w) Formations. A recent
study proposed that mainly two hydrocarbon charging periods exist in
the Baikouquan Formation (Pan et al., 2021). In summary, the first
phase of hydrocarbon charging occurred during the Early Jurassic,
trapping yellow-fluorescent inclusions which appear mainly in inter-
granular pores, fractures, and quartz (Fig. 7a, b, c). The second phase of
hydrocarbon charging occurred during the Early-Middle Cretaceous,
trapping blue-fluorescent hydrocarbon inclusions mainly occurring in
feldspar-dissolution pores and fractures (Fig. 7c, d, e, f). Moreover, the
two homogenization temperature intervals associated with the two oil
charging times correspond to the Early Jurassic and Early-Middle
Cretaceous. The results indicate a homogenization temperature range of
70 °C-90 °C of aqueous inclusions associated with yellow-fluorescent
hydrocarbon inclusions and a homogenization temperature range of
100 °C-120 °C of aqueous inclusions associated with blue-fluorescent
hydrocarbon inclusions (Fig. 8).

As for the MA131 well block, a single peak distribution is observed
for the homogenization temperature of aqueous inclusions in the XIA72
and MA133 fault block reservoirs, indicating only one period of hy-
drocarbon charging while two periods of hydrocarbon charging are
found for the MA131 fault block from the Fengcheng and Wuerhe For-
mations. Among the three fault blocks, the hydrocarbon in the XIA72
fault block mainly comes from the source rock belonging to the Feng-
cheng Formation connected with deep faults. During the Early Jurassic,
the source rock belonging to the Fengcheng Formation matured and
hydrocarbon migration occurred to accumulate and migrate into struc-
tural highs in the XIA72 fault block, realizing an adequate hydrocarbon
charging, yielding a “grain with oil inclusion” (GOI) of ~10% (Fig. 8).
The MA131 fault block reservoir had undergone this stage of hydro-
carbon charging, with a GOI of ~8%. Afterward, with the further burial
of the entire depression, the source rock of the Wuerhe Formation
matured and generated hydrocarbons in the later stage. The deep fault
dividing the MA131 and XIA72 fault blocks had been closed. Hence, the
MA131 fault block is the primary crude oil mixing area, whereas the
lower MA133 fault block has relatively few mixed sources because of the
adequate hydrocarbon charging of the Wuerhe Formation in the later
stage.

Based on source rocks, faults, and reservoirs, there are nine cate-
gories of the hydrocarbon reservoir models of the study area given as
follows (Fig. 9): the lithologic hydrocarbon reservoir model with
braided river sand bodies and oil from the Fengcheng Formation
(Fig. 9a), lithologic hydrocarbon reservoir model with distributary
channel sand bodies and oil from the Fengcheng Formation (Fig. 9b),
fault-lithologic hydrocarbon reservoir model with distributary channel
sand bodies and oil from the Fengcheng Formation (Fig. 9¢), lithologic
hydrocarbon reservoir model with distributary channel sand bodies and
mixed oil (Fig. 9d), laterally screened hydrocarbon reservoir model with
distributary channel sand bodies and mixed oil (Fig. 9e), fault-lithologic
hydrocarbon reservoir model with distributary channel sand bodies and
mixed oil (Fig. 9f), fault-lithologic hydrocarbon reservoir model with
distributary channel sand bodies and oil from the Wuerhe Formation
(Fig. 9g), lithologic hydrocarbon reservoir model with distributary
channel sand bodies and oil from the Wuerhe Formation (Fig. Sh), and
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Fig. 6. Acoustic impedance stratigraphic slices
and sedimentary-facies interpretations of the
representative  stratigraphic  attributes  of
different fifth-order sequences. (a) SSQ1-SSQ3
corresponds to the first member of the Baikou-
quan Formation. (b) SSQ4 corresponds to the
lower portion of the second member of the Bai-
kouquan Formation. (c) SSQ5 corresponds to the
middle portion of the second member of the
Baikouquan Formation. (d) SSQ6 corresponds to
the upper portion of the second member of the
Baikouquan Formation. (e) SSQ7-SSQ8 corre-
sponds to the lower portion of the third member
of the Baikouquan Formation. (f) SSQ9 corre-
sponds to the upper portion of the third member
of the Baikouquan Formation.
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Table 1

Formation pressure and physical properties of crude oil in each fault block in the Baikouquan Formation.
Fault Density Viscosity Wax Formation Formation Saturation Reservoir Freezing point Initial boiling
block (g/crn3) (mPa.s) content pressure (MPa) pressure degree (%) temperature (°C) temperature (°C) point (°C)

(%) coefficient

MA133 0.8009 1.52 4.34 40.33 1.23 87.99 79.61 —6.00 91.00
MA131 0.8207 5.82 4.97 38.78 1.27 87.51 74.87 -1.76 121.67
XIA72 0.8404 7.58 4.92 23.95 0.88 80.41 68.07 4.40 135.30

Fig. 7. Fluorescence photomicrographs showing the range in colors exhibited by the oil inclusions. (a) hydrocarbon with yellow fluorescence preserved in quartz and
matrix, well XIA92, 2506.90 m. (b) liquid hydrocarbons with yellow fluorescence observed in quartz particle, well XIA89, 2447.00 m. (c) yellow-fluorescent hy-
drocarbon preserved in the detrital grain and blue-fluorescent hydrocarbon filling the matrix, representing two phases hydrocarbon charging, well MA15, 3069.78 m.
(d) little yellow-fluorescent hydrocarbon exhibited in the matrix and blue-fluorescent hydrocarbon preserved in the matrix and detrital grain, representing two
phases hydrocarbon charging, well MA134, 3193.33 m. (e) hydrocarbon with blue fluorescence preserved in detrital grains and matrix, well MA17, 3249.33 m. (f)
liquid hydrocarbons with blue fluorescence filling the dissolved feldspar pores and matrix, well MA16, 3213.84 m. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Measured homogenization temperatures of the aqueous inclusions. (a), (b), and (c) represents the samples obtained from MA133, MA131, and XIA72 fault
blocks, respectively. The yellow column indicates that the inclusions are mainly developed in the early stage of quartz overgrowth, and the blue column represents
the inclusions developed during or after the late stage of quartz overgrowth. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

lenticular lithologic hydrocarbon reservoir model with mouthbar sand
bodies and oil from the Wuerhe Formation (Fig. 9i). Lithologic hydro-
carbon reservoirs are the most typical and important hydrocarbon
reservoir models discovered in the study area, which are identified in
many wells and mainly developed vertically in SSQ6-SSQ8 (Table 2).
The reservoir sand bodies primarily comprise a distributary channel and

10

braided river, of which the updip direction is gradually lithologically
pinched out. The fault-lithologic hydrocarbon reservoirs are distributed
around the corresponding main control fault, which blocks the updip
reservoir sand body, such as those seen in wells XIA72, MA133, and
MA131 (Table 2, Fig. 10). The lenticular lithologic hydrocarbon reser-
voirs are mainly developed in a shallow lake in the MA133 fault block,
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Fig. 9. Hydrocarbon accumulation mode and types of hydrocarbon reservoir models in the MA131 well block.
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Table 2
The characteristics of different hydrocarbon reservoirs in different fault blocks.
Fault Well Fifth-order Type of hydrocarbon Microfacies Source Distance from the main Effective reservoir Cumulated oil
block name sequence reservoirs oil control fault (m) thickness (m) (1)
XIA72 XIA72 SSQ6 fault-lithologic hydrocarbon  distributary Pyf 2045 6.8 131.48
reservoir channel
XIA89 SSQ6 lithologic hydrocarbon distributary P,f 1078 8.3 162.45
reservoir channel
XIA89 SSQ4 lithologic hydrocarbon braided river P, f 1186 7.9 /
reservoir
XIA93 SSQ6 lithologic hydrocarbon distributary Pif 1756 5.4 81.89
reservoir channel
XIA93 SSQ4 lithologic hydrocarbon braided river Pif 1538 6.9 /
reservoir
XIA94 SSQ6 fault-lithologic hydrocarbon  distributary Pyf 1953 5.2 92.29
reservoir channel
XIA94 SSQ8 fault-lithologic hydrocarbon  distributary P,f 2028 4.8 /
reservoir channel
XIA7202 SSQ6 lithologic hydrocarbon distributary Pif 987 9.5 141.45
reservoir channel
XIA7202 SSQ7 lithologic hydrocarbon distributary Pif 863 11.7 358.05
reservoir channel
XIA723 SSQ6 lithologic hydrocarbon distributary Pif 3365 4.1 63.91
reservoir channel
XIA723 SSQ2 lithologic hydrocarbon braided river Pif 2789 5.6 /
reservoir
XIA724 SSQ7 lithologic hydrocarbon distributary P,f 1213 8.3 117.75
reservoir channel
MA133 MA133 SSQ6 lithologic hydrocarbon distributary Pow 2048 13.6 1091.51
reservoir channel
MA133 SSQ2 lenticular lithologic mouth bar Pow 2232 8.7 /
hydrocarbon reservoir
MA136 SSQ6 lithologic hydrocarbon distributary Pow 1876 5.4 /
reservoir channel
MA136 SSQ7 lithologic hydrocarbon distributary Pow 1965 4.7 71.3
reservoir channel
MA137 SSQ6 lithologic hydrocarbon distributary Pow 2566 6.5 123.95
reservoir channel
MA138 SSQ6 lithologic hydrocarbon distributary Pow 1876 4.1 62.77
reservoir channel
MA139 SSQ6 lithologic hydrocarbon distributary Pow 1759 3.5 29.18
reservoir channel
MA139 SSQ7 lithologic hydrocarbon distributary Pow 1654 8.3 258.57
reservoir channel
MA1l6 SSQ6 fault-lithologic hydrocarbon  distributary Pow 1341 11.2 965.41
reservoir channel
MA131 MA13 SSQ6 lithologic hydrocarbon distributary mixed 2542 6.5 /
reservoir channel
MA13 SSQ7 lithologic hydrocarbon distributary mixed 2359 6.9 114.71
reservoir channel
MA131 SSQ6 fault-lithologic hydrocarbon  distributary mixed 1315 11.6 1601.3
reservoir channel
MA134 SSQ6 laterally screened distributary mixed 663 2.5 7.44
hydrocarbon reservoir channel
MA131 MA134 SSQ7 lithologic hydrocarbon distributary mixed 576 13.8 1464.6
reservoir channel
MA15 SSQ7 fault-lithologic hydrocarbon  distributary mixed 3534 10.8 405.1
reservoir channel
MA15 SSQ6 fault-lithologic hydrocarbon  distributary mixed 3238 4.2 55.71
reservoir channel
MA152 SSQ8 fault-lithologic hydrocarbon  distributary mixed 112 6.6 148.38
reservoir channel
MA154 SSQ7 lithologic hydrocarbon distributary mixed 3646 2.5 27.84
reservoir channel
MA154 SSQ6 lithologic hydrocarbon distributary mixed 3468 3.9 73.03
reservoir channel
MA155 SSQ5 laterally screened distributary mixed 1876 5.4 /
hydrocarbon reservoir channel
MA155 SSQ6 lithologic hydrocarbon distributary mixed 1783 7.6 155.53
reservoir channel
MA155 SSQ7 lithologic hydrocarbon distributary mixed 1654 2.1 11.66
reservoir channel
MA156 SSQ6 laterally screened distributary mixed 1546 4.6 17.93
hydrocarbon reservoir channel
MA157 SSQ6 fault-lithologic hydrocarbon  distributary mixed 984 6.3 54.18
reservoir channel

(continued on next page)
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Fault Well Fifth-order Type of hydrocarbon Microfacies Source Distance from the main Effective reservoir Cumulated oil
block name sequence reservoirs oil control fault (m) thickness (m) (@]
MA157 SSQ8 fault-lithologic hydrocarbon  distributary mixed 1015 3.1 20.16
reservoir channel
MA158 SSQ6 lithologic hydrocarbon distributary mixed 2432 1.7 2.51
reservoir channel

which are covered by the surrounding prefan-delta mudstone (Table 2,
Fig. 10). The oil production and effective reservoir thickness in the
XIA72 fault block are highly correlated with the distance between the
single well and the main control fault (Table 2). This is because the
lower source oil from the Fengcheng Formation migrated upward along
the fault to the reservoir developed in the sequence, forming a series of
hydrocarbon reservoirs. In the MA133 fault block, lateral and vertical
hydrocarbons migrate from the source rocks from the Wuerhe Formation
to the reservoir sand bodies through unconformities between the
Wuerhe Formation and the Baikouquan Formation. Hence, the oil and
gas enrichment of the hydrocarbon reservoirs depends on high-quality
reservoirs and the vertical contact relationship between reservoirs and
source rocks. Overall, there is relatively better oil and gas enrichment of
the hydrocarbon reservoirs in the MA131 fault block than in the other
well blocks because two phases of hydrocarbon charging exist with
mixed oil and the favorable reservoirs are well developed (Table 2).

5. Discussion
5.1. Depositional model of fan delta deposits

During the deposition of the Baikouquan Formation in the study
area, the paleogeomorphology exhibited the characteristics of “nose-

shaped highs developed in the middle area of the MA131 well block and
deep and steep trenches developed in the east.” Under such

MA 133 fault block

MA131 fault block

paleogeomorphic conditions, the local gentle paleogeomorphic slope
break distributed in the nose-shaped highs primarily controlled the
offloading of traction flow deposits. Conversely, the offloading of
gravity flow deposits was influenced by the eastern abrupt slope break.
In general, results show that the flow pattern and the distribution range
of sand bodies were controlled by the paleogeomorphology. Further-
more, climate was crucial in the sedimentary filling process of the fan
delta complex. In an arid-semiarid climate, few plants existed for soil-
fixing, causing frequent paroxysmal floods and debris flow after the
rainy season, forming a fan delta complex containing much higher
gravity flow deposits. Conversely, the long-term stable traction currents
occurred under a humid climate. The measured SiO»-to-Al;O3 ratios by
the core samples were in the range of 2.8-3.9, indicating that the climate
was humid during the deposition of the Baikouquan Formation. More-
over, abundant plant fossils were identified in the rock sample of the
Baikouquan Formation, suggesting that the plants were flourishing and
there was a humid climate during that time.

Using the aforementioned sedimentary characteristics and evolution
process, paleogeomorphology, and paleoclimate, we established a large-
scale lacustrine fan-delta sedimentary model suitable for the Baikou-
quan Formation in the study area (Fig. 11). Under a humid climate,
abundant rainwater was responsible for the migration of sediments out
of the valley and accumulation at the mountain pass and nose-shaped
platform area to form fan-delta plain deposition. Debris flow formed
near the mountain pass and the river channel during the flash flood

XIA72 fault block
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Fig. 10. Vertical distribution of the hydrocarbon reservoir model in different fault blocks. (a) lithologic hydrocarbon reservoir model with braided river sand bodies
and oil from P,f, (b) lithologic hydrocarbon reservoir model with distributary channel sand bodies and oil from P;f, (c) fault-lithologic hydrocarbon reservoir model
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bodies and oil from P,w.
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Fig. 11. Depositional model of the lacustrine fan delta of the Baikouquan Formation in the study area.

period. Braided channels generally developed in the trenches during the
late flood period and the constant flow period, where traction flow sand
bodies were deposited. During the constant flow period, the sedimentary
deposits carried by the river entered the lake basin through the braided
channel on the slope of the fan delta, forming subaqueous distributary
channels in the fan-delta front. The strong hydrodynamic force created
by abundant water and the slope potential energy made the subaqueous
distributary channels extend further, thus fully elutriating and trans-
porting the gravels to form sand bodies with low argillaceous content.
From bottom to top, the fan delta in the Baikouquan Formation gradu-
ally retrograded toward the mountain direction. Moreover, the sand
bodies of mouth bars transformed and migrated in the waves and coastal
currents in the lake basin.

5.2. Controls on the hydrocarbon accumulation

Hydrocarbon migration channels in this area were the deep faults,
sand bodies, and regional unconformities between the Permian and the
Triassic. Deep faults connected to the Fengcheng Formation provide a
vertical channel for upward hydrocarbon migration, whereas sand
bodies and unconformities serve as channels for lateral adjustment and

migration of hydrocarbon generated from the Wuerhe Formation. A
considerably decreased crude oil density in each fault block was
observed as the burial depth became shallower, suggesting the migra-
tion of hydrocarbon from the lower position to the structural highs. The
hydrocarbon reservoir models of the lacustrine fan delta complex are
jointly controlled by a combination of different types of faults and res-
ervoirs. However, there are considerable differences in the degree to
which oil and gas enrichment has occurred among the different types of
hydrocarbon reservoirs. Based on the production data in the wells, the
oil and gas enrichment of the hydrocarbon reservoirs in the fan-delta
front is apparently better than that in the fan-delta plain in the north
and the mouth bars in the south.

Although fault blocks and the fan-delta front microfacies consider-
ably control the hydrocarbon accumulation, the reservoir quality vari-
ation inside the fan-delta front is considered a primary factor controlling
hydrocarbon accumulation. Casting thin-section observation and core
sample physical properties have shown that the muddy content of the
Baikouquan Formation is negatively correlated with reservoir porosity
and permeability (Fig. 12). The porosity decreases from 13% to 7% with
increasing muddy content from 1% to 7% (Fig. 13a), but there is an
abrupt decrease in permeability of more than two orders of magnitude
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Fig. 12. Crossplots between muddy content and physical properties: (a) muddy content versus porosity; (b) muddy content versus permeability.
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Fig. 13. Physical properties by thin-section analysis. (a) Sandy conglomerate with a muddy content of 7.5%, few pores can be observed, ®: 4.5%, K: 0.51 mD, well
XIA89, 2505.77 m, plane-polarized light (PPL). (b) Sandy conglomerate with a muddy content of 2.0%, residual intergranular pores are developed, ®: 11.9%, K: 3.49
mD, well XIA89, 2477.27 m, PPL. (c) Conglomeratic coarse sandstone, intergranular pores are exhibited, ®: 13.1%, K: 2.65 mD, well MA133, 3302.14 m, PPL. (d)
Medium-grained conglomerate, pores are observed in microfractures, ®: 5.0%, K: 0.19 mD, well XIA89, 2504.70 m, PPL. (e) Fine-grained conglomerate, inter-
granular pores are developed, ®: 12.8%, K: 7.61 mD, well MA15, 3088.20 m, PPL. (f) Gravelly coarse sandstone, intergranular pores are developed, ®: 12.2% ; K:
2.87 mD, well MA13, 3107.64 m, PPL. @ denotes the porosity, K denotes the permeability.

(from 32 to 0.2 mD) (Fig. 13b), that is, the seepage capacity of the
reservoir is severely reduced by the presence of argillaceous matrix
residues in the pore throat. Apart from the muddy content, the variation
in grain size arising from sediment gravity differentiation is an impor-
tant factor in determining the reservoir quality. Core observation in-
dicates that the lithology of the Baikouquan Formation reservoir in the
study area comprises sandy fine conglomerate, medium conglomerate,
and gravelly (medium) coarse sandstone. Under the identical sedimen-
tary microfacies, the reservoir grain size is correlated with physical
properties. By comprehensive analysis of the core, thin section, particle
size, and mercury injection data, the order of reservoir quality is gravelly
(medium) coarse sandstone > fine conglomerate > medium conglom-
erate (Fig. 13c, d, e, f). Gravelly (medium) coarse sandstone refers to the
reservoir with a porosity exceeding 12%, whereas medium conglom-
erate corresponds to the reservoir with porosity less than 7%. In
conclusion, two periods of hydrocarbon charging have occurred in the
petroleum system and different fault blocks are characterized by distinct
categories of crude oil and enormous hydrocarbon is transported and
accumulated in the fan-delta front reservoir with low muddy content
and fine grain size.

5.3. Implications for petroleum exploration

The oil and gas enrichment of the fan delta complex in the Baikou-
quan Formation is influenced by hydrocarbon accumulation and reser-
voir quality. Hydrocarbon charging between the three fault blocks of the
research region exhibits considerable variability during the deposition
of the Baikouquan Formation. The deep faults and unconformity be-
tween the Permian and the Triassic of the Mahu Sag are crucial in
controlling the migration pathways of hydrocarbon accumulation,
which has afforded distinct oil and gas types and enrichment degree of
large, lacustrine fan delta systems. Conversely, the nearshore, fan-delta
front with a fine-grain size and low muddy content is considered an
excellent reservoir offering good hydrocarbon leads and possible
prospects.
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Apart from geological conditions, attention should be paid to some
engineering factors. For tight conglomerate reservoir development,
rational exploitation with natural energy is adopted for oil yielding and
formation pressure is highly correlated with its production capacity. The
hydrocarbon generation period associated with the effective source
rocks in the high-formation pressure area lasted longer than that in the
normal-pressure area, thereby continuously forming mature-to-high
mature oil and gas. Furthermore, high pressure has a positive effect
for the preservation of the pore system and enhancement of reservoir
physical properties by blocking the discharge pathway of pore water,
decreasing the effective stress of the reservoir, and weakening the
compaction degree. Overall, the pore structure of such a reservoir is
characterized by medium-to-low porosity, micro-to-fine throat, and
poor seepage capacity. Large-scale fracturing is the premise and an
effective approach to improving seepage capacity and productivity.
However, the formation of a complex fracture network via reservoir
fracturing requires favorable stress-field conditions and rock fabric
characteristics with smaller discrepancy between the minimum and
maximum horizontal stresses, developed natural fractures, and higher
brittleness index. In contrast to a shale reservoir, coarse-grained
conglomerate has distinct mechanical properties and fracturing mech-
anism. Future work on reservoir development must focus on considering
the parameter, which is the main controlling factor of fracturing to
enhance the EUR of a single well for the production development of tight
oil reservoirs.

6. Conclusions

The Triassic in the northern Mahu Sag comprises five third-order
sequences, whereas the Baikouquan Formation is a third-order
sequence at the bottom of the Triassic. The medium-term fifth-order
sequence boundaries were determined via the geophysical logging re-
sponses and core samples, which were used for constructing a high-
resolution sequence stratigraphic framework. Therefore, there were
nine fifth-order sequences in the Baikouquan Formation (§SQ1-SSQ9) in
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the wells. Owing to multistage lake transgressions and regressions, the
sandy conglomerate was predominantly enriched in the fifth-order se-
quences SSQ1-SSQ6 and SSQ8, whereas mudstone mainly developed in
SSQ7 and SSQ9.

Fan-delta plain, fan-delta front, and prefan-delta sedimentary subf-
acies successively developed in the fan delta complex. Furthermore,
eight microfacies have been identified via detailed core observation,
among which sandy debris flow and subaqueous distributary channels
dominate, accounting for ~80% of the depositional system. Subse-
quently, stratal slices were employed to produce seismic facies maps
within an isochronous sequence stratigraphic framework, which could
reveal the sedimentary evolution of the fan delta’s progradation and
retrogradation in the Baikouquan Formation. In conclusion, the north-
ern Xiazijie and eastern Madong fan delta systems were determined. The
northern Xiazijie fan delta showed a wide distribution area with inter-
active progradation and retrogradation during SSQ1-SSQ6 sequences,
whereas for SSQ7-SSQ9, the Xiazijie fan delta gradually underwent
complete retrogradation. The eastern Madong fan delta system only
developed during SSQ1-SSQ5 under abrupt paleotopographic slope
break.

Two hydrocarbon charging periods were observed in the fan delta
reservoir of the Baikouquan Formation. The hydrocarbon migration
channels in this area were the deep faults, sand bodies, and regional
unconformities between the Permian and the Triassic. Fault blocks have
a considerable influence on hydrocarbon charging, where physical
properties of crude oil, formation pressure, and saturation degree have
distinct characteristics. Based on source rocks, faults, and reservoirs,
hydrocarbon reservoir models of the study area are divided into nice
categories. The oil and gas enrichment of the hydrocarbon reservoirs is
influenced by different factors in the three fault blocks. Deep faults and
unconformities between the Permian and the Triassic of the Mahu Sag
are crucial in controlling the migration pathways of hydrocarbon
accumulation. The fan-delta front microfacies considerably control the
hydrocarbon accumulation, whereas the reservoir quality variation in-
side the fan-delta front within fine grain size and low muddy content is a
vital factor in controlling hydrocarbon accumulation. In addition, en-
gineering factors, such as formation pressure, the discrepancy between
the minimum and maximum horizontal stresses, natural fractures, and
brittleness index, are jointly correlated with the production capacity of
tight conglomerate reservoirs.
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