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The Permian Fengcheng Formation in the Mahu sag of the Junggar Basin is a crude oil
reservoir and source rock. However, its stratigraphic characteristics, the boundary marks
of the three members (lower, middle, and upper), and the sediment-filling processes are
unclear. This study presents the sedimentary systems and sediment-filling processes in an
intracontinental rift basin of this area using sedimentary-faces analysis, sequence
stratigraphy, well logs, and two-dimensional seismic interpretations. The results show
that the Fengcheng Formation consists of three third-order sequence stratigraphy (SQf1,
SQf2, and SQf3). The lowest member of the Fengcheng Formation is composed of gray to
dark gray thin middle layers of tuff, lacustrine dolomitic mudstone, and argillaceous
dolomite near the depocenter. Tuff, siltstone, a small amount of fan–delta glutenite,
volcanic breccia, and basalt are present near the fault zone. The logging curve is
characterized by a high gamma-ray (GR) value, high amplitude, wavelength growth,
and medium frequency. Near the depocenter, the middle member of the Fengcheng
Formation comprises gray and gray–black thin layers of lacustrine muddy dolomite and
dolomitic mudstone and thin sandstone and mudstone interbedded between tuff and
gravel near the orogenic belt. The logging curve displays high-to-low GR values, high
amplitude, short wavelength, and high frequency. The upper member of the Fengcheng
Formation is not characterized by lesser tuffaceous and dolomitic components but by an
increased fan–delta sandy content. Next, the bottom of the upper member is composed of
lacustrine mudstone and siltstone interbedded between dolomitic mudstones; whereas,
the top of the upper member is dominated by fan–delta coarse sandstone and sandy
conglomerate. The logging curve shows low GR values, small amplitude, and continuous
stability. The sediment-filling process of the Fengcheng Formation is controlled by fault
activity. Overall, the lower and middle members of the Fengcheng Formation expand
during the sediment-filling process of the lake basin of the Mahu sag; whereas, the upper
member contracts. The strong uplift of the Horst near the Baiquan and Mahu orogenic
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belts led to an increase in provenance supply, resulting in a contraction of the
southwestern margin of the lake basin during the sedimentation period from lower
member to upper member of Fengcheng Formation.

Keywords: stratigraphic characteristics, sediment-filling process, Mahu sag, early Permian Fengcheng Formation,
Junggar Basin

1 INTRODUCTION

Junggar Basin is a large petroliferous superimposed basin in
northwest China (Cao et al., 2006; Jia et al., 2010; Zhang et al.,
2010; Zhang et al., 2015; Li, 2022). The Permian delta sandstone,
shore–shallow lacustrine, and semideep lacustrine mudstone
developed in the Junggar Basin are the most critical reservoirs
and source rocks, respectively (Gong et al., 2018; Gong et al.,
2020). The volume of Permian oil and gas resources ranks first
among all strata in the Junggar Basin. The Mahu sag, in the
northwestern margin of the Junggar Basin, is a hydrocarbon-
rich sag with the highest organic-matter content (Lei et al., 2014;
Fang et al., 2019). The alkaline lacustrine sediments of the early
Permian Fengcheng Formation in the Mahu sag are important
source rocks for forming Karamay–Wuerhe and Mahu oil fields
at the northwestern margin of the basin (Lei et al., 2005; Kuang
and Qi, 2006; Zhang, 2013; Ouyang et al., 2018; Li et al., 2020;
Tang et al., 2020). A detailed study of oil and gas exploration
indicates that the Fengcheng Formation is a high-quality source
rock and reservoir, forming conventional structural lithologic
and unconventional tight/shale oil reservoirs (Wei et al., 2018;
Zhi et al., 2019). Zhi et al. (2021) presented the orderly
coexistence and accumulation models for conventional and
unconventional hydrocarbons in the Lower Permian
Fengcheng Formation. The Fengcheng Formation is divided
into three members based on different lithologic assemblages
(Cao et al., 2015), the characteristics of the sedimentary
environment, and the development of the reservoir, tectonics,
volcanism, and genesis of the rock, which are well documented
(Xian, 1985; Niu et al., 2009; Liu et al., 2013; Gong et al., 2014).
Chen et al. (2010) attempted to establish the sequence-division
scheme of the Permian in the Wuxia area, in the northwest
margin of the Junggar Basin, using a comprehensive analysis of
well-seismic and -framework sequence. However, stratigraphic
sequences and sediment-filling processes of the Fengcheng
Formation are poorly understood.

The division of these three members is important for accurate
stratigraphic correlation and refined exploration. This study
presents a detailed stratigraphic framework for the Fengcheng
Formation based on core observation, logging curve, and seismic
data. The objective of this study is to determine the stratigraphic
characteristics and sedimentary-filling process of the early
Permian Fengcheng Formation.

2 GEOLOGICAL SETTING

The Junggar Basin, located in northern Xinjiang, China
(Figure 1A) (He et al., 2004a), is an important part of the

Central Asian Orogenic Belt (Shi et al., 2017; Pei et al., 2018;
Zhang et al., 2020). It is located at the junction of Kazakhstan,
Siberian, and Tarim Blocks (Figure 1B) (He et al., 2018). The basin
is a late Paleozoic, Mesozoic, and Cenozoic superimposed basin
(Cao et al., 2006; Zhang et al., 2010; Jin., 2011; Lu et al., 2019). The
triangular Junggar Basin demonstrates an east–west extension, a
width, and an area of ca. 700, 370, and 1.3 × 105 km2, respectively. It
is surrounded by the Zaire and Hala’alate mountains to the
northwest; the Altai, Qingggelidi, and Kelamaili mountains to
the northeast; and the Yilin Block, Biergen, and Bogda
mountains to the south (Figure 1C). The Mahu sag is a
second-order structural unit in the Junggar Basin, located at the
northwest margin of the Junggar Basin (Figure 1C). The Mahu sag
is a gentle-slope structure with monocline tilting to the southeast.
Kebai (Karamay–Baikouquan) andWuxia (Wuerhe–Xiazijie) fault
zones are the main factors controlling the distribution and
variation of the Permian–Triassic stratigraphic units (He et al.,
2004b; Yu et al., 2016; Liang et al., 2020). The southeast slope belt of
the sag is adjacent to the Shiyingtan uplift, Yingxi sag,
Sanquan uplift, Xiayan uplift, and Dabasong uplift, from north
to south (Gong et al., 2019) (Figure 1D).

Since the late Carboniferous, after the southwestern part of the
Central Asian orogenic belt was amalgamated, the Junggar Basin
experienced multistage intraplate tectonic deformation (Hendrix
et al., 1992; Carroll et al., 1995; Han et al., 2010; Wang et al.,
2018). Thus, the Mahu sag has changed from an early Permian
syn-rift basin to amiddle Permian postrift basin, and the sedimentary
range has expanded, ending with the tectonic inversion, from the late
Permian to early Triassic (Tang et al., 2020, 2021a, b, c). The
basement of the Mahu sag is a late Carboniferous arc-basin
system (Li et al., 2016; Tang et al., 2020). The Carboniferous
strata are sequentially overlain by the Permian Jiamuhe (P1j),
Fengcheng (P1f), Xiazijie (P2x), lower Wuerhe (P2w), upper
Wuerhe (P3w), Triassic Baikouquan (T1b), Karamay (T2k), and
Baijiantan (T3b) Formations (Figure 2). The maximum thickness
of the sedimentary center of theMahu sag is more than 6,000m. The
Lower Permian Fengcheng Formation is the sedimentary response to
the syn-rift II stage (Tang et al., 2021a). From the bottom to the top,
the Fengcheng Formation of the Lower Permian can be divided into
threemembers: the lower (P1 f

1), middle (P1 f
2), and uppermembers

(P1 f
3). The P1 f

2 is dominated bymafic-intermediate volcanic rocks,
coarse clastic rocks, organic-rich mudstones interbedded with
dolomitic mudstones, tuffs, ignimbritic flows, and uniform
organic-rich mudstone interval with interbedded tuff (He et al.,
2018). The P1 f 2 is characterized by organic-rich mudstones and
dolomitic mudstones with turbidite sandstones (Zhang et al., 2018).
Next, the P1 f 3 contains mudstones with interbedded dolomitic
mudstones in the lower part and terrigenous clastic rocks in the upper
part (Cao et al., 2015).
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3 MATERIALS AND METHODS

Investigation of the sedimentary characteristics, sequence
stratigraphy, and filling process of the Fengcheng Formation is
based on the analysis of two-dimensional (2D) seismic data, well
logging, and core descriptions obtained from the Xinjiang Oil
Company, PetroChina (Figure 1D for the location). Moreover,
the seismic lines that were studied covered most of the western

margin of the Mahu sag. The 2D seismic profiles (SE-trending
110 km and NE-trending 290 km) demonstrated a record length
of 7,500-m two–way travel. Therefore, penetration and resolution
in all profiles are sufficient to image the Fengcheng
Formation, representing our target. In addition, in this study,
data from ten boreholes were combined and applied.

Sequence-boundary identification is the first step in the study
of sequence stratigraphy (Vail, 1988). The base level is an

FIGURE 1 |Geological background of the study area. (A) the location of the Junggar Basin in China. (B) the location of the study area in the Central Asian orogenic
belt. (C) the tectonic unit of Junggar Basin and the location of Mahu sag. (D)Geological background and distribution of drilling and seismic profiles in Mahu sag (modified
from Feng et al., 2019; Liang et al., 2020; Tang et al., 2020, Tang et al., 2021a).
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important basis for forming depositional sequences, and a
stratigraphic sequence corresponds to a cycle of change in
stacking patterns, recorded as variation in lithological
characteristics and logging curves (Catuneanu et al., 2009). In
most cases, a single study of the sequence is insufficient for

determining the sequence interface. Therefore, critically
integrating data from various sources is necessary (Zheng
et al., 2000; Zheng et al., 2001). Moreover, unlike subaerial
basins, no outcrops are found in the Mahu sag, and the
sequence stratigraphic surfaces, such as weathering crusts,

FIGURE 2 | Stratigraphic framework of the Paleozoic to Cenozoic in the Mahu sag (right) and lithologic column, sequence, and sedimentary facies of Fengcheng
Formation in Fn7 well (left); SB, sequence boundary; MFS, maximum flooding surface (modified from Cao et al., 2015; Liang et al., 2020; Huang et al., 2021).
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cannot be easily observed. Therefore, the stratigraphic sequence
framework was determined by tracing and comparing the
sequence boundaries based on the variations of logging curves
(VanWagoner et al., 1990; Miller et al., 2013; Zhu et al., 2017; Zou
et al., 2020; Zou et al., 2021) and the contact relationships from
cuttings and seismic data interpretation. Moreover, sedimentary
facies are inferred from the observation of the drill cuttings and
interpretation of the logging curves.

4 RESULTS

4.1 Stratigraphic Correlation
The Fengcheng Formation demonstrates an unconformable
contact with the P1j. The P1j is composed of pyroclastic rock,
andesite, and sandstone at the bottom and sandstone at the top,
respectively (Figure 2). The overlying strata of P1f is the P2x. P1f
exhibits an unconformable contact with P2x. Next, the P2x is a set
of gray–brown and brown–gray glutenite with a small amount of
gray, brown–gray mudstone and sandstone.

The drilling of the Fengcheng Formation is distributed in the
western margin of the Mahu sag, including the Xiazijie (wells
X76, X88, X77, and X201), Fengcheng (wells Fn7, Fn4, Fn1, and

Fn7), Baiquan (Bq1), and Mahu areas (wells B872 and Mh085)
(Figure 1D).

The P1 f
1 is composed of a gray, dark gray thin layer of tuff,

dolomitic mudstone, and argillaceous dolomite near the
sedimentary center; whereas, near the orogenic belt, tuff and
siltstone are interbedded between thin layers glutenite, volcanic
breccia, and basalt. Moreover, their logging curve shows high
natural gamma ray (GR) and amplitude values, wave growth, and
medium frequency (Figure 3).

The P1 f
2 is composed of deep gray and gray–black thin layers

of muddy dolomite and dolomitic mudstone near the
sedimentary center. Near the orogenic belt, it contains thin
sandstone and mudstone interbedded between tuff and gravel.
The logging curve of these rocks displays the following features:
high-to-low GR values, high amplitude, short wavelength, and
high frequency (Figure 3).

Next, the tuffaceous and dolomitic components of the P1 f
3

decrease; whereas, the sandy content increases. The bottom of
the P1 f

3 is composed of mudstone and siltstone interbedded
between dolomitic mudstone, whereas, its top is coarse
sandstone and sandy conglomerate. The logging curve shows
a low GR value, small amplitude, and continuous stability
(Figure 3).

FIGURE 3 | Stratigraphic correlation of Lower Permian Fengcheng Formation in the western margin of Mahu sag. Wells X77, x88, and x76 are located in the Xiazijie
area; wells My1, Fn4, Fn1, and Fn7 are located in the Fengcheng area; well Bq1 is located in the Baiquan area; wells B872 andMh085 are located in the Mahu area; GR,
natural gamma-ray; SP, spontaneous potential; DEN, density; CALI, borehole diameter; RT, true formation resistivity.
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4.2 Sedimentary-Facies Analysis
During the sedimentation period of the Fengcheng Formation,
the Mahu sag experienced complex tectonic activity, strong
volcanic activity, and consequently formed various lithofacies.
According to petrological characteristics and sedimentary
structure, the sedimentary facies of the Fengcheng Formation
are divided into two: lacustrine and fan–continental delta facies.
Next, the lacustrine facies can be divided into semideep lake to
deep lake and shore–shallow lake subfacies. The fan delta can be
divided into fan–delta front subfacies and fan–delta plain
subfacies.

4.2.1 Semideep Lake–Deep Lake Subfacies
The main lithofacies of semideep lake–deep lake subfacies are dark
gray mudstone, gray–black mudstone, and gray–white dolomitic
siltstone (Figures 4A–C). Semideep lake–deep lake subfacies are
distributed in the Fengcheng area. Next, fossilized plant leaves can
be seen in the dark gray mudstone (Figure 4A). In the F001 well,
fissures in dolomitic mudstone are developed, and most of them
are invaded by a high concentration of heavy oil (Figure 4B). In
Fn1, light and dark dolomitic siltstone and dolomitic strip filling
can be seen on the boundary. Moreover, the local light part under
the invasion surface denudates the dark part, and the dark part
contains more dolomitic lenses (Figure 4D).

4.2.2 Shore–Shallow Lake Subfacies
The shore–shallow lacustrine subfacies are distributed in most
Mahu sag areas. The lithology is gray–white dolomitic
mudstone, light gray–green fine sandy mixed rock, and
gray–green mudstone. Next, soft-sedimentary deformation
and folded structures are found in dolomitic mudstone
(Figure 4E). Thin calcareous layers are present in
gray–green fine sandy migmatite (Figure 4C). The
gray–green mudstone contains several calcareous horizontal
layers (Figure 4F). Wave sand ripple bedding, slump
deformation structure, and antigrain sequence cycles are
common in sand bodies.

4.2.3 Fan–Delta Facies
The fan delta refers to the fan body advancing from the adjacent
mountain area to the stable water body, developed near the
synsedimentary fault in the margin of the depression. The
fan–delta front facies are composed of sandy conglomerate
and dolomitic sandstone. The dolomitic sandstone exhibits a
crumpled structure. Next, dolomite is clumpy and irregularly
laminated. The grinding cycle of gravel is insufficient, and the
gravel sorting is medium (Figure 4K). The subfacies rock types of
fan–delta plain include fine, massive, and tuffaceous sand
conglomerates (Figure 4H).

FIGURE 4 |Core photos of different lithology of Fengcheng Formation. (A)mudstone, plant leaf fossils can be seen on the cross section, well Mh39 at 5,269.68 m.
(B) bituminous dolomitic mudstone with developed fractures and invaded by high concentration heavy oil, well F001 at 696.65 m. (C) fine sandy migmatite with a slightly
thicker grain size and thin calcareous layer, well Fn1 at 4,421.85 m. (D) dolomitic siltstone, dolomitic strip filling can be seen on the boundary, local light under-invasion
surface denudation dark top, dark part contains more dolomitic lenses, well Fn1 at 4,327 m. (E) dolomitic mudstone, see the crumpled structure. The dolomite is
clumpy and irregularly laminated, well Fn011 at 3,862.8 m. (F) Fine sandy migmatite, well Fc011 well at 3,862.8 m. (G) tuffaceous gravel sandstone, well Fc011 well at
3,862.8 m. (H) breccia, well Bq5 at 3,575.4 m. (I) dark gray lava with accretionary volcanic gravel average particle size 1 cm, maximum particle size 2 cm, undeveloped
stomata, well Md1 at 4,269 m. (J) basalt, undeveloped pores, and cryptocrystalline structure, well K204 at 4,375.0 m. (K) dolomitic gravel sandstone, coring depth, see
the crumpled structure, well Ak1 at 5,666.8 m. (L) tuffaceous volcanic breccia, containing a large number of angular light-colored volcanic debris, well B872 at 3,250 m.
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4.2.4 Volcanic Facies
The volcanic rocks of P1 f

1 and P1 f
2 members are developed in

the Mahu sag, containing massive molten gray breccia tuff,
basalt, and volcanic breccia. The dark gray lava contains
proliferated volcanic gravel, with an average particle size of
1 cm and a maximum particle size of 2 cm, with undeveloped
pores (Figure 4I). The basalt demonstrated undeveloped
stomata and a cryptocrystalline structure (Figure 4J). The
surface section of the core was half-filled with white calcite.
Light gray tuffaceous volcanic breccia contains several angular

light volcanic debris, demonstrating a matrix-support
characteristic (Figure 4L).

4.3 Seismic Interpretation
Sections A and D–G are distributed from northwest to southeast,
perpendicular to the extensional direction of the Mahu sag and
the strike of the Kebai Fault (Figure 1D). Sections B and C are
distributed in the northeast direction (Figure 1D).

The physical characteristics of sandy conglomerate,
dolomitic sandstone, dolomitic mudstone, and volcanic

FIGURE 5 | Characteristics of lithofacies seismic reflection and logging curve of Fengcheng Formation; GR, natural gamma curve; RT, true formation resistivity.

FIGURE 6 | Stratigraphic and structural interpretation of the seismic reflection section (A). See Figure 1D for the location.
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FIGURE 7 | Stratigraphic and structural interpretation of the seismic reflection section (B). See Figure 1D for the location.

FIGURE 8 | Stratigraphic and structural interpretation of the seismic reflection section (C). See Figure 1D for the location. The legend is the same as Figure 9.

Frontiers in Earth Science | www.frontiersin.org August 2022 | Volume 10 | Article 9455638

Zhi et al. Stratigraphic Characteristics, Sediments-Filling Process

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


rocks in the Fengcheng Formation are different, and they
demonstrate apparent reflection characteristics in the
seismic profiles (Figure 5). Different sedimentary facies
correspond to different lithologic assemblages. Therefore,

combined with the logging curve, we identify four kinds of
sedimentary facies on the seismic profile (Figure 5). The
reflection characteristics of subfacies’ seismic profiles in
fan–delta plain are medium and weak amplitude, poor

FIGURE 9 | Stratigraphic and structural interpretation of the seismic reflection section (D–F). See Figure 1D for the location.
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continuity, and disorderly reflection of medium and high
frequencies (Figure 5). Next, the fan–delta front facies show
low GR value, low true formation resistivity (RT) value, and
straight curve in the logging facies. The seismic reflection of
fan–delta front facies exhibits strong amplitude, good
continuity, and medium- and low-frequency layered
reflection (Figure 5). Volcanic rocks show good continuity,
strong low-frequency reflection, and significant lateral
differences in seismic profile (Figure 5).

Next, Section A is located north of the sag, extending from the
Wuxia Fault to the entire Mahu sag up to the Xiayan uplift and
extending 60 km. This section can identify the Permian strata in
the study area and every member of the Fengcheng Formation.
Figure 6 shows the whole profile shape of the Fengcheng
Formation, which deepens from the orogenic belt to the
depression. Moreover, currently, the strata of the Fengcheng
Formation are deformed by faults. The three members of the
Fengcheng Formation overlap and pinch out layer by layer to the
west edge of the lake basin, from top to bottom. The distribution
of P1 f 3 is the most extensive, followed by P1 f 2 and P1 f 1,
respectively.

Section B (Figure 7) extends south to north along the sag’s
western margin and extends 80 km. This shows that the
Fengcheng Formation in the north of the sag is thicker than
that in the south. In addition, it also shows that the thickness of P1
f 2 is more significant than those of P1 f

1 and P1 f
3.

Next, Section C is located in the Fengcheng area of the sag.
Glutenite accumulates near the fault zone, and the range of
lacustrine facies decreases from the P1 f 1 to P1 f 3 (Figure 8),
showing the process of lake regression.

Then, Sections D, E, and F are located in the Huangyangquan
fan in the central Mahu sag (Figure 1D) and identify the
Fengcheng Formation fan–delta inner–front sand
conglomerate, fan–delta outer–front sand gravel, and shallow

lake–semideep lacustrine dolomitic shale (Figure 9). Section G is
located in the south of the sag, which can identify the glutenite in
the inner front of the fan delta, glutenite in the outer front of the
fan delta, and dolomitic mudstone of the shore–shallow lake
(Figure 10). The sedimentary thickness of the south of the sag is
thinner than that of the north, and the sand–conglomerate range
of the inner front of the fan delta in the P1 f

3 expands in the later
stage. In addition, it shows that the outer-front dolomitic
sandstone is covered with lacustrine mudstone (Figure 10).

4.4 Sequence Stratigraphy
4.4.1 Sequence Boundaries
The sequence boundary is defined by the contact relationship,
which is revealed by the core, logging curve, and seismic profiles
(Figure 11). Sequence boundary 1 (SB1) is the regional
conformity between the P1 f 2 and P1 f 3 members of the
Fengcheng Formation (Figure 11). SB1 appears at the bottom
of the P1 f

3, where large-scale alkaline evaporates and fan deltas
are developed. The overall shape of the basal unconformity SB1 in
the seismic profiles indicates a half-graben structure with NE–SW
trending master faults (Figure 6). Sequence boundary 2 (SB2) is
in the P1 f

3.
The maximum flooding surfaces divide a backstepping

retrogradational sequence pattern at the base from a
progradational sequence pattern at the top (Catuneanu
et al., 2009). Three maximum flooding surfaces (MFS) can
be traced throughout the area, and they form the upper
boundary for the transgressive system tracts
(Figures 11–13). MFS is placed at the maximum GR
response.

4.4.2 Sequence Stratigraphy Framework
The SQf1 is further divided into one expansion system tract
(EST1) and two high-stand system tracts (HST1). The SQf2 and

FIGURE 10 | Stratigraphic and structural interpretation of the seismic reflection section (G). See Figure 1D for the location. The legend is the same as Figure 9.
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SQf3 are further divided into an expansion system tract
(EST2 and EST3) and a high-stand system tract (HST2 and
HST3).

EST1 is bounded above by MFS1. EST2 is bounded above and
below byMFS2 and SB1, respectively. EST3 is bounded above and
below by MFS3 and SB2, respectively (Figures 11–13). This unit
comprises a retrogradational and fining-upward succession. In
SQf1, EST1 is deposited in semideep lacustrine facies in the

Xiazijie, Fengcheng, and Baiquan areas; whereas, fan–delta
front facies are in the Mahu area. Then, SQf2, SQf3, EST2,
and EST3 are deposited as shallow lacustrine facies in Xiazijie,
Fengcheng and the fan–delta facies in the Mahu and Baiquan
areas. The units show lateral thickness variation, with the most
significant thickness on the slope of the Fengcheng area.

HST1 is bounded below by MFS1 and above by SB1.
HST2 is bounded below by MFS2 and above by SB2.

FIGURE 11 | The sequence stratigraphic connecting sections of wells X76, Fn7, Bq1, and Mh085 and the location of the well is shown in Figure 1D; PSS,
parasequence set; ST, systems tract; EST, expansion system tract; HST, high-stand system tracts.
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HST3 is bounded below by MFS3 (Figures 11–13). HST1 is
progradational, with a coarsening upward trend. In SQf1,
HST1 is deposited near the alkaline lake, and more alkaline
evaporite is distributed in the Fengcheng and Baiquan areas.
The Xiazijie and Mahu areas are dominated by fan–delta front
facies deposits. In SQf2 and SQf3, HST2 and HST3 are typical
lacustrine deposits in the Fengnan and Xiazijie areas and thick
fan–delta plain–facies deposits in the Baiquan and Mahu
areas.

5 DISCUSSION

5.1 Sedimentary Evolution and
Paleogeography
Through complete lithofacies’ description and interpretation,
stratigraphic sequence framework, and 2D seismic–reflection
profile identification, we draw new lateral and vertical
sedimentary-facies evolution maps of P1 f1, P1 f2, and P1 f3 in
the Mahu sag (Figure 14). In addition, the potential provenances
and transport routes of the Mahu sag were traced through
previous provenance studies (Tang et al., 2020). These provide

necessary sedimentary face variations for the sedimentary-filling
process described in this study.

During the sedimentary period of P1 f in the Xiazijie area, the
lithology into pyroclastic deposits. P1 f 1 is composed of tuff,
followed by tuffaceous mudstone and siltstone. These
sedimentary characteristics indicate that the Xiazijie area was
in an evaporated shore–shallow lacustrine environment during
the P1 f

1. Next, volcanic activity was reduced as reflected in the
decreased amount of tuff. At the beginning of P1 f 2, the
sedimentary grain size was reduced, and the content of
tuffaceous rocks increased, indicating that the lake level rose,
and volcanic activity increased. In P1 f

3, little tuff and more sandy
conglomerate is found, indicating that volcanic activity almost
stopped, and the fan delta expanded. In the Xiazijie area, the
provenance appears to be the Hala’alate mountains and volcanic
materials in the Luliang uplift (Lu, 2018).

In the Fengcheng area, the bottom of P1 f 1 contains
limestone, mudstone, and sandstone, and the top of P1 f 1

contains interbedded dolomitic mudstone and sandstone. This
reflects that the P1 f

1 is a semideep lake–deep lake environment
with weak hydrodynamics and weak volcanic activity. In P1 f

2,
alkaline lacustrine deposits and salt-bearing mudstones reflect

FIGURE 12 | The sequence stratigraphic connecting sections of wells X201, X77, X88, and X76 and the location of the wells is shown in Figure 1D.
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a dry climate, with low-lake levels and high salinity that
encouraged the formation of unique alkaline minerals.
These alkaline minerals may be affected by deep
hydrothermal fluids (Chang et al., 2016; Zhang et al., 2018;
Tang et al., 2020). P1 f

3 consists of lacustrine dolomite in the
early stage and terrigenous clastic rock in the late stage,
reflecting the decrease of lacustrine facies and the
development of fan delta. It can be seen from Sections B
(Figure 7) and C (Figure 8) that the Fengcheng area is the
sedimentation center.

The Baiquan area is close to the Kebai fault zone and is located at
the edge of the sedimentary lacustrine basin. P1 f

1 is composed of
dolomitic sandstone and a small amount of dolomitic mudstone. At
the bottom of P1 f

2, interbeds of cloud sand andmudstone are found,
and the top is tuffaceous coarse sandstone. P1 f

3 is a thick sandy
conglomerate. Therefore, in P1 f 1, the Baikouquan area is
shore–shallow lacustrine facies. P1 f 2 volcanic activity developed,
and fan deltas began to develop. P1 f

3 fan delta developed further.
This is consistent with the change in sedimentary facies interpreted
using the seismic profile. In Sections C–G (Figures 8–10), lacustrine
deposits are deposited at the bottom of P1 f

1, and a large area of
lacustrine facies is transformed into fan–delta front facies within a
short time. From P1 f

2 to P1 f
3, the fan–delta outer-front developed

into the fan–delta inner front. In P1 f
3, Sections D and E (Figure 9)

develop fan–delta plain facies near the fault zone. Moreover, the
provenance of the Baiquan area likely originated from the West
Junggar block and Zaire mountains.

In the Mahu area, P1 f 1 is deposited in shallow lacustrine
facies. The tuffaceous sandy conglomerate is developed during

the early stage, and tuffaceous mudstone is developed in a low-
energy environment. During the P1 f

2 period, volcanic activity
was frequent, and pyroclastic rocks were abundant. Volcanic
rocks were developed at the top of P1 f 2 in wells Mh085
(Figure 3). Therefore, the volcanic activity was intense during
the deposition of upper P1 f

2. During the deposition of P1 f
3, the

volcanic activity ceased, and the lake level dropped. The
deposition is characterized by the fan–delta facies. Section G
(Figure 10) shows that the sedimentary process of the Mahu area
is similar to that of the Baiquan area. Thus, the fan delta was
developed in the southern sag during the deposition of P1 f 2

and P1 f
3.

In summary, the P1 f
1 deposition center was between the Baiquan

and Fengcheng areas, and the lake reached its maximum depth.
During this period, volcanic activity was frequent, and volcanic
material provided part of the source. The fluvial delta deposits on the
eastern slope originated from the Luliang uplift and flew through the
river toward the center of the Mahu sag (Tang et al., 2021a). Next,
during the deposition of P1 f

2 and P1 f
3, provenance increased in the

southern Mahu and Baiquan areas, and fan deltas with a
considerable thickness were developed (Figure 11). This
provenance may come from the Zaire mountains.

5.2 Sediment-Filling Process and
Sedimentary Model
Sections A and B (Figures 6 and 7) reflect the architecture of the
Fengcheng Formation in the Mahu sag, which is deposited from the
West Junggar terrane to the lake (Figure 1D). The distribution of the

FIGURE 13 | The sequence stratigraphic connecting sections of wells Fn7, Fn1, Fn4, and My1 and the location of the wells is shown in Figure 1D.
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Fengcheng Formation in the north is controlled by
paleogeomorphology and faults, and the depocenter is in the
Fengcheng area of the Mahu sag. Moreover, the east–west
seismic profile reveals that the characteristics of multiple half-
graben structures in the lower Permian strata are pronounced
(Figure 6). Unidirectional and single boundary faults control
these structures. Next, the activity of the northwest-trending
marginal–fault system in the late Permian led to the tectonic
inversion of rift-related depressions in the early Permian (Liang
et al., 2020). The half-graben structure and faulting style revealed by
the seismic profiles (Figure 6), the paleogeographic reconstruction in
the stratigraphic sequence framework (Figure 11), and the
identification of soft-sediment deformation structures indicate
that the early Permian Mahu sag was a rift basin (Yu et al., 2016;
Liang et al., 2020; Tang et al., 2020, Tang et al., 2021a).

Figure 11 shows that P1 f
1 is a set of lacustrine deposits with its

depocenter in the Fengcheng area, and only a small part of P1 f
1 was

deposited in a fan–delta environment in the southern Mahu sag
(Figure 15A). In P1 f

2, the range of the lacustrine facies continues to
expand (Figure 15B), and the area of the lake basin reaches the
maximum (Figure 11). Tang et al. (2020) proposed that most of the
soft-sediment deformation structures in P1 f

2 are caused by frequent

earthquakes, indicating basin-bounding normal fault activities in the
depocenter, creating maximal accommodation. Next, geochemical
data and alkaline minerals show that the P1 f

2 member of the Mahu
sag is an alkaline lake basin with high salinity (Gong et al., 2014; Cao
et al., 2015; Zhang et al., 2018). At the beginning of the deposition of
P1 f

3, the range of lacustrine facies shrinks, and the Xiazijie and
Fengcheng areas are shore–shallow lacustrine deposits. The Baiquan
and Mahu areas were the fan–delta facies’ deposits, and the lake
basin began to shrink (Figure 15C).

During the syn-rift stage of a rift basin, due to gravity isostasy, the
continuous subsidence of the half-graben will lead to the uplift of the
horst, increasing the sedimentary supply from the proximal horst
sources (Chao et al., 2021). Based on the detrital zircon U–Pb
chronology of the Fengcheng Formation, Tang et al. (2021c)
demonstrated a transition from distant axial provenance areas to
proximal lateral horsts in West Junggar during the syn-rifting
processes in the Mahu sag. Next, Sections C–F (Figures 8 and 9)
in the Baikouquan area and Section G (Figure 10) in the Mahu area
show different filling processes in the margin of the basin. In the
Baiquan area, fan–delta sequences accumulate toward the
depocenter in the Mahu sag (Figures 8 and 9). The rock grain
size became coarser and evolved from lacustrine facies to fan–delta

FIGURE 14 | Palaeogeographic evolution of the Fengcheng Formation (modified from Tang et al., 2020). (A) Palaeogeographic evolution of the Lower Member of
Fengcheng Formation. (B) Palaeogeographic evolution of the Middle Member of Fengcheng Formation. (C) Palaeogeographic evolution of the Upper Member of
Fengcheng Formation.
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front facies in P1 f
1 and P1 f

2 and finally to fan–delta plain facies in
P1 f

3, suggesting that the rate of sedimentary supply is higher than
subsidence, which is consistent with the filling processes in the
margin of a rift basin.

Therefore, the sediment-filling process of the Fengcheng
Formation is controlled by fault activity. The Fengcheng
Formation experienced a lake-basin expansion during the
deposition of P1 f 1 and P1 f 2 and a shrinkage stage during
the deposition of P1 f

3 (Figure 15).

6 CONCLUSION

The Fengcheng Formation consists of three third-order
sequence stratigraphy (SQf1, SQf2, and SQf3). The SQf1 is
divided into one expansion system tract (EST1) and two high-
stand system tracts (HST1). The SQf2 consists of EST2 and
HST2. The SQf3 consists of EST3 and HST3. In SQf1,
EST1 was deposited in semideep lacustrine facies in the
Xiazijie, Fengcheng, and Baiquan areas. Fan–delta front
facies are in the Mahu area, HST1 is deposited near the
alkaline lake, and more alkaline evaporite is distributed in
the Fengcheng and Baiquan areas. The Xiazijie and Mahu
areas are dominated by fan–delta front facies deposits. In
SQf2 and SQf3, EST2 and EST3 were deposited as shallow
lacustrine facies in Xiazijie and Fengcheng and fan–delta
facies in the Mahu and Baiquan areas; HST2 and HST3 are
typical lacustrine deposits in the Fengcheng and Xiazijie areas
and thick fan–delta plain–facies deposits in the Baiquan and
Mahu areas.

The deposition center was between the Baiquan and
Fengcheng areas. During the sedimentary period of P1 f 1 and
P1 f 2, volcanic activity was frequent, and volcanic material
provided part of the source. During the deposition of P1 f 2

and P1 f 3, provenance increased in the southern Mahu and
Baiquan areas and developed fan delta.

The sedimentary-filling model of the Fengcheng Formation in
Mahu sag is controlled by the fault. Next, the lake basin of the Mahu
sag experienced a sedimentary-filling process from the expansion of
P1 f

1 and P1 f
2 to the contraction of P1 f

3. Sedimentary supply rate at
the margin of Mahu sag is higher than subsidence, which is
consistent with the filling processes at the margin of a rift basin.
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