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Abstract: The South Slope District of the Mahu Depression in the Junggar Basin, a major favorable
zone for middle and superficial oil-gas exploration, has experienced industrial gas flow. However,
research on the sedimentary microfacies characteristics of Segment 2 of the Sangonghe Formation,
the main oil-bearing formation, remains lacking. In this study, the rock type, sedimentary tectonics,
and sedimentary microfacies of Segment 2 of the Jurassic Sangonghe Formation in the South Slope
District of the Mahu Depression were thoroughly investigated through 3D seismic, rock core, and
logging data. Moreover, the sedimentary modes and distribution characteristics of the sand bodies in
the study area were further analyzed. Results showed that subfacies at the front edge of the braided
river delta are developed at Segment 2 of the Sangonghe Formation, which can be further divided
into four microfacies types, namely, underwater distributary channel, sheet sand, estuary dam, and
interdistributary bay. The estuary dam is only developed at local positions in the work area. The
vertical evolutionary laws from Segment 2 of the Sangonghe Formation to Segment 3 of the Sangonghe
Formation are explicit and manifest as retrogradation from the subfacies at the front edge of the
braided river delta to the prodelta. The sand bodies formed by frequent swings of the underwater
distributary channels are the main reservoir bodies, and the lithology is mainly fine-grained feldspar
lithic sandstone, and sedimentary tectonics have diverse forms. On the basis of deposition microphase
analysis, the sand bodies’ planar distribution characteristics under phase-controlled conditions were
analyzed using a seismic model inversion technology to provide theoretical guidance for oilfield
expansion, exploration, and exploitation.

Keywords: Junggar Basin; Mahu Depression; Segment 2 of the Sangonghe Formation; sedimentary
microfacies; distribution characteristics of sand bodies

1. Introduction

The term braided river delta was first proposed by MCPherson [1], which is a sand-
and gravel-rich deltaic deposit formed by the braided river system pre-deposited into
stagnant water bodies, and its depositional conditions and sedimentary characteristics
are between those of coarse clastic fan deltas and fine-grained curvilinear river deltas,
with better reservoir performance and hydrocarbon-bearing properties than fan deltas.
Scholars at home and abroad have gradually formed a mature theoretical system through
years of research. The braided river delta is a coarse-grained delta rich in sand and gravel
formed by a single bottom-loaded river feeding into a stable water body. On the plain,
the braided river delta is mainly composed of two sedimentary subphases, braided plain
and braided delta front, and can be subdivided into several microphases. Compared with
the braided river delta, it is characterized by higher topographic elevation and coarser
deposition of clastic material, which is usually higher than the normal coarse clastic fraction
of the braided river delta. Compared to fan deltas, which have relatively small topographic
elevation differences and relatively finer clastic material, braided river deltas have more
pronounced divergent channelization at their leading edges [2,3]. In addition, two types
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of sedimentation patterns are proposed, namely, the dendritic to finger-like evolution
of the receding delta and the contiguous distribution of sand bodies in the advancing
delta [4-6]. At present, there are abundant research results on Jurassic sedimentary features
in Junggar Basin. Yubo Qiu, Wang Hui, and Zhengke Qiu, among others, believe that the
sedimentary phase type of the Sangonghe Formation is the braided river delta phase, in
which the plains and foreland subphase sands are the main reservoirs of hydrocarbons [7,8],
and oil-bearing sands are found in the Permian and Triassic strata in Junggar Basin with
considerable distribution scale; however, most of them are fan deltas and braided river
delta plains. However, most of them are coarse-grained sand and conglomerate reservoirs
deposited in the fan delta and braided river delta plains, while the Jurassic Sangonghe
Formation Section II oil formation is a sandstone reservoir developed in the northwest
margin of the Junggar Basin and distributed in the middle and shallow layers. The study
of sedimentary micro-phase and sand body spreading in the study area aims to analyze the
spatial spreading pattern of oil-bearing clearly.

Junggar Basin is a typical superimposed petroliferous basin in Western China. The
Mahu Depression is an important depression rich in hydrocarbons in the center of the
Junggar Basin. With the continuous advancement of oil-gas exploration in the northwest
edge of the Junggar Basin toward the depression center in recent years, a billion tons of
large-scale glutenite oil and gas reservoirs have been found in the Permian and Triassic
strata [9-12]. Moreover, industrial oil and gas flows were discovered in superficial Jurassic
and Cretaceous sandstones and conglomerates in the slope district of the Mahu Depression.
This phenomenon is attributed to the sedimentation of three sets of significantly thick
hydrocarbon source rocks in the Mahu Depression: Lower Permian Jiamuhe Formation,
Fengcheng Formation, and Middle Permian Lower Urho Formation. The hydrocarbon
rocks are mostly developed in the Fengcheng Formation [13,14], followed by the vertical
oil-gas migration channel formed by faults at different levels and good positions with
lateral shielding in the northwest edge of the basin [15,16]. The Permian and Triassic
strata were previously extensively discussed. In previous studies, research areas were
concentrated in the Kebai-Wuxia fault zone. At present, only a few studies have been
conducted on the superficial strata in the Mahu Depression [17]. In 2016, an industrial oil
flow was discovered in the middle and superficial glutenites during old well re-examination.
Exploration and exploitation of superficial oil and gas in the Mahu Depression have been
a research hotspot since then [18]. The middle and superficial oil and gas reservoirs also
replaced a hundred miles of oil zone on the northwest edge. A large-scale distribution
of sand bodies in underwater distributary channels was found at the front edges of the
braided river delta of the Lower Jurassic Sangonghe Formation in the South Slope District of
the Mahu Depression. Moreover, the burial depth is low, and the reservoir strata have good
properties. This field is important for lithology, oil, and gas reservoir exploration [19,20].
Sand Group 4 at Segment 2 of the Sangonghe Formation is a main oil-producing segment
in the study area where the sand body is 5-20 m thick. The evident characteristics are thin
layers and high yields.

However, as the reservoir has not been in development for long, few studies have
been conducted on sedimentary microfacies types and distribution characteristics of sand
bodies in the middle and superficial strata in the study area. Given that sand bodies of
underwater distributary channels quickly change along the horizontal direction, the spatial
distribution of sedimentary facies and single sand bodies must be carefully depicted. In
this study, Sand Group 4 at Segment 2 of the Sangonghe Formation in Well Zone A on the
South Slope of the Mahu Depression in the Junggar Basin was chosen as the research object.
The target strata’s well-logging facies were analyzed by combining rock core, logging, and
seismic data. Moreover, the sedimentary microfacies of the target strata and the contact
relations and characteristics among sand bodies were discussed by combining seismic
model inversion technology. The advantageous zones of the sedimentary microfacies
were analyzed. This study is expected to provide theoretical references for oil and gas
exploration in the study area.
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2. Geological Conditions of the Study Area

The northwest edge of the Junggar Basin has experienced several tectonic move-
ments since the Neoproterozoic era, including the Hercynian, Indosinian, Yanshan, and
Himalayan movements. The Mahu Depression is the secondary negative tectonic unit
of the central depression at the northwest edge of the Junggar Basin [21,22] and also an
important hydrocarbon-rich depression in the Junggar Basin. This unit is next to the Kebai
Fault Zone in the northwest. The present tectonics are manifested as a gentle monoclinic
slope toward the southwest [23,24]. The study area is located in the South Slope District
of the Mahu Depression, which is developed with strike-slip faults of the Great Jurassic
Gully in the controlled fault (Figure 1). This fault controls the oil and gas transmission of
the oil-bearing target layer.
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Figure 1. Study area geographical location.

Influenced by the Kebai overthrust fault zone with syngenetic fracture properties,
the buried depth of the Permian-Jurassic reservoir strata significantly differs between the
upper and the lower sides of the fault zone. The upper side of the fault zone lacks a Permian
system, accompanied by a local lack of Triassic and Jurassic systems. On the lower side of
the fault zone, there is integral strata development, and the burial depth increases along
the slope zone, accompanied by the thickening of sedimentation. The South Slope District
of the Mahu Depression is a large-sized monoclinal structure with a dip angle of 3°-5°.
The strata incline toward the southeast. A low-amplitude convex nose is developed in the
local areas. The two major fracture groups are as follows: the first is the approximately
east-to-west fracture, and the other is the north-to-east fracture.

Relatively complete strata development has occurred in the South Slope District of the
Mahu Depression, including the Permian (P), Triassic (T), Jurassic (J), and Cretaceous (K)
strata since the Carboniferous—Permian era. Jurassic strata include the Badaowan Formation
(J1b), Sangonghe Formation (J;s), Xishanyao Formation (J,x), and Toutunhe Formation (J,t).
Specifically, regional unconformable contacts exist between P and T, between T and J, and
between ] and K (Figure 2). The Sangonghe Formation is divided into three layers (J1s1, J152,
and J;s3) from the bottom to the top. J1s; is approximately 110 m thick and is divided into
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four sand groups: J; so1, T1s02, J152°, and Jyso*. The target stratum J; syt is mainly composed
of fine gray sandstone at the bottom position and dark gray silty mudstone at the upper
position, accompanied by local development of mudstone interlayers.
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Figure 2. Comprehensive histogram of strata in the southern slope of Mahu sag.

3. Sedimentary Facies Symbols
3.1. Lithologic Indicator
According to the rock core observations and sheet data, Segment 2 of the Sangonghe
Formation in the South Slope District of the Mahu Depression is formed by fine sandstone
and siltite, accompanied by a few glutenites. The thin section of the cast shows that the
pore type is still dominated by primary intergranular pores, accounting for approximately
80%. Based on core measurement data, the reservoir lithology mainly comprises lithic
sandstone with a mean porosity of 20.1% and a mean permeability of 24.43 mD. This
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lithology belongs to the stratum with middle pores and low permeability. The sandstone
structural maturity of the target sandstone is moderate, and the roundness is subangular
(Figure 3a). According to the statistical analysis results of the rock sheet samples, the clastic
particles include quartz (21.4%) and feldspar (17.8%). Tuff (50%) is the main lithic fragment,
and kaolinite is the major type of cement (Figure 3b), followed by the illite/smectite mixed
formation. Fine sandstone is mainly distributed in the lower parts of the target stratum,
while siltstone and some mudstone dominate the upper portion. This result reveals that
the four sand groups at Segments 3 and 2 have relatively strong hydrodynamic conditions
in the lower part but relatively weak hydrodynamic conditions in the upper portion. In
the sedimentary stage of Segment 3 of the Sangonghe Formation, a large segment of thick
dark mudstone developed in the study area. This phenomenon reflects that the gradual
deepening of water bodies provides a suitable covering condition for the formation of
lithologic oil and gas reservoirs in the target stratum Jys,*.
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(a) well M1 casting thin section, 1688.6 m (b) well M1 scanning electron microscope

Figure 3. Slice and scanning electron microscope analysis of cast in wells M1.

3.2. Sedimentary Structure Marks

During the process of sediment transport and deposition, the structures formed during
the passage of water inside and on the surface of the sediment are called sedimentary
structures, and they are a direct reflection of the hydrodynamic conditions during sediment
deposition. According to the coring data analysis of four sand groups at Segment 2
of the Sangonghe Formation in the South Slope District of the Mahu Depression, the
scouring surface tectonics were highly developed in the study area, and few mud pebbles
can be found at the bottom. Cross-bedding was developed in sandstone, some carbon
coheres were scattered around, and several biological disturbance tectonics were developed
(Figure 4). These sedimentary tectonics were mainly developed below the target stratum.
This finding indicates that the four sand groups in the study area experienced relatively
strong hydrodynamic conditions in the sedimentary stage. Sedimentary tectonic structures,
such as horizontal bedding, are mainly developed in the upper positions, indicating
that the hydrodynamic conditions are weakened, and the watercourse size is narrowed.
According to the rock core observations, J1s,* sediments evolved from coarse glutenites
to fine mudstones from the bottom to the top, showing positive rhythm characteristics.
Scouring surface tectonics can be observed at the bottom of a single-phase cycle. Gray fine
sandstones are mainly developed upward. Tabular or wedge-shaped cross-beddings are
frequently developed. Gray silty mudstone and some dark gray mudstone developed at
the top. Horizontal bedding and some colorful lamina could be observed.
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(a) well M1 1675.2 m, parallel bedding.  (b) well M1, 1688.5 m, cross bedding.  (c) well M1, 1680.64 m, bioturbation structure.

Figure 4. Sedimentary structure diagram of the second section of the Sangonghe Formation in the

study area.

3.3. Logging Phase Marks

Sedimentary sequences were recognized by coring data, and horizons were marked by
using the logging curve [8,25]. The lower curve of target stratum J1s>* has obvious response
characteristics. The GR and SP curves showed good correspondence, which mainly present
bell shapes, box logging curve, and local funnel shapes, and finger shapes. The logging
curves at the upper portion of J1s,* are mainly flat, low horizontal, and finger shapes and
sometimes dentation shapes (Figure 5).
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Figure 5. Logging curve characteristics of target layer.

Fine gray sandstone is developed in the upper portion of the study area with the local
development of argillaceous siltstones. The lower part is mainly developed with dark
gray siltstone and sandy mudstone with the local development of mudstone interlayers.
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According to the circulation characteristics of the strata, two middle-term and six short-term
rotations were recognized at Segment 2 of the Sangonghe Formation. Four sand groups
at Segments 2 and 3 were a sedimentary sequence with gradual lake transgression. Such
a segment is formed by the superposition of multiple short-term positive rotations. The
grain size is large in the lower part and small in the upper portion. The single sand body
has an uneven thickness, ranging between 2 m and 5 m.

4. Types and Characteristics of Sedimentary Microfacies
4.1. Subfacies of the Braided River Delta Front

According to core analysis combined with logging interpretation, logging data analysis,
and regional geological background survey [26,27], four sand groups at Segment 2 of the
Sangonghe Formation in the South Slope District of the Mahu Depression are formed
in the superficial underwater sedimentary environment, and subfacies are sedimented
at the front edge of the braided river delta, which is the focus of this study phase band.
Four sedimentary microfacies can be further recognized, including the front underwater
distributary channel, sheet sand, interdistributary bay, and estuary dam (Figure 6). The
underwater distributary channel is the dominant microfacies. Segment 2 of the Sangonghe
Formation presents retrogradation sedimentation with lake transgression. The logging
curve of underwater distributary channel sediments is bell-shaped, reflecting the positive
rhythm characteristics of thinning upward. A certain distance exists from the South Slope
District of the Mahu Depression to the provenance, and rivers join with the lake when it
enters the study area. This site is the front sedimentation zone of the superficial braided
river delta. The front edge of the braided river delta is the major subfacies at Segment 2
of the Sangonghe Formation. In the late stage, prodelta plays the dominant role, mainly
deposited with grey oil-bearing fine sandstone, which is the main oil-bearing lithology in
the study area. Hence, an effective overlying stratum of lithologic oil-gas reservoirs was
formed at Segment 2 of the Sangonghe Formation in the South Slope District of the Mahu
Depression.

Underwater distributary channels: underwater distributary channels are the under-
water extension parts of watercourses in the braided river delta plain [28,29], which is
the main reservoir sand body, widely distributed in the work area, with relatively single
lithology; GR curves are mostly box, bell, or toothed box shapes. A strong river effect can
be observed in the braided river delta. Accordingly, the underwater distributary channel is
the major sand body at the front edge of the braided river delta. Underwater distributary
channels extensively developed in the study area, and their frequent migrations formed
successive sand bodies, which are good oil-gas reservoir bodies. This region is primarily
composed of gray lithic sandstone. Sedimentary tectonics have diverse forms: including
tabular cross-bedding, scouring surface tectonics, and parallel bedding, and the underwa-
ter distributary channel extends from the NE direction to the SW direction with obvious
mainstreams.

Estuary dam: This dam is mainly distributed at the far end of the underwater dis-
tributary channel. The logging curve of the estuary dam is funnel-shaped and has local
development. It is mainly sedimented at the far end of the underwater distributary channel.
Gray fine sandstones are the major lithology, and some pebbly sandstones can be seen
at the bottom. The core observation is that the fine sandstone development position is
accompanied by the development of sedimentary tectonics, such as tabular cross-bedding,
scouring surface tectonics, parallel bedding, and biological disturbance tectonics, with
occasional carbon dust. Several positive rotation structures that are thick at the bottom and
fine at the upper position can be vertically recognized.

Sheet sand: sheet sand is developed on two sides of the watercourse, a thin sand body
with sheet-like and narrow strip-like spreading. Relatively fine substances are sedimented,
and gray—dark gray siltstones, silty mudstone, and some mudstone are the major lithologies.
Corrugated and horizontal beddings are developed, with insignificant rhythms. The
logging curves are mainly finger-shaped or low-flat finger-shaped.
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Figure 6. Comprehensive histogram of the second section of the Sangonghe Formation in the Mahu

Sag.

Interdistributary Bay: This Bay is mainly distributed among underwater distributary
channels and contains fine sediments in environments with relatively hydrodynamic
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conditions with no obvious rhythm in the vertical direction. Dark and silty mudstones
are major lithologies. Horizontal bedding is developed, and the logging curve is relatively
straight.

4.2. Prodelta

The upper portion of the oil reservoir is developed with regional overlying strata,
which are prodelta sediments, for the four sand groups at Segment 2 of the Sangonghe
Formation, with a thickness of approximately 50-90 m. The prodelta subenvironment is
located in front of the leading edge of the delta, and most of its sediments are formed below
the wave base level, and the water body in the sedimentary environment has weak energy.
This condition is manifested as a mudstone sedimentary feature of mega-thick lacustrine
facies, and the logging curves are straight.

5. Planar Distribution Laws of Sedimentary Microfacies and Sand
Body Characteristics

The steepness of the paleotopographic slope determines the strength of hydrodynam-
ics during deposition: the greater the slope, the stronger the hydrodynamics, the smaller
the area of delta it controls; conversely, the smaller the slope, the weaker the hydrody-
namics, the larger the area of delta it controls. The slope of the study area is relatively
small during the sedimentation stage, and it is the sedimentation background of a gentle
slope [30]. A comparative analysis of strata was carried out on more than 80 wells in the
study area by combining logging data and seismic model inversion. The framework of four
sand groups was established at Segment 2 of the Sangonghe Formation. The sedimentary
evolution concerning multiple connecting well profiles was analyzed based on single-well
sedimentary phase analysis. The analysis results were combined with the inversion results
of the seismic model (Figure 7) to determine the planar distribution characteristics of the
sedimentary microfacies in the study area (Figure 8).

Figure 7. Inversion results of the second section seismic model of the Sangonghe Formation in the
Mahu Sag.
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Figure 8. Sedimentary microfacies plan of the second section of the Sangonghe Formation in the
Mahu sag.

Due to the river energy, topographic slope, wave action, and other reasons, different
subphase sand distribution shows different characteristics. During the sedimentation stage,
the study area was in a superficial lacustrine depositional environment [31]. Subfacies at
the front edge of the braided river delta were recognized from four sand groups in the
study area, which could be further divided into four sedimentary microfacies, including
underwater distributary channel, estuary dam, sheet sand, and interdistributary bay. The
underwater distributary channel has extensive development in the working area, and
successive sand bodies are formed due to the frequent migration of watercourses. The main
watercourse extends from the northeast to the southwest direction in the working area,
thus, carrying sediments to two sides of the watercourse. Interdistributary bay deposits
are distributed among channels. Estuary dams are mainly developed at the far end of
the channel. Sheet sand has extensive development, but it is relatively thin. In the early
sedimentation stage of Segments 2 the Sangonghe Formation in the South Slope District of
the Mahu Depression, underwater distributary channels are the major deposit types in the
study area. Successive sand bodies are developed. Moreover, an estuary dam is developed
at the front end of the underwater distributary channel, and sheet sand is hardly developed.
At this moment, the lake level is the lowest, and the material source is sufficient. Gray fine
sands are the major deposits, and the sand content is 70-80%. In the late stage, the coastline
migrated to the provenance with increasing lake levels. During this stage, underwater
distributary channels gradually retrograded, accompanied by gradual development of
interdistributary bays and sheet sand, with deposits of gray argillaceous siltstones and
interbay muds.

Using a combination of literature research, core observations, and log phase analysis,
given the phase-controlled conditions, the typical single-well sedimentary sequence levels
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in the study area and the superposition relations of sand bodies were investigated using
core observation and logging data combined with seismic model reversion technology. On
this basis, the inter-well sand body contact laws could be concluded. The results showed
the following:

)

@)

The slope of the study area is small, and multiple faults can be found along the
provenance direction, forming multilevel slope gradients. The sand bodies gradually
thicken from northeast to southwest. As the water continues to advance toward
the center of the depression, the sand body gradually thins out again. Hence, the
delta scale is relatively small, and sand bodies are wedged along the provenance
direction but show lenticular morphologies with uneven thickness perpendicular to
the provenance direction.

The interwoven submerged divergent channel sand bodies are formed by the con-
tinuous bifurcation and merging of the main submerged divergent channels and
during the continuous migration of the channels, separation, replacement, lateral
superposition, and vertical superposition modes, contact relationships are formed
between single sand bodies in multistage channels. In regions with the development
of underwater distributary channels, sand bodies are mainly lateral and vertical su-
perposition modes, which can form composite sand bodies. This region often has high
oil and gas yields and good development benefits. According to the inversion results
of the seismic model, sand body developments at the northern region of the fault in
the large Jurassic Valley are put into production.

6. Conclusions

Single sand bodies are carefully divided by depicting sedimentary microfacies at

Segment 2 of the Sangonghe Formation in the South Slope District of the Mahu Depression
in combination with the seismic inversion results. Some conclusions can be drawn:

)

@)

®)

Four sand groups in the study area are front-edge sediments in the braided river
delta under the gentle slope background. Furthermore, four sedimentary microfacies
can be recognized. Few developments of estuary dams are mainly at the far end
of underwater distributary channels. Sand bodies in the underwater distributary
channels are major reservoir bodies. Fine lithic sandstone is the main lithology, and
the sedimentary tectonics have diverse forms.

Based on the knowledge of the sedimentary phase at the well site, combined with
the seismic model inversion results, it is concluded that: diversion and bifurcation of
the underwater distributary channel are regularly modified and created under phase
control conditions. In the middle of the work area, a continuous oil-bearing sand body
is formed by accumulation, which is the dominant phase zone; the sand bodies mainly
form vertical and lateral superpositions to form composite sand bodies. Composite
sand bodies mainly have general connections.

The fine sandstone reservoir in the study area and the thick dark mudstone overlying
strata of Segment 3 of the Sangonghe Formation form the reservoir-overlying combi-
nation, which is extensively developed in the study area. Lithologic oil-gas reservoirs
can be easily formed and are considered to be promising exploration areas.
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