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Abstract: Beach-bar reservoirs have been promising hydrocarbon-bearing exploration advances
in the Beibuwan Basin, especially in the WZ12-2 area within the Weixinan sag. The sedimentary
characteristics, distribution and formation mechanisms of beach-bar sand bodies in Mbr2 (Member
2) of the Paleogene Liushagang Fm. in the WZ12-2 area within the Weixinan sag were analyzed
based on well-log, seismic and core data on thin section and heavy mineral data. Mbr2 in the WZ12-2
area comprises a third-order sequence, which consists of three systems tracts (lowstand systems
tract, transgressive systems tract and a locally developed highstand systems tract). Thick beach-
bar sand bodies are developed in the WZ12-2 area during the lowstand systems tract stage. The
formation of sandy beach-bar sand bodies can be divided into five stages. By integrating lithology,
mineral composition, sedimentary structures and geophysical characteristics, it can be concluded
that the beach-bar sand bodies in the study area were controlled by paleotopography, hydrodynamic
environment, sediment provenance and lake-level variation. The gentle slope of the Qixi uplift and
relatively stable passive tectonic background during the deposition of Mbr2 of the Liushagang Fm.
laid a solid paleogeomorphological foundation for beach-bar deposition. Strong hydrodynamic forces
and shallow water further contributed to beach-bar sand bodies formation. In addition, the sands
in the fan delta in the northwestern part of the area served as point provenance and the deposits in
the southeast acted as linear provenance in providing sediments to the beach-bars. High-frequency
variations of the lake level drove vertical stacking of the beach-bar sand bodies and considerable
lateral extension over a large area. The sedimentary characteristics and formation mechanism of
lacustrine beach-bars in this study may provide a reference for hydrocarbon exploration in other
similar basins in the world.
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1. Introduction

Beach-bar refers to the beach and bar sand bodies in lacustrine or marine basins
with a shallow water environment [1-6]. In the gently sloping area of a rifted lacustrine
basin, beach-bar sand bodies tend to develop in shallow littoral lakes [4,7,8]. Beach-bars
can usually be subdivided into bioclastic and terrigenous clastic types [2,4,9]. Bioclastic
beach-bars usually develop in quiet and clear lake water under warm and humid condition
with carbonate provenance [10]. Terrigenous clastic beach-bar sand bodies form from the
redeposition and reworking of deltas and other related near-shore sedimentary systems
in a shallow water environment under the effects of fluctuations in energy conditions
from coastal currents and waves [11-14]. Generally, lacustrine beach-bars are mostly
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characterized by thin interbedded sand bodies mainly composed of fine sandstone and
siltstone with restricted distributions [2].

The Beibuwan Basin, which is an extensional Cenozoic sedimentary basin, is charac-
terized by lacustrine deposits in Paleogene and littoral-neritic sea sediments in Neogene-
Quaternary [15]. It is a productive basin in the northern South China Sea (Figure 1A) [15,16].
The northern part of the Beibuwan Basin has been proven to be a prospective area for fur-
ther petroleum exploration [17-20]. Recently, important breakthroughs in the Weixinan
sag have been achieved (Figure 1B) [21]. The Southeast Slope Belt is one of the largest
hydrocarbon-producing targets in the Weixinan sag (Figure 1C) [19]. Among the oil fields
in the Southeast Slope Belt, the WZ12 oil field produces abundant oil and gas. The beach-
bars developed in the WZ12-2 area of Mbr2 of the Liushagang Fm. have now become
important exploration targets in the Beibuwan Basin [20,22,23]. A beach-bar sand reservoir
has grain size dominated by fine sand and sand, good sorting, well-developed primary and
secondary porosity, and relatively high permeability. Beach-bar sand bodies change fre-
quently on a lateral scale, easily forming lithologic lenticular traps and sandstone pinch-out
traps [4,14,24]. The dark mudstone at the bottom provides hydrocarbons for the beach-
bar reservoirs in the Mbr2 stage of Liushagang Formation [16]. The overlying thick dark
mudstone can act as a superior caprock for beach-bar reservoirs underneath [25-27]. With
superior hydrocarbon generation and sealing conditions, beach-bar sand bodies in the
WZ12-2 area are evaluated as prospective exploration targets. During the depositional pe-
riod of Mbr2 in the Weixinan sag, especially during the lowstand systems tract (LST) stage,
beach-bar sand bodies formed on a large scale [23,28]. In the past few years, considerable
attention has been given to the petroleum source of WZ12 oils in Mbr2 of the Liushagang
Fm. in the Weixinan sag [16,17,21,29]. However, studies on the reservoir are scarce.
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Figure 1. (A) Location of sedimentary basins in the South China Sea. The black box indicates the
location of Figure 1B; (B) simplified geological map of the Beibuwan Basin [16,20]. The Weixinan sag
was located in the northwestern Beibuwan Basin. The black box refer to the study area in Figure 1C;
(C) simplified geological map of the Weixinan sag. The black line AA” and BB" mark the locations of
seismic section and sequence stratigraphic correlation sections in Figures 3 and 9, respectively.
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In this regard, good hydrocarbon source rocks and thick top seals are present in
the Mbr2 stage in the WZ 12-2 area. Further steps are to find superior hydrocarbon
“container”—reservoirs, to form potential source-reservoir-cap assemblages, which are of
great significance to hydrocarbon exploration. In this study, the sedimentary characteristics,
i.e,, lithology, mineral composition, sedimentary structures and geophysical characteris-
tics of the beach-bar sand bodies, are analyzed concretely to investigate the formation
mechanism, on the basis of thin section, heavy mineral, core, well logging and 3D seismic
data. This study can be useful for further hydrocarbon prospecting and exploration in the
Weixinan sag and has great significance for further application to lacustrine rift basins with
similar backgrounds in the world.

2. Geological Background

The Beibuwan Basin has an area of approximately 1.9 x 10* km? onshore and 1.6 x 10* km?
offshore [15,30]. The development of the Beibuwan Basin includes two main stages:
the Paleogene syn-rifting stage (65-23 Ma) and the post-rifting stage (23 Ma to present)
(Figure 2) [20,31]. The Weixinan sag located in the northwestern Beibuwan Basin is a half-
graben rift lake basin bounded by the Qixi uplift to the southeast, the Weixinan fault to the
northwest, and the Haizhong sag and Weixinan low uplift to the southwest (Figure 1B) [15].
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Figure 2. The Paleogene sedimentary sequence and stratigraphic framework of the Beibuwan
Basin [31].

The A, B and C sub-sags formed in response to three extensional events in Paleocene,
Eocene and middle-late Oligocene (Figure 1C). The three growth normal faults (Fault
I, Fault II and Fault III) in the NE-SW direction have large fault throws up to several
thousand meters and long extents with lengths of more than 40 km (Figure 3) [16]. In the
Paleogene, the depositional environments in the Weixinan sag were dominated by fan delta,
shore-shallow lake delta and lacustrine facies [31].
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Figure 3. Seismic section (northwest to southeast) across the Weixinan sag showing the sequence
boundaries, stratigraphic units and major faults. The targeted Mbr2 of the Liushagang Fm. is from
T85 to T84 reflectance surface. The light yellow color in the figure refers to the beach-bar deposition.

Based on logging core, drilling, 3D seismic, paleontological and geochemical data,
the stratigraphy of the Paleogene in the Weixinan depression has been reconstructed.
The Paleogene sediments in the Weixinan depression are composed of the Changliu Fm.,
Liushagang Fm. and Weizhou Fm. and seven third-order sequences (Ech, El3, El2, El1, Ew3,
Ew2 and Ew1) from bottom to top [31]. As the primary and crucial oil and gas-bearing
reservoir, the Liushagang Fm. (including Mbr3, Mbr2, and Mbr1) is the main depositional
unit in the Weixinan sag (Figure 2). The main sedimentary environments in Mbr3 and Mbr1
are shallow lacustrine and shore-shallow deltas, and lacustrine environments prevailed
during Mbr2 deposition [20]. The beach-bars formed in Mbr2 of the Liushagang Fm. in
WZ12-2 area of the Weixinan sag.

3. Materials and Methods

This study integrated logging, core and 3D seismic data with thin section, scanning
electron microscopy (SEM) and heavy mineral analyses. Wireline log data from 16 wells
and more than 2000 km? 3D seismic data were analyzed. Approximately 40 m of cores from
3 wells were studied. This study also analyzed heavy minerals from 16 wells, grain-size
analysis from 51 samples, and porosity and permeability data from 75 samples. All the
data were acquired from the CNOOC Zhanjiang Branch Company.

Depositional systems tracts and sequences were first recognized in the WZ12-2 area of
the Weixinan sag, mainly on the basis of termination patterns and seismic reflections [32].
They were further confined by core data and wireline logs along the main seismic sections.
Depositional and stratigraphic cross-sections throughout the Weixinan sag were established
to depict the lateral and vertical distributions of the lacustrine beach-bar facies. The logging,
core, grain-size, porosity, permeability and SEM data were used to identify the sedimentary
characteristics of the beach-bars. The controlling factors of lacustrine beach-bar formation
in the study area were investigated by the reconstruction of paleotopography, sediment
source systems and lake levels. Then, a distribution model of lacustrine beach-bar sand
bodies was established within the Weixinan sag.

On the basis of well log, drilling core and 3D seismic data, Mbr2 in the Weixinan
sag was identified as a third-order sequence, including a lowstand systems tract (LST)
and a transgressive systems tract (TST). The highstand systems tract (HST) was not well
developed and seen only as thin layers in several wells. In seismic sections, the T83 reflector
marking the top sequence boundary separates Mbrl and Mbr2. The bottom sequence
boundary is marked by the T86 reflector that divides Mbr2 and Mbr3. T83 and T86 are
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regional unconformable surfaces along the basin edges. On seismic profiles, onlap and
erosional truncation terminations are observed on the T83 and T86 surfaces (Figure 3).

Scanning electron microscopy (SEM) was conducted with TESCAN-VEGA equipped
with an SDD detector, pulse processor and Esprit software workstation. Samples for
heavy mineral analysis were first processed to remove the weathered rims, carbonate
materials and clay minerals. Then the 63-125 um fraction were separated by magnetic
and electrostatic filters. About 700-1000 heavy mineral grains were identified under the
binocular microscope for each sample. The porosity and permeability were measured
following Boyle’s and Darcy’s laws, respectively, by using 2.5 cm diameter cylinders drilled
from the cores.

4. Results
4.1. Sedimentary Characteristics
4.1.1. Lithology

The lithologies of lacustrine beach-bar sands are usually composed of siltstone, fine-
grained sandstone and pelitic siltstone [4,33]. In the WZ12-2 area, the sandstones of the
beach-bars are mainly grey and greyish-brown siltstone and fine- to medium-grained
sandstone (Figure 4). The logging and core data indicate that there are few layers of
sandstone but that the single layer thickness is large, usually thicker than 3 m. An individual
sandy bar layer in the LST can be thicker than 10 m and is interbedded with thin mudstones,
showing coarsening trends in the vertical direction. The sandy bar sediments in well W5
are dominated by sand, which makes up 92% of the total content (Figure 4).
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Figure 4. Single well integrated diagram of the beach-bar sand bodies of well W5 in the Weixinan
sag. The red rectangle emphasized on the left logging lithologic column refers to the core description
in the right.

4.1.2. Mineral Composition

Quartz is the most frequent and abundant mineral in beach-bar sandstones. The
quartz content in the WZ12-2 beach-bar reservoirs ranges between 52% and 77%, with an
average of 67% (Figure 5A,B). Feldspars in the study area include potassium feldspar and
plagioclase (Figure 5H,L), and the percentage of plagioclase is higher than that of potassium
feldspar. The average feldspar content is 10%. The lithic fragment content is approximately
5%, and fragments are predominantly argillaceous clasts. The detrital compositions of
beach-bar sandstones are mainly litho-quartzose and feldspatho-litho-quartzose sandstones,
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with subordinate feldspatho-quartzose sandstones and minor litho-feldspatho-quartzose,
quartzo-lithic and quartzose sandstones (Figure 6) [34]. The compositional maturity of
the beach-bar sand bodies is high (average 2.2), ranging from 1.1 to 3.7. Thin section
observations indicate that there are intraclasts of partly dissolved ooids and muddy and silty
limestones with plastic deformation in sandstones of the beach-bar (Figure 5C-E,H). The
carbonate sediments are redeposited in shallow lacustrine environments after reworking
by waves. The intraclasts, which consist of freshly deposited and loosely compacted
carbonate sediments, suggest that the carbonate sediments originated internally from the
basin. Both the high compositional maturity and the occurrence of oolitic particles with
thin crusts reflect the high frequency oscillation of lake water and long-term reworking of
the sediments.

’_c‘»

Figure 5. Thin section and SEM images providing information about the mineral composition of
beach-bar sandstones in Weixinan sag. (A) Well W5, 2610.20 m, high content of quartz and porosity
(polarized light). (B) Well W5, 2604.38 m, micro-fractures in beach-bar reservoir (polarized light).
(C) Well W5, 2603.20 m, carbonate oolites (polarized light). (D) Well W5, 2612.56 m, black banded
carbonaceous fragments (polarized light). (E) Well W5, 2605.71 m, carbonaceous fragments and
dissolution of detrital grains (polarized light). (F) Well W6, 2435.90 m, booklet-like kaolinite and
pyrite framboids (SEM). (G) Well W1, 3327.04 m, deformation of mica and hairy illite-smectite mixed
layers (SEM). (H) Well W13, 2266.80 m, authigenic carbonate cement, quartz, booklet-like kaolinite
and partly dissolved albite (SEM). (I) Well W1, 3331.35 m, octahedral pyrites (SEM). (J) Well W1,
3334.50 m, fibrous illite, quartz and flaky illite-smectite mixed layers (SEM). (K) Well W12, 2755.82 m,
booklet-like kaolinite, quartz and honeycombed illite (SEM). (L) Well W12, 2699.52 m, quartz and
partly dissolved orthoclase (SEM). Ab—albite, Cc—carbonate cement, I—illite, I/S-illite and smectite
mixed layer, K—kaolinite, M—mica, Or—orthoclase. Pr—pyrite, Q—quartz.
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Microscopic data show that quartz is common in beach-bar sand bodies (Figure 5H,J-L).
Orthoclase and albite are partly dissolved (Figure 5H,L). Under SEM, micas have a flaky
morphology and are deformed by compaction (Figure 5G). Carbonate cements principally
include calcite, dolomite and ankerite, and the most abundant type is calcite. The calcite
cements developed in the WZ 12-2 beach-bar sandstones are rhombic crystals filling in
intergranular pores (Figure 5E,H). Pyrite is present as framboids (Figure 5F) and octa-
hedrons (Figure 5I) in beach-bar sandstones. Clay minerals in the WZ 12-2 beach-bar
sandstone reservoirs are mainly authigenic clay minerals and matrix materials. The clay
minerals observed in beach-bar reservoirs are kaolinite (Figure 5F H,K), illite (Figure 5]J-L),
illite-smectite mixed layer minerals (Figure 5G,H,]) and chlorite (Figure 5]). Kaolinite forms
as pore-filling cement, presenting booklet or vermicular pseudohexagonal morphologies.
Illite occurs with fibrous and sheet textures. The illite-smectite mixed-layer clays have
honeycomb and flake textures. Chlorite grows as rims along detrital grain surfaces.

F 50

Figure 6. Detrital composition triangular diagram of the beach-bar sandstones in the Weixinan
sag [34]. The detrital composition of beach-bar sandstones are mainly litho-quartzose and feldspatho-
litho-quartzose sandstones.

Heavy minerals in the study area are mainly zircon, tourmaline, rutile, garnet, hematite,
limonite, magnetite and titanomorphite. The zircon contents are between 0.2% and 20%,
with an average value of 5.2%. The percentage of tourmaline varies from 0.2% to 27.6%,
and the average value is 4.5%. Rutile has an average content of 0.82%, ranging from 0.2%
to 2.9%. The garnet content varies from 0.2% to 19.4% with an average of 3.2%. Hematite
and limonite have the highest contents. They account for an average of 61.2% of the total
heavy minerals, varying from 1% to 97.8%. Magnetite and titanomorphite have average
values of 5.7% and 19.9%, fluctuating between 0 and 30.8%, and between 0.2% and 91.6%,
respectively (Figure 7).
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Figure 7. The pie chart of heavy mineral assemblage (zircon + tourmaline + garnet + rutile) percentage
and ZTR index of the Mbr2 in the Weixinan sag. The numbers beside the wells are the ZTR values of
the wells.

4.1.3. Sedimentary Structures

The sedimentary structures observed in the WZ12-2 beach-bar sandstones have
obvious characteristics implying a fluctuating hydrodynamic environment in the lake.
Combined-flow ripple cross-lamination or current ripple with lenticular bedding and
claystone drapes are observed in the cores (Figure 4). The sandstone beds are massive or
horizontally stratified and covered by combined-flow (or current) and interlaminated and
interbedded with laminated siltstones or mudstones. These sedimentary structures suggest
scouring, reworking and multi-directional flows by waves during deposition [2,35,36].
Teichichnus and fugichnia bioturbation structures are common with various morphologies
under different depositional hydrodynamic energies. The presence of mussel bivalve fossils
indicates shallow water depths during beach-bar deposition.

4.1.4. Geophysical Characteristics

As the sand bodies of sandy beach-bars in the WZ12-2 area are thick and interbedded
with muds, the wireline logging curves are dagger-like or broad-amplitude tooth-shaped
boxes and funnel-like shapes with relatively high amplitude (Figure 8). The beach-bars
in the WZ12-2 area formed between regional unconformity interface T84 and fourth-
order sequence interface T85. The beach-bar reservoirs deposited during the Mbr2 stage
have distinctive seismic reflection characteristics with two strong and continuous seismic
reflectors, which are also the top interfaces of beach-bar sand bodies. Two obvious inverse
superimposed cycles are observed in the wireline logs of wells W1 and W5. The sand
thickness increases upward in each cycle, and the mud layers become thinner, indicating
that the base level was falling when the beach-bars formed [2]. The grain-size cumulative
probability curves show that the core samples of beach-bar sands from well W5 formed
mainly from saltating and suspended particles. The saltation types correspond to 60-70%
of the whole grain-size curve. A saltation-type curve section is composed of 2-3 segments.
The intersection point between the suspended and saltation types is at 3-4® (Figure 4). The
porosity of well W5 ranges from 2.32% to 23.4% with an average of 13.7%. The permeability
of well W5 has an average value of 11.38 mD, varying from 0.01 mD to 357 mD.
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Figure 8. Base level division combined with seismic section of beach-bar sand bodies of Mbr2 stage
in the Weixinan sag. The beach-bar sand bodies can be divided into five stages, and two strong and
continuous seismic reflections are observed in beach-bar seismic section.

4.2. Distribution Pattern of Beach-Bar Sand Bodies

The beach-bars developed in LST within Mbr2 in the WZ12-2 area of the Weixinan sag
and can be further divided into five parasequences (Figure 8). Five stages of sand bodies
are identified according to the five parasequences. From bottom to top, the percentage
of sand decreases and the mud color becomes darker, indicating a rising lake level and a
trend of retrogradational packages. The same phenomenon was also reported in beach-bar
syndeposition in the Boxing and Bangiao sags within the Bohai Bay Basin [2,4,14,37]. The
five stages of beach-bar sand bodies gradually retrograde towards the uplift (Figure 9).
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Figure 9. Sequence stratigraphic correlation section of beach-bar sand bodies of Mbr2 stage in the
Weixinan sag. The five sand bodies in the LST show an obvious retrogradation upward.

Sand thickness contour maps were constructed to depict the distribution regularity of
the five stages of beach-bar sand bodies in the WZ12-2 area of the Weixinan sag (Figure 10).
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The shapes of five sand thickness contour maps vary with different depocenters. Sand @
has three depocenters, which are located near wells W3, W15 and W5. The directions of
the long axis are northeast. Sand (2) also has three depocenters near wells W5, W12 and
W16. The long axis direction of two depocenters is northeast, and that of the third is north.
Sand (®) has two depocenters in the vicinity of wells W13 and W5 with long axis directions
oriented northeast. Compared with sand (3), sand (@ has one long axis direction oriented
NNW. Sand (5, again, has three depocenters, but the long axes of the three depocenters
change NNW and west-east. Although the long axis directions of the depocenters differ in
each stage, the long axis direction of the whole beach-bar sand body remains to be northeast,
which is constrained by the uplift geomorphology of Fault III in the northwest and the
Qixi uplift in the northeast (Figure 11). Among these five stages of sands, the thickness of
sand () is greatest, and the distribution area of sand () is broadest. The distribution of the
five stages of sands also shows retrogradation towards the uplift from sand (@ to sand &
(Figure 9). Additionally, changes in the depocenters, which are closely related to shoreline
trajectory in the lake environment, show landward trend as transgression.

4’;0 2 4km

Figure 10. Isopach maps of sandstone thickness and distributions of the five stage sands in the LST
of Mbr2 stage in the Weixinan sag. Note that the thickness of sand (3 is greatest, and the distribution
area of sand (2) is largest. Horizontal distribution of five stage sands also show a retrograding trend
towards the uplift. The numbers D-®) indicate the five stage sands in the LST of Mbr2 stage in the
Weixinan sag from the bottom to top.
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Figure 11. Paleotopography of depositional stage of Mbr2 showing the sediment provenance from
the fan deltaic front and the Qixi uplift.

5. Discussion
5.1. Formation Mechanism

Comparing the HST and TST of the Mbr2 stage in the Weixinan sag, large-scale thick beach-
bar sand bodies developed during the LST period. The formation of well-developed beach-bar
sand bodies in the LST stage in the Weixinan sag was controlled by the paleotopography,
hydrodynamic environment, sediment provenance and lake level variation.

5.1.1. Paleotopography

Beach-bars usually form in the early rifting or fault-depression transitional stage,
during which tectonic movements is relatively stable [38]. Tectonic movements are closely
related to paleotopography. Paleotopography is one of the most crucial factors controlling
sedimentation [2,39-42]. Beach-bars may develop on large-scale gentle slopes of basins by
studying the modern beach-bars in a faulted lacustrine basin [5]. It has been proposed that
beach-bars may be well-developed on gentle slopes of lacustrine basins [2,4]. The favorable
places for beach-bar deposition are subaqueous low uplifts, the flanks of nose structures
and structural slope-break zones [43]. In this study, the beach-bar sand bodies that formed
in the LST stage of Mbr2 in the WZ 12-2 area are situated on the southern slope of the
Southeast Slope Belt, where a nose structure formed [28] and the slope angle was less than
1.2° (Figure 11) [23]. Therefore, the paleotopography in the WZ 12-2 area of the Weixinan
sag provided good formation conditions for lacustrine beach-bar deposits.

5.1.2. Hydrodynamic Environment

The hydrodynamic environment is an important factor in beach-bar sand body formation
and distribution [2,44-46]. Sediments from onshore continental areas are strongly scoured
and reformed by lake waves and finally form beach-bar sand reservoirs in the gentle slope
zone [4,47,48]. Different from rip and tide currents in marine coastal zones, lake currents are
not very strong, and the primary source of hydrodynamic forces is mainly from shore wind
waves [49]. On the windward side of the basin, the water in the lake is dragged to move, and
friction is generated by wind on the water surface, finally producing waves [4]. Numerous
factors, e.g., wind direction, wind force, wind duration and fetch length, can affect wave actions.
The directions of the prevailing modelled surface currents (upper 100 m) during the summer and
winter monsoons in the Beibuwan Basin during the Mbr2 period were southwest and northeast,
respectively [50,51]. Therefore, the waves moved back and forth between the southwest and
the northeast. Thus, waves affected a broad area in the southern Southeast Slope Belt. In the
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northwest, the sands of the fan delta developed along the Fault III were scoured and reworked
by lake waves. The waves transported the sands to the gentle slope area and formed beach-bar
deposits. The hydrodynamic conditions during the LST stage of the Weixinan sag were relatively
strong. The paleowater water depth during the LST stage of Mbr2 was relatively shallow. The
paleowater depth of the northwestern footwall of Fault IIl was deeper than that of the southern
Southeast Slope Belt. In general, the Weixinan sag in the Beibuwan Basin during the LST period
had strong hydrodynamic conditions with shallow lake water, which laid a good foundation for
beach-bar sand body deposition.

5.1.3. Sediment Provenance

It has been proposed that the sediment provenance for lacustrine beach-bar sand
bodies may be fan or braided deltas [2,48,52]. During the Mbr2 period in the Weixinan
sag, the main sediment sources for beach-bars were the northwestern fan delta and the
southeastern Qixi uplift [23,28]. The northwestern fan deltaic sediments acted as a point
source (Figure 11). Sand bodies from the deltaic front could have been scoured and
reworked by wave currents, producing the five stages of retrograded beach-bar sand
bodies. Meanwhile, the nose structure that developed in the Qixi uplift in the southeast
served as a large linear source, generating a persistent and abundant sediment supply.
The nose structure in the northern Qixi uplift had already been denuded since the Mbr3
period [53]. The denuded sediments were transported to the Weixinan sag and frequently
reworked, scoured and redeposited by lake waves and currents.

The distribution range of the lacustrine clastic beach-bar sand reservoirs was significantly
affected by the supply and position of the sediment provenance. As a point source, the fan
deltaic front in the northwest provided relatively limited amounts of sediment to the Weixinan
sag. The water depth of the fan delta was relatively deep, and most of the fan deltaic sand bodies
were below the wave base. Only few deposits could be reworked by lake waves. Sediments
from the fan delta could reach the locations of wells W15 and W16 (Figure 12), which were
the southwestern part of the beach-bar sand reservoirs. However, the linear source, the Qixi
uplift, provided large quantities of sediments to the southern of Weixinan sag (Figure 12). The
water depth in the southern Weixinan sag was shallow. Sediments from the Qixi uplift were
continuously reworked by lake waves and currents, so the Qixi uplift was the main sediment
source for the WZ12-2 beach-bar sand reservoirs in the Weixinan sag.
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Figure 12. The rutile, garnet, tourmaline and zircon contents of beach-bar sandstones of Mbr2 stage
in the Weixinan sag. The concentration of heavy minerals is controlled by sediment provenance.
The beach-bar sediments were from the fan deltaic front and the Qixi uplift. The compositional
biplot [54], drawn using CoDaPack software [55], displays multivariate observations (points) and
variables (rays). The length of each ray is proportional to the variance of the corresponding element
in the data set. If the angle between two rays is close to 0°, 90°, or 180°, then the corresponding
elements are directly correlated, uncorrelated, or inversely correlated, respectively. Data for the biplot
are provided in supplementary material.
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5.1.4. Lake Level Oscillations

Lacustrine shallow littoral sand bodies usually spread parallel to shorelines, where lake
level oscillations trigger back and forth movements of the shorelines, thus, controlling the
shallow littoral sand body lateral distributions [2,4,53-59]. Previous research has proposed
that repeated variations in lake level probably had a close relationship with Milankovitch
cycles [46,60,61]. In this study, the lakeshore moved frequently and the water depth rose
and fell rapidly during each parasequence set, most likely indicating the overfilled status
of the lake [62,63]. Under the circumstances of low-relief paleogeomorphology, lake level
changes can lead to the lateral migration of shorelines. The high-frequency variation of the
lake level in the Weixinan sag contributed to the five stages of vertically stacked sands and
to the formation of a wide lateral distribution of beach-bar sand reservoirs.

During the Mbr2 stage, lacustrine clastic beach-bar sand reservoirs formed during the
LST period in the WZ12-2 area of the Weixinan sag. However, beach-bar formation was
limited in the TST and HST stages. During the TST period, the quick rise in lake water level,
together with the low sediment supply, led to starvation of the basin and formation of dark
grey mudstones. In the LST stage, the lake level rise in the Weixinan sag was slow, and the
source supply was limited [16], thus, the distribution range of beach-bars was largest in the
LST period in the WZ12-2 area of the Weixinan sag.

5.2. Depositional Model of Lacustrine Beach-Bars

On the basis of the discussion above, a conceptual depositional model of lacustrine
beach-bars in the WZ12-2 area of the Weixinan sag has been constructed to show the forma-
tion mechanism of beach-bar sand bodies (Figure 13). The deposition of beach-bar sand
bodies in the WZ12-2 area of the Weixinan sag was favored by multiple factors: paleotopog-
raphy, hydrodynamic environment, sediment provenance and lake level variation. During
the deposition of Mbr2, the prevailing southwest summer and northeast winter monsoons
and the paleotopography of the Weixinan sag, subjected the fan deltaic and gentle slope
zones of the Southeast Slope Belt to lake wave impacts. Lake waves repeatedly washed
and reworked the sand bodies sourced from the northwestern fan deltaic front and the
southeastern Qixi uplift. Given the lake level oscillations, the shoreline migrated back and
forth during each parasequence set. The frequent oscillations in lake level contributed to
a wide distribution of beach-bars. The five stages of beach-bar sand bodies retrograded
towards the shore with rising lake water.
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Figure 13. Depositional model for lacustrine beach-bar sand bodies in the LST stage of the Mbr2
period in the Weixinan sag.
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In a sandy bar, the sandy bar center has thicker sandstones and higher porosity and per-
meability than the sandy bar flanks (Figure 4) and, thus, better reservoir quality. With thick
source rocks at the bottom and good cap rock on top, a series of lithologic lenticular traps
and sandstone pinch-out traps developed in the WZ12-2 area of the Weixinan sag. Oil ex-
ploration of lacustrine beach-bars in South China has rarely been reported [23,28,64], while
much research on lacustrine beach-bars in East China have been published [2,4,11,14,65],
especially in the Bohai Bay Basin. Important breakthroughs have been made in the ex-
ploration for oil in beach-bar deposits in the Bohai Bay Basin. The beach-bar sand bodies
developed in South China and East China have similar characteristics. Beach-bars in both
regions were located in gentle slope belts of a faulted basin during the middle stage of
the Eocene, and controlled by the hydrodynamic environment, sediment source and lake
level oscillations. Lacustrine beach-bar studies in East China basins can serve as a reference
for further exploration of good lacustrine beach-bar sand body reservoirs in South China
basins. The depositional model proposed in this study provides guidance for further
prospecting and exploration of large-scale and thick beach-bar sand bodies during the LST
periods in similar basins.

6. Conclusions

Beach-bar sand reservoirs formed in the Mbr2 of the Liushagang Fm. in the Weixinan
sag. Five stages of beach-bar sand bodies developed vertically during the LST period of
the Mbr2 sequence. The gently sloping paleotopography, strong hydrodynamic conditions
in shallow water, abundant sediment sources and frequent lake water variations were
the main factors that controlled beach-bar deposition. The northwestern fan deltaic front
and the southeastern Qixi uplift were provenances for the beach-bar depositions. The
beach-bar sand bodies that developed in the gently sloping belt within the Weixinan sag
were subjected to strong hydrodynamic forces under shallow water conditions. Given these
forces, together with repeated variations in lake level, the beach-bars retrograded vertically
towards the shore and were distributed laterally over a large area. This study provides
guidance for comparable beach-bar reservoirs in rift lacustrine basins with similar tectonic
and depositional settings in the world.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en15093391/s1, Table S1: The heavy mineral contents of beach-bar
sandstones of Mbr2 stage in the Weixinan sag.
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