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Abstract: The study on morphology and distribution of sublacustrine fan are necessary for the
exploration of oil and gas, which could help to effectively predict the reservoirs of sublacustrine
fans. In this paper, the distribution and geomorphology of sublacustrine fans of Dongying Formation
in Liaoxi uplift (Bohai Bay Basin, East China) and their controlling factors (including shape and
formations) have been analyzed in detail based on seismic, core, and logging data. The main
conclusions achieved in this study are: (1) During the sequence of the third member of Dongying
Formation (SQd3), two types of sublacustrine fan, including channelized fan (in channel shape) and
non-channelized fan (in tongue shape and lobe shape), developed on the eastern slope of Liaoxi uplift,
which inherited the characteristics of sediments structural maturity in braided river delta front (good
sandstone sorting and high structural maturity); (2) Steep slope was favorable for forming tongue
shape sublacustrine fans with large ratio of length and width, while gentle slope tended to deposit
lobe shape fans; high mud content tended to form stable channels with strong erosion on the slope
end, while high sand content tended to form continuous lobes with lobe shape; (3) In the basin with
uplift, the beneficial combination among provenance, relative lake level change and paleomorphology,
determines the development and distribution of sublacustrine fan, and the sublacustrine fan deposits
are mainly concentrated in the TST. The Yanshan fold belt in the west provided sufficient sediments
to the Liaodong Bay during LST for the development of a sublacustrine fan in the east slope of Liaoxi
uplift since the Liaoxi uplift sunk into the water, with the result that the deposition of braided river
delta front can overlap the uplift. The incised canyons in the Liaoxi uplift provided the channels
for sediments entering into the eastern slope, and the main sedimentary location of lacustrine fans
was between two stages of faults. This study could provide a theoretical basis for researching the
characteristics and distribution of other sublacustrine fans in similar basin backgrounds.

Keywords: sublacustrine fan; gravity flow; reservoir distribution; Dongying Formation; Bohai
Bay Basin

1. Introduction

The study of the submarine fan model has resulted in the development process of the
classical submarine fan model (turbidity currents) [1,2], Reading and Richards’s submarine
fan classification model (high-density turbidity currents) [3–5], and the slope fan model
(sandy debris flow) [6–8]. Subsequently, those research findings were successfully applied
in the study of the lake basin [9–11]. Therefore, the study of gravity flow in lake basins is in
the stage of rapid development [10,12–15]. Due to the limited scale of the lake basins and
frequent tectonic movements, the sedimentary facies of the sublacustrine fan changed faster,
and the controlling factors were more complicated than the submarine fan. In recent years,

Energies 2023, 16, 851. https://doi.org/10.3390/en16020851 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16020851
https://doi.org/10.3390/en16020851
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-3103-5380
https://orcid.org/0000-0002-1095-1032
https://doi.org/10.3390/en16020851
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16020851?type=check_update&version=1


Energies 2023, 16, 851 2 of 22

the research on sublacustrine fans has been mainly focused on the gravity flow deposition
model (fluid properties), original mechanism, and controlling factors of sublacustrine
fans [16–20]. In the sedimentary model of lake basins, it has been gradually recognized that
sandy debris flow and high-density turbidity currents in slopes with low-density turbidity
currents at the basin floor [21]. This model summarizes the evolution process of gravity
flow and the distribution of sublacustrine fans in lake basins and tentatively divides the
sandy debris flow and high-density turbidity currents into different evolution stages of
gravity flow.

In addition, it has been proved that the depositional process of sublacustrine fans was
controlled by a variety of factors, including paleomorphology, relative lake level fluctua-
tions, synsedimentary faults activities, and other tectonic movements [16,22]. However,
previous studies have rarely summarized the shape of sublacustrine fans and their control-
ling factors, which control the distribution of sand bodies and the formation of lithological
traps. Relative sea/lake level changes and tectonic movements are the main factors con-
trolling the sequence pattern, as well as the development of sublacustrine fans [23–25].
It is well known that submarine fans (sublacustrine fans) mainly develop in low-stand
system tract (LST) [26,27]. Nevertheless, with the development of the study, it has been
proved that the sublacustrine fan in this study area was not formed in LST, which indicated
that the previous exploration direction was not correct. Thus, it is important that the con-
trolling factors of sublacustrine fan geomorphology and its development in the sequence
stratigraphic frame.

The Liaodong Bay Depression is the slope zone at the edge of the basin with uplift-
like (Liaoxi uplift) “island chain”. It is believed that the Liaoxi uplift mainly played an
important role in blocking the distant source of Yanshan from entering the Liaozhong sag
during the third member of the Dongying Formation (Ed3), but the “island chain” special
structural pattern may provide the possibility for the development of the sublacustrine fan.
During the second member of the Dongying Formation (Ed2), the Liaoxi uplift was located
underwater and covered by distal braided river delta deposits. The end of the large-scale
distal braided river delta front is the place where the sublacustrine fans develop. Therefore,
the previous research work on the sublacustrine fan in the Liaodong Bay Depression mainly
focused on the strata of the lower second member of the Dongying Formation (Ed2

x) in
the northern region [28,29]. The sandy debris flow model plays a good guiding role in
the prediction of sublacustrine fans [30–32]. However, with the progress of exploration in
lithological traps, sublacustrine fans have been discovered in the Ed3, on the eastern slope
of the Liaoxi uplift. In this paper, seismic data, cores data, and logging data from Liaoxi
uplift have been analyzed in detail, which were used to discuss: (1) shape characteristics
and types of the sublacustrine fan in the SQd3; (2) controlling factors of the sublacustrine
fan shape; (3) controlling factors of sublacustrine fan enrichment. This work would provide
a theoretical basis for predicting the distribution of sublacustrine fans and lithological traps
more effectively.

2. Regional Geological Setting

The Bohai Bay Basin is located in the coastal area of northeastern China (Figure 1A).
The Liaodong Bay Depression is located in the northeastern part of the Bohai Bay basin,
with a northeast trend, which is between the Jiaoliao Uplift (east) and the Yanshan Uplift
(west). The Liaodong Bay Depression belongs to the first-level structural unit of the
Bohai Bay Basin, where contains three sags (Liaoxi Sag, Liaozhong Sag, Liaodong Sag)
and three uplifts (Liaoxinan Uplift, Liaoxi Uplift, Liaodong Uplift) in structural pattern
(Figures 1B and 2A) [33–35].

During the Paleogene, the Liaodong Bay Depression experienced four stages of tectonic
evolution (Figure 3): (1) initial rifting from Paleocene to middle Eocene; (2) rapid rifting
in the late Eocene; (3) thermal subsidence after the first rifting in the early Oligocene (Es2,
Es1); (4) rifting of strike-slip pull-apart from middle to late Oligocene (Ed) [36,37].
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The Paleogene strata in Liaodong Bay include Shahejie Formation and Dongying
Formation (Figure 3). The Shahejie Formation consists of the fourth member of Shahejie
(Es4), the third member of Shahejie (Es3), the second member of Shahejie (Es2), and the
first member of Shahejie (Es1) from bottom to upward. During this depositional stage,
sublacustrine fans, fan deltas, braided river deltas, beach bars, and other deposits formed
in Liaodong Bay. The Dongying Formation consists of the third member of Dongying (Ed3),
the second member of Dongying (Ed2

X, Ed2
U), and the first member of Dongying (Ed1)

from bottom to up, which deposited mainly in fan deltas, braided river deltas, meandering
river deltas and sublacustrine fans [38].

Figure 1. (A) Tectonic division and location of Bohai Bay Basin (modified from Jia et al., 2021 [39]).
(B) Regional tectonic units of Liaodong Bay Depression. (C) Residual landform of Liaoxi uplift and slope.

The study area covers the Liaoxi Uplift and the eastern gentle slope belt (Figure 1C).
The Liaoxi Uplift is located in the middle of Liaodong Bay, where the structural charac-
teristics show faulting in the west and overtaking in the east. The western boundary is a
normal fault with strike-slip properties, adjacent to the Liaoxi Sag, while the east is a gentle
slope, adjacent to the Liaozhong Sag. This study is focused on the Ed3, which is deposited
in the 3 sedimentary facies: braided river delta (on the west side of the Liaoxi uplift), deep
lacustrine (on the east side of the Liaozhong sag), sublacustrine fan (in the gentle slope of
the uplift).
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Figure 2. (A) Seismic section and structural units of Paleogene strata in Liaodong Bay Depression. 

(B) Seismic section and sequence boundaries of the SQd3. Annotation: a-a’ and c-c’ are the numbers 
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Figure 2. (A) Seismic section and structural units of Paleogene strata in Liaodong Bay Depression.
(B) Seismic section and sequence boundaries of the SQd3. Annotation: a-a’ and c-c’ are the numbers
of seismic section. Figure 1C shows locations.
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Figure 3. Comprehensive stratigraphic column of Shahejie Formation and Dongying Formation in
Liaodong Bay Depression, Bohai Bay Basin (modified after Huang et al., 2016 [40]).

3. Data and Methods
3.1. Data

The data used in this study includes core, log, and 3D seismic data, which were
provided by CNOOC Tianjin Branch. The core depth of well B2 is 3224.5 m–3232.5 m,
which is in the TST of SQd3. There are 8 sampling points for grain size analysis of Well B1,
and the depth is located in the TST of SQd3. The logging curve mainly used in this study is
the GR curve. The area of 3D seismic data in this study is about 1000 km2, and the main
frequency of the data volume is 27 Hz. A total of 6 wells in the study area can be used,
which contain various sedimentary facies.

3.2. Methods
3.2.1. Well-Seismic Data Combination

Because seismic data are in the time domain and well data are in the depth domain,
the time–depth relationship needs to be used to link the two. The calibration of the
horizon in the well and seismic can be realized by a synthetic seismogram. The general
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process of making a synthetic seismogram is as follows: (1) the reflection coefficient is
calculated from acoustic wave and density logging curve; (2) and the initial synthetic
seismogram is obtained by convolution of the reflection coefficient and the extracted
seismic wavelet; (3) the initial synthetic seismogram is corrected according to the more
accurate velocity field, and then matched with the seismic trace beside the well to obtain
the final synthetic seismogram.

3.2.2. Sequence Stratigraphic

Based on the sequence stratigraphic interpretation techniques [41,42], the isochronous
stratigraphic framework of the Ed3 was established. The three-level sequence interfaces are
T3 (bottom boundary) and T3

M (top boundary), respectively (Figure 4). The initial flooding
surface (TS) and the maximum flooding surface (MFS) are identified in the sequence of Ed3
(SQd3), divided the SQd3 into the low-stand system tract (LST), the transgressive system
tract (TST) and the high-stand system tract (HST). The onlap above the TS and downlap
above the MFS could be recognized in the seismic sections (Figure 2B).

Figure 4. Photographs of gravity flow sedimentary core in well B2 (See Figure 1C for well location).
(A) Whole cores with 10 periods of gravity flow deposition (3224.50 m–3232.50 m). (B) S3 of HDTC
and Bouma sequence Tb-e of LDTC (3226.52 m–3226.72 m). (C) Dish structure (3225.2 m–3225.5 m).
(D) Mud clasts (3230.79 m–3131.06 m). (E) Mud pebbles and flame structures (3229.82 m–3230.54 m).

3.2.3. Method of the Paleomorphology Reconstruction

In the sequence framework, based on the determination of sedimentary system types
by coring data, the distribution and evolution of sedimentary facies in the study area are
analyzed in combination with seismic facies characteristics, seismic attribute characteristics,
and drilling data.

On the basis above, the paleomorphology is analyzed by using the horizon data of
seismic interpretation and fault interpretation data. Hence, on the basis of the frequently
used methods for ancient landform restoration, the process of this method is as follows:
(1) select isochronous seismic reflection interface; (2) calculate the residual thickness of
formation; (3) correct differential settlement. The stratum between T3

M to MFS and MFS to
TS was selected as the target layer in this study area, which was used to reconstruct the
paleomorphology of the HST and the TST.
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3.2.4. Method of Relative Lake Level Change Analysis

Furthermore, the relative lake level changes during SQd3 were recovered, based on
logging curve GR for spectrum analysis, combined with the existing understanding. It
mainly includes two steps: (1) the true value of the GR curve was replaced with the
predicted value of maximum entropy spectrum analysis to obtain the spectrum change
attribute analysis curve (PEFA). Then the PEFA curve is integrated to obtain the spectrum
attribute trend analysis curve (INPEFA). INPEFA curve shows the trend of PEFA value, and
its change is controlled by regional events. Therefore, the results of INPEFA can be used to
divide high-frequency cycles. (2) Fisher chart takes the number of cycles as the horizontal
axis and the cumulative offset of average thickness as the vertical axis. The obtained curve
can reflect the change of accommodation space during deposition. Thus, the Fisher chart
can be used to analyze the division results of high-frequency cycles and fit the relative lake
level change curve.

4. Results
4.1. Sedimentary Characteristics

According to the data analysis of drilling coring and core slices, it is considered that
the deposits of gravity flow in the study area are mainly fine-medium sandstone containing
coarse sands with medium sorting. The clastic particles are in sub-angular and sub-circular
shapes, with particle supporting structure, contacting in point-line (Figure 5A). The content
and properties of the matrix can reflect the flow characteristics of the medium and the
sorting of clastic components, so it is also an important indicator of the structural maturity
of clastic rocks. The deposits of turbidity currents contain a large number of matrices,
with the result that sediments are matrix-supporting structures. However, the deposits of
HDTC in the study area are mainly filled with cement and supported by particles with few
matrices. It suggests the sediments of the HDTC inherit the structural maturity of braided
river delta front sediments.

Figure 5. Characteristics of granular structure in well B1 (See Figure 1C for well location). (A) Core
slice (3131 m) (B) C-M chart (Sample points in TST). (C) Probability Cumulative Curve (3330 m).

The coring section of well B2 is located in the TST with a length of 8 m, and a total of
10 gravity flow deposits are identified (Figure 4A). Each stage of gravity flow deposition
consists of two lithofacies (LF): the massive sandstone facies (LF1) at the bottom and the
Bouma sequence (LF2) at the top. LF1 is mainly composed of massive medium sandstone
without bedding (Figure 4B). In these lithofacies, mud clasts and mud pebbles occasionally
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occur (Figure 4D,E), with the escaped structure of water such as flame structure and dish
structure (Figure 4C,E). The thickness ranges between 11 cm and 203 cm. LF2 appears as an
incomplete Bouma sequence, which includes: parallel bedding of the Tb section (1.5 cm);
deformation bedding of the TC section (3.5 cm); horizontal bedding of the Td section (1 cm);
and massive mudstone of the Te section (2 cm) (Figure 4B). The subsequent gravity flow
lay on the mudstone at the top of the underlying gravity flow deposition, resulting in the
erosion surface between the boundary (Figure 4A). Gray mudstone could be occasionally
found in the Te section.

Massive sandstones were possibly deposited in the high-density turbidity currents
(HDTC), which can be compared with the S3 section of the HDTC deposition sequence
published by Lowe (1982) [43]. The sandstone-mudstone couples with the Bouma sequence
can be interpreted as deposits of low-density turbidity currents (LDTC). A complete Bouma
sequence developed at the top of the 6th gravity flow deposition, and the incomplete
Bouma sequence developed in the other nine periods, mainly composed of mudstones
of the Te section. Because the new gravity flow caused erosion to the early deposition,
the mudstone is in unconformable contact with the upper sandstone. Different gravity
flow deposits are bounded by brown mudstone, indicating that they were shallow water
environment sediments, which were transported by turbidity currents to the deep lake
environment. The existence of brown mudstone in the deep lake area is also a piece of
important evidence to identify gravity flow deposition.

Based on the data from well B1, the interval of C value is 576.148 µm–949.738 µm, while
the range of M value is 165.465 µm–285.918 µm, showing that the change range of C value
and M value is large. The C-M centerline of the well B1 deposition in TST is roughly parallel
to the C-M baseline (Figure 5B), which indicates the deposits of turbidity currents. This is
because the velocity of gravity flow is very fast; when the velocity decreases, deposition
occurs quickly, and the particles are buried immediately after deposition, resulting in the
lack of rolling particles in the components. Therefore, the C value of sediment is closely
related to the M value.

The particle size distribution histogram of deposits of HDTC in well B1 is in the form
of positive skewness and single peak, the average particle size is 2.986, and the peak state is
1.153 (Figure 5C). The Probability Value Cumulative Curve presents an upward arch with
two units, which represent the jumping subpopulation and the floating subpopulation,
respectively. However, the Probability Value Cumulative Curve of typical turbidity currents
deposits is approximately one-unit, with a low slope, illustrating poor sediment sorting
and large suspended sub-total content. On the contrary, the large slope of the HDTC Curve
indicates the sorting of sediments is well. Moreover, the two stages of the Curve show a
gentle transition, indicating that the two subpopulations have a high degree of mixing and
a low degree of sedimentary differentiation. Therefore, the deposits of HDTC in the study
area often have good sorting due to the deposits of HDTC largely inheriting the structural
maturity of braided river delta front deposits.

4.2. Logging Curve Characteristics

The deposits of HDTC are mainly fine-medium sandstone, with the thickness of each
layer >5 m. The tongue-shaped sublacustrine fan is composed of thick sandstone with
thin mudstone, in which the GR curve is box-shaped (Figure 6, well B1). The lobe-shaped
sublacustrine fan is composed of thick mudstone intercalated with thick sandstone, in
which the GR curve is funnel-shaped (Figure 6, well C1). The channelized fan is composed
of thick argillaceous siltstone at the bottom and thick fine sandstone at the top, in which
the GR curve is box-shaped (Figure 6, well A2).

The deposits of LDTC are mainly siltstone and fine sandstone, interbedded with thin
siltstone and thick mudstone, and the thickness of each layer is less than 3 m. The GR curve
is finger-shaped (Figure 6, well B2).



Energies 2023, 16, 851 9 of 22

Figure 6. Logging curve characteristics of high- and low-density turbidite deposits. See Figure 1C for
the locations of these wells.

4.3. Relative Lake Level Change

The values of relative lake level were obtained by maximum entropy spectrum analysis,
replacing the real value to obtain the PEFA curve. On this basis, the PEFA curve is integrated
to obtain a curve INPEFA indicating the trend of PEFA value. The positive trend represents
that the mudstone content on the curve is more than predicted in a period of time, which
was a transgressive/proluvial stage. The negative trend represents that the sandstone
content on the curve is more than predicted over a period of time, which was a regression
stage. According to the trend of the INPEFA curve, the high-frequency cycles of wells
B1 and B3 were divided. Well B1 is divided into 63 high-frequency cycles, and well B3 is
divided into 116 high-frequency cycles (Table 1, Figure 7).

Table 1. SQD3 high-frequency cycles thickness cumulative offset of well A1 and A3.

A1 A3

Number BD/m TCO/m Number BD/m TCO/m Number BD/m TCO/m Number BD/m TCO/m Number BD/m TCO/m

1 3653.4 0.2349 40 2972.28 56.9968 1 4078.76 14.2683 40 3614.12 54.251 79 3154.76 106.5538
2 3637.08 5.7498 41 2957.16 53.3917 2 4054.04 21.0966 41 3607.4 51.3193 80 3149.88 102.9021
3 3615.48 13.6648 42 2944.68 51.2267 3 4036.6 23.6048 42 3600.04 62.6276 81 3143.24 104.2903
4 3591.48 16.5397 43 2930.76 50.5016 4 4023.8 31.9531 43 3578.44 66.2559 82 3131.4 98.8786
5 3572.52 10.0546 44 2915.4 51.9365 5 4005.16 44.0614 44 3564.36 79.0041 83 3126.52 92.5869
6 3563.16 17.9695 45 2897.88 47.1314 6 3982.76 40.2497 45 3541 76.3924 84 3122.52 85.8952
7 3539.4 19.6444 46 2886.84 46.8863 7 3976.04 43.7179 46 3533 73.1407 85 3118.76 79.5234
8 3521.88 25.3994 47 2871 46.4013 8 3961.96 37.7462 47 3525.96 73.249 86 3114.84 73.3117
9 3500.04 24.6743 48 2855.4 48.5562 9 3957.4 36.5745 48 3515.56 74.3172 87 3110.6 74.62
10 3484.92 32.8292 49 2837.16 44.7111 10 3947.88 40.2828 49 3504.04 75.7855 88 3098.92 70.2483
11 3460.92 31.3841 50 2824.92 38.946 11 3933.72 38.071 50 3492.28 75.8138 89 3093 71.9566
12 3446.28 32.099 51 2814.6 32.221 12 3925.4 34.0993 51 3481.96 76.7221 90 3080.92 70.4648
13 3429.72 33.534 52 2805.24 29.0959 13 3918.92 41.8876 52 3470.52 77.5503 91 3072.04 72.1731
14 3412.44 35.2089 53 2792.52 27.4108 14 3900.52 62.6359 53 3459.4 84.6986 92 3059.88 68.9214
15 3394.68 37.3638 54 2778.12 23.3257 15 3869.16 61.4641 54 3441.8 89.6069 93 3052.68 66.3097
16 3376.68 40.7187 55 2766.36 13.4806 16 3859.8 58.9324 55 3426.52 96.1952 94 3044.84 65.9379
17 3357.24 41.4337 56 2760.12 6.5156 17 3851.88 66.8807 56 3409.56 93.5834 95 3034.76 65.4062
18 3340.68 47.1886 57 2751 0.0305 18 3833.64 77.389 57 3401.88 100.5717 96 3025 63.4345
19 3319.08 43.1035 58 2741.64 0.2654 19 3812.68 73.9772 58 3384.52 99.32 97 3016.68 61.0628
20 3307.32 52.9384 59 2725.08 −1.8997 20 3805.64 74.7255 59 3375.48 94.7883 98 3008.68 60.051
21 3281.64 51.1333 60 2711.16 0.2552 21 3794.44 87.3138 60 3369.72 108.2566 99 2999.32 58.0793
22 3267.2 58.4883 61 2692.68 −1.4298 22 3771.56 86.6221 61 3345.8 128.8448 100 2990.68 56.1876
23 3243.8 70.6432 62 2678.28 −2.3949 23 3761.8 83.5303 62 3314.84 126.4731 101 2982.12 53.3359
24 3215.48 72.6781 63 2663.16 0 24 3754.6 82.8386 63 3306.92 133.3014 102 2974.6 50.2441
25 3197.4 69.553 25 3745 83.2669 64 3289.72 137.0897 103 2967.4 44.6724
26 3184.68 65.4679 26 3734.12 82.2552 65 3275.48 134.2379 104 2962.68 41.1807
27 3172.92 67.6229 27 3724.76 76.9234 66 3267.96 136.1862 105 2955.72 39.209
28 3154.76 63.5378 28 3719.72 70.6317 67 3255.72 134.5345 106 2947.4 33.7972
29 3142.2 66.2927 29 3715.56 70.26 68 3247.08 148.0828 107 2942.52 31.1055
30 3123.48 66.7676 30 3705.64 67.6483 69 3222.92 145.471 108 2934.84 26.9738
31 3107.16 67.0025 31 3697.96 67.9166 70 3215 140.7793 109 2928.68 24.9221
32 3091 68.3575 32 3687.4 64.9048 71 3209.4 136.8876 110 2920.44 24.2303
33 3073.56 65.9524 33 3680.04 60.2131 72 3202.68 135.6359 111 2910.84 18.0186
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Table 1. Cont.

A1 A3

Number BD/m TCO/m Number BD/m TCO/m Number BD/m TCO/m Number BD/m TCO/m Number BD/m TCO/m

34 3059.88 69.9873

BD:Bottom depth
TCO:Thickness cumulative

offset

34 3674.44 58.0014 73 3193.56 131.4241 112 2906.76 14.9269
35 3039.96 65.9022 35 3666.36 55.9497 74 3187.4 126.3324 113 2899.56 10.8752
36 3028.2 63.4971 36 3657.96 57.6579 75 3182.2 122.1207 114 2893.08 6.6634
37 3014.76 59.8921 37 3645.8 54.5662 76 3176.04 122.709 115 2887 5.1717
38 3002.52 58.687 38 3638.6 61.2345 77 3164.92 115.4572 116 2878.12 0
39 2987.64 57.9619 39 3621.48 57.8228 78 3161.8 112.0455

Figure 7. High frequency sequence division scheme and relative lake level change curve.
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The Fisher diagram takes the number of cycles as the horizontal axis and the accumu-
lation of average thickness offset as the vertical axis to reflect the change of accommodation
space, and then reflect the law of rise and fall of lake level [44–46]. On the cumulative
migration curve, the positive trend represents the continuous growth of accommodation
space, indicating the rise of the relative lake level; the negative trend represents the decrease
of accommodation space, indicating the decline of the relative lake level. According to the
cumulative migration of high-frequency cycle thickness, the relative lake level change of
wells B1 and B3 was analyzed, and it was found that: (1) the relative lake level changes
of the two wells had similar trends in the period of SQd3, in which the relative lake level
fluctuated in the LST + TST period and decreased rapidly in the HST period (Figure 8);
(2) in the TST, the relative lake level experienced a slow-fast-slow rise process (Figure 7).

Figure 8. Fisher chart. (A) Well A1. (B) Well A3.

4.4. Seismic Facies Characteristics

Combined with seismic interpretation and attribute analysis, the characteristics of
seismic facies of different sublacustrine fans were analyzed. In this study, three seismic
facies were identified in deposits of HDTC, as described below.

The external shape of SF1 is channel-shaped. The internal event axis, which are
high amplitude, medium frequency, and medium continuity, are subparallel with each
other. This reflection structure is consistent with the characteristics of the river channel
(Figure 9, SF1).

The external shape of SF2 is wedge-shaped. The internal event axis, which are high
amplitude, medium frequency, and medium continuity, are subparallel with each other.
This reflection structure is often regarded as sublacustrine fan deposition, characterized by
a tongue-shaped fan in the study area (Figure 9, SF2).

The external of SF3 is sheet-shaped. The internal event axis, which are high amplitude,
medium frequency, and good continuity, are parallel with each other. This reflection
structure is often interpreted as sublacustrine fan deposition, characterized by a lobe-
shaped fan in the study area. Some lens with clutter reflection structure could be found in
lobe-shaped fan, which is often interpreted as a channel (Figure 9, SF1).

4.5. Paleomorphic Features

Paleomorphology plays an important role in controlling sequence and sedimentary
systems. Therefore, the reconstruction of paleomorphology can identify the development
and distribution of the sedimentary system, as well as judge the characteristics of the
paleogeographic environment, paleontology, and tectonic evolution [47–49]. In the period
of SQd3, the Liaoxi uplift was corroded only when the “island chain” outcropped during
the LST, but its contribution to the depression deposition can be ignored.
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Figure 9. Seismic facies characteristics of different sublacustrine fans.

Figure 10 indicates that the paleomorphology in the study area is composed of three
units, including uplift, slope, and basin floor. In the uplift area, there are two canyons (A
and B in Figures 10A and 11), from where the sediments in the distal braided river delta
front entered the uplift area. The slope area has different slope break systems due to the
existence of faults (Figure 10A). Region A is a single fault slope break system, region B
is multiple faults slope break system, and region C is a sedimentary slope break system
(Table 2). Moreover, the slope gradient in different areas is also different. By measuring the
two-dimensional plane distance (∆L) and three-dimensional space distance (∆s) between
two points of the measurement line, the angle formula is used α = Arccosine (∆L/∆s) gets
the slope. During the period of TST, the slope of region B is 2.3◦ (Figure 10B), and the slope
of region C is 0.8◦ (Figure 10C). In the HST, the slope of region A is 0.8◦ (Figure 10E).

Table 2. Characteristics of three forms of sublacustrine fans.

Channelized Fan Tongue-Shaped Fan Lobe-Shaped Fan

System Domain HST TST TST
Region A B C

Slope Break System single fault multiple faults sedimentary slope break
Characteristics of log Box-shaped Box-shaped funnel-shaped

Characteristics of seismic Channel-shaped Wedge-shaped Sheet-shaped
Controlling factors Steep slope, sand rich Gentle slope, sand rich Gentle slope, mud rich
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Figure 10. Paleomorphology of the Liaoxi uplift and slope. (A) Paleomorphology of Liaoxi uplift
and slope in TST. (B) Slope gradient in region B is 2.3◦. (C) The slope gradient in region C is 0.8◦.
(D) Paleomorphology of Liaoxi uplift and slope in HST. (E) The slope gradient in region A is 0.8◦.

Figure 11. Seismic section along Liaoxi uplift. There are two canyons on the uplift, and the Shahejie
strata developed in the canyons. Annotation: A and B are the numbers of canyons; b-b’ is the number
of seismic section. Figure 1C shows locations.
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5. Discussion
5.1. Types and Distribution Characteristics of Sublacustrine Fan

Combined with seismic attributes, drilling data, and seismic facies analysis, during
the SQd3, it is considered that two types of sublacustrine fan developed in three regions,
including channelized fan and non-channelized fan, among which non-channelized fan
includes a tongue-shaped fan and lobe-shaped fan. The channelized fan developed in HST,
A region (Figure 12A,B). The tongue-shaped fan developed in TST, B region (Figure 12C,D).
The lobe-shaped fan developed in TST, C region (Figure 12E,F).

5.1.1. Channelized Fan

The channelized fan is obviously banded on the RMS attribute plane (Figure 12A),
which seismic reflection characteristics are characterized by medium frequency, high ampli-
tude, medium continuous, sub-parallel, and valley-shaped outer envelope (Figure 9). The
GR curve of the channel sediments is in the form of a box shape, with silty mudstone in the
early stage and fine sandstone in the late stage (Figure 6). In the early stage, the muddy
low-density turbidity current formed turbidite channels on the slope, which were filled by
the sandy high-density turbidity current in the late stage. Finally, the gravity flow passed
through the fault and evolved into low-density turbidity, residing at the bottom of the slope
in a sheet shape (Figure 12B).

Figure 12. Plane distribution of RMS amplitude and sedimentary facies (Figure 1C shows locations).
(A) Plane distribution of RMS in the region A (HST). (B) Plane distribution of sedimentary facies in
the region A (HST). (C) Plane distribution of RMS in the region B (TST). (D) Plane distribution of
sedimentary facies in the region B (TST). (E) Plane distribution of RMS in the region C (TST). (F) Plane
distribution of sedimentary facies in the region C (TST).
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5.1.2. Non-Channelized Fan
Tongue-Shaped Fan

The seismic facies characteristics of the tongue-shaped fan are characterized by
medium frequency, high amplitude, medium continuous, progradational reflection struc-
ture, and wedge-shaped outer envelope (Figure 9). This is different from those of overlying
and underlying mudstone with low frequency and low amplitude reflection. The RMS at-
tribute plane of the tongue-shaped fan shows a clear tongue shape (Figure 12C). Moreover,
its GR curve is characterized by a toothed box shape, indicating that it was formed by the
accumulation of multi-stages gravity flow events (Figure 6). The sediments derived from
the braided river delta front since the previous sediments were liquefied and collapsed due
to the exogenic process. Therefore, the massive sandstone of a tongue-shaped fan often
contains a large number of floating mud gravels and cracked mud debris, with massive
liquefied deformation structures. Afterward, the slumping sediments were liquefied to
form the HDTC, which is rapidly transported downward along the slope to form tongue-
shaped deposits with a large ratio of growth and width. The structure of the deposits
is massive, lacking a traction structure with some floating mud pebbles and mud clasts
inside (Figure 4). The subsequently formed LDTC with remaining fine-grained materials
continued to move forward to form sheet sand deposits at the front and flanks of the
tongue-shaped fan (Figure 12D).

Lobe-Shaped Fan

The seismic reflection characteristics of the lobe-shaped fan are characterized by
medium frequency, high amplitude, high continuous, and sheet-shaped outer envelope
(Figure 9). It can be obviously seen that the large lobe-shaped outer envelope shape is in the
RMS attribute plane (Figure 12E). The log curve of the lobe-shaped fan is finger-shaped and
funnel-shaped, indicating that it is formed by multi-stage lobes (Figure 6). The HDTC first
forms a stable main supply channel filled by coarse-grained sediments. With the HDTC
moving forward, the channel forked and the sediments accumulated along the sides to
form small lobes. With the accumulation of sediments, the lobes gradually connected into
pieces to form a composite large lobe-shaped fan. The distributary channel and lobes were
mainly deposited in medium and fine sandstone. Like the tongue-shaped fan pattern, the
LDTC continues to move forward and deposit (Figure 12F).

5.2. Controlling Factors of Sublacustrine Fans Morphology

Deposits formed in the same gravity flow (HDTC) could show different forms, which
has an important impact on the distribution of sand and the prediction of traps. Based on
the analysis of structural and sedimentary characteristics in the study area, it is considered
that the slope and material source (sandy of braided river delta front) jointly control the
shape of the sublacustrine fan.

The sedimentary form and channelization degree of the submarine fan were closely
related to the sand content of the sediments’ provenance [3–5]. When gravity flow was rich
in sand, the channelization degree was low and unstable. With the increase of mud content,
the erosion ability of gravity flow to the basement was enhanced [50], and the degree of
channelization became higher, accompanied by the embankment system formed. Under
the steep slope background, the gravity flow deposition is a tongue-shaped fan with a large
aspect ratio [51–53]. In the process of the numerical simulation of the delta, the smaller the
slope, the easier it is for the lobes to migrate laterally to form contiguous fans [54].

5.2.1. Slope Gradient

During the TST, sand-rich sublacustrine fans developed in regions B and C. Due to
the development of the fault system and obvious change of slope landform in region B,
the slope is larger than that in other regions, with a slope of 2.3◦ (Figure 10B). During
the downward transportation of sand-rich HDTC along the slope, it was prone to form
tongue-shaped sediment with a large growth width ratio, due to its fast transportation
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speed, long transportation distance, and short time of sedimentation. When the slope is
gentle, e.g., region C (0.8◦, Figure 10C), the HDTC was transported and accumulated not
only downward, but also laterally, which was probably to form lobe-shaped sediment
with a small growth width ratio. Therefore, steep slopes and complex structures tended to
form fast gravity flows, which would accumulate at the foot of the slope in a large ratio of
length and width, without a stable channel (Figure 13). Afterward, the subsequent LDTC
continues to move forward and deposit at the basin floor (Figure 12).

Figure 13. Patterns of sublacustrine fan morphology.

5.2.2. Sand Richness (Braided River Delta Front)

The structural background of the slope in region A (HST) is similar to that in region
C (TST), the slope of which were both 0.8◦ (Figure 10C,E). In the HST, braided river delta
front deposits were developed in the uplift near region A (Figure 12B), where argillaceous
siltstone was deposited at the bottom, and medium fine sandstone was deposited at the
upper part. Sublacustrine fan deposits were found in well A2 in the slope, which consists
of argillaceous siltstone formed by turbidite channel filling deposits at the bottom, and
medium to fine sandstone at the upper part (Figure 6, well A2). Hence, in the early stage,
the mud-rich LDTC first transformed the slope bottom (Figure 14A), forming a stable long
turbidite channel, and in the later stage, the sand-rich HDTC was transported and deposited
along the ancient turbidity channel (Figure 14B). Sand-rich HDTC was developed in region
C, where gravity flow had a strong destructive ability to the surrounding system. The
channel was prone to bifurcation and diversion, which promoted the development of lobes
and formed contiguous sand. Thus, the sublacustrine fan is in lobe shape. The difference in
sand abundance of provenance led to the different morphology of the sublacustrine fan
(Figure 13). The low sand content and strong erosion ability of gravity flow on the slope
end tended to form a stable turbidite channel, while high sand content tended to form
continuous lobes.

Figure 14. Transformation of basin floor by turbidity currents (modified after Shanmugam et al.,
1993 [55]). (A) Low-density turbidity currents eroded the basin floor. (B) Turbidite channel filled with
deposits of high-density turbidity currents.
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5.3. Controlling Factors for the Development of Sublacustrine Fans in TST
5.3.1. Provenance

Abundant material sources are the prerequisite for the development of sublacustrine
fans [19]. The Yanshan fold belt in the west of Liaodong Bay was the main sediment source
in the filling process of the basin during the SQd3. The Liaoxi Depression is located at the
edge of the basin (Figure 1B), with a sufficient supply of terrigenous sediment. The depres-
sion is mainly filled with braided river delta deposits on the Liaoxi Uplift [56], without
argillaceous deposits. In the TST, the Yanshan fold belt was still strongly weathered and
denuded, so the ability to provide sediment for Liaodong Bay was still strong. Therefore,
with the rise of the lake level, the deposition of the braided river delta did not retreat much
to the edge of the basin, resulting in the deposition of the braided river delta front that
could still reach Liaoxi uplift, which provided the material source for the development of
sublacustrine fan in the east slope of Liaoxi uplift (Figure 15).

Figure 15. Patterns of sag filling by the distal source. In the LST, the Liaoxi uplift was exposed to the
water surface, preventing the distal source from entering the uplift. In the TST, the uplift was located
underwater, and the distal source entered the uplift, providing provenance for the sublacustrine fans.

5.3.2. Relative Lake Level Change

The occurrence of gravity flow is closely related to the fluctuation of lake/sea level.
The rise of relative sea/lake level increases the activity of faults [57,58], the rapid burial of
sediments, and the increase of pore pressure [59], which are conducive to the occurrence of
gravity flow. At the same time, the rise of relative sea/lake level increases the accommo-
dation space of the slope at the edge of the basin [60–62], the uplift in the basin, and the
slope. Compared with the sea level, the fluctuation period of lake level is more frequent
with a larger scope [63–67]. The gravity flow is sensitive to the change in relative lake level.
The western part of the Liaoxi uplift is bounded by large faults (Figure 1C), many of which
are developed in the slope of region B, and the activity of faults was strong in the SQd3.
Figure 16 shows the cross-section of three wells in region B, in which it can be found that
the lacustrine fan deposits are mainly developed in the TST, while a few low-thickness
lacustrine fan deposits developed in the LST.

During the LST, the Liaoxi sag was in the stage of rapid filling at the low lake level,
when the Liaoxi uplift was exposed in the form of an island chain (Figure 15). However,
the ability of Liaoxi uplift to provide a material source to the slope was limited, due to its
limited scope. Therefore, it was difficult to form large-scale deposition on the slope relying
on the poor ability of Liaoxi uplift to provide a material source, since the distal clasts were
blocked by the uplift from entering the slope. During the TST, the Liaoxi uplift sunk into
the water with the result that the deposition of the braided river delta front could overlap
the uplift, providing adequate materials for the deposition of sublacustrine fans. The slope
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evolved into a semi-deep lake environment, which provided sufficient accommodation
space for the deposition of sublacustrine fans (Figures 10A and 15).

Figure 16. Well connection diagram of region B. Sublacustrine fans are mainly developed in TST.
Figure 1C shows locations.

In the meantime, the lake level change experienced a slow-fast-slow rising process in
the TST (Figures 7 and 8). During the period of the lake level rising rapidly, the growth rate
of accommodation space was much greater than the supply rate of material sources. The
deposition of the braided river delta retreats to the edge of the basin, which inhibited the
development of sublacustrine fans. In the stage of the lake level rising slowly, the sediment
supply rate was greater than the growth rate of accommodation space. The deposition of
the braided river delta overlapped the uplift and slope, which provides a material source
for the development of sublacustrine fans. Thus, the TST deposits were composed of two
aggradation subsequence sets, with two sections of sublacustrine fan sandstone and one
section of lacustrine mudstone.

5.3.3. Paleomorphology

Paleomorphology plays a key role in controlling the transportation and distribution of
sediments [18,68–70]. The existence of an undercut valley is often the principal channel for
the sediment transport [71,72]. The break system of the slope also controls the configuration
of accommodation space. The lacustrine fan deposits in the TST were mainly concentrated
in region B. Through the restoration of paleomorphology, it was found that there are two
incised canyons on the uplift. According to the observation of the drilling sequence and
seismic profile, the Shahejie formation developed in the incised canyons (Figure 11). It
indicates that the incised canyons existed before the SQd3. During the SQd3, the Liaodong
Bay Depression once again went through slip-rifting, with the lake level rising rapidly.
Meanwhile, the incised canyons provided a channel for the deposition of the braided river
delta front to enter the Liaoxi uplift and slope. Furthermore, it provided the material source
for the development of sublacustrine fans.

A group of north dipping faults and a group of south-dipping faults were developed
in the slope (Figure 10A). The differential activities of these two groups of faults resulted in
a variety of accommodation space configurations and slope break systems. Region B has
multiple faults and a single fault slope break system. Between the two stages of faults is
the main location of lacustrine fans sedimentation (Figure 12).
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5.4. Reservoir Distribution and Implications

On the basis of analyzing the type of gravity flow and the structure of the sublacustrine
fan, using the core, logging, and seismic data, it is very important to establish an appropriate
sedimentary model for predicting the distribution of the sublacustrine fan. The shape of the
sublacustrine fan controls the distribution of the sandstone reservoirs [18,53,73–75], which
is closely related to the subsequent engineering drilling [76,77]. The classic turbidite fan
model considers that the sublacustrine fan is the fan shape controlled by the main supply
channel, and the sandstone is mainly distributed in the distributary channel and lobe [1].
Reading and Richard put forward twelve turbidite fan models based on provenance system
and sediment grain size [3], which greatly enriched the content of the sublacustrine fan
model. Shanmugam’s slope fan model further supplements the content of the sublacustrine
fan model [78]. The sublacustrine fan caused by sandy clastic flow is mainly tongue-shaped.
At the same time, the stratigraphic sequence model considers that the sublacustrine fan
is mainly developed in the lowstand system tract [79]. However, there are many types of
sublacustrine fans in the study area. Therefore, in our actual research work, we should
not be limited to a single model but should combine the actual situation and synthesize
various models to obtain a model suitable for the study area (Figure 13).

On the whole, the sublacustrine fan in the study area is mainly concentrated in the
TST of SQd3 (Figures 15 and 16). A tongue-shaped sublacustrine fan developed in region B
(Figure 12C,D). The shape of the sandstone reservoir is tongue shape, which indicates that
the sandstone reservoir changes rapidly laterally and extends far longitudinally. In region
C, the lobe-shaped sublacustrine fan is developed (Figure 12E,F), and sandstone reservoirs
are mainly developed in channels and lobed bodies, indicating that sandstone reservoirs
are mainly developed in the upper and middle of the sublacustrine fan, while the lower fan
reservoirs are poor. In region A, channelized sublacustrine fan is developed (Figure 12A,B),
and the sandstone reservoir is in a strip shape. The development scale of the sandstone
reservoir is the smallest, and the lateral change is too fast.

6. Conclusions

During the SQd3, two types of sublacustrine fan, including channelized fan and
non-channelized fan, developed on the east slope of Liaoxi uplift, which inherited the
characteristics of sediments structural maturity in braided river delta front (good sandstone
sorting and high structural maturity). It can be divided into three forms of sublacustrine
fans in the slope of Liaoxi uplift, including tongue shape, lobe shape, and channel shape.

The slope gradient and the source nature from the braided river delta front control
the shape of the sublacustrine fan. A steep slope was favorable for forming tongue shape
sublacustrine fans with large ratio of length and width, while a gentle slope tended to
deposit lobe shape fans. High mud content tended to form stable channels with strong
erosion on the slope end, while high sand content tended to form continuous lobes with
lobe shape.

In the basin with uplift, the beneficial combination of provenance, relative lake level
change, and paleomorphology determines the development and distribution of sublacus-
trine fan. The Yanshan fold belt in the west provided sufficient sediments to the Liaodong
Bay during LST for the development of a sublacustrine fan in the east slope of Liaoxi uplift
since the Liaoxi uplift sunk into the water, with the result that the deposition of braided
river delta front can overlap the uplift. The incised canyons in the Liaoxi uplift provided the
channels for sediments entering into the eastern slope, and the main sedimentary location
of lacustrine fans was between two stages of faults.
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