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ABSTRACT

Changes in water level are one of the important factors controlling the constructive characteristics of
deltas. The paper studies the influence of water level changes on sand bodies in the third member of the
Shahejie Formation (Es3) on the gentle southern slope of the Gubei Sag, Bohai Bay Basin and draw some
conclusions that, for complex sand bodies, with the increase in water level the distributary channels
bifurcate frequently, from a simple branching shape to a network shape along with the increase in the
development of crevasse splays, mouth bars and sheet sands. For single sand bodies, with an increase in
water level in the slope zone of the lake basin close to the source area, the superimposition style
transitioned from vertical cutting-stacking and lateral isolation to vertical stitching, isolation and lateral
stitching. However, in the central zone of the lake basin far from the source area, the superimposition
style transitioned from vertical stitching and lateral stitching to vertical isolation and lateral isolation.
When water level stays stable, the greater the distance from the source area the greater the disaggre-
gation ratio of a single sand body. At the same distance from the source area, higher water level tends to
result in greater disaggregation ratio of a single sand body.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0)).

1. Introduction

Chen, 2019; Chima et al., 2019; Xu et al., 2019; Feng et al., 2019). In
fact, the hydrodynamic conditions at the formation time of deltas

In China, the lake-land transition zone, where the delta develops
well, is the main area for hydrocarbon accumulation, with rich oil
and gas resources. During the depositional process of lake deposits
of river-dominated deltas, due to the frequent fluctuation of the
water level of the lake, favorable source-reservoir-caprock assem-
blages were well developed, resulting in the formation of rich hy-
drocarbon accumulation zones. Delta front mouth bars, distributary
channels and sheet sand are excellent oil and gas reservoirs (Liu
et al., 2017). The study of delta deposition began by Gilbert. For
more than a century, many researches have been conducted on
delta classification, sedimentary characteristics and sedimentary
patterns (Zhu et al., 2017; Lai et al., 2017; Zhang et al. 2017, 2018,
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are the most important factor controlling the difference in char-
acteristics of delta deposits and distribution regularity of sand
bodies (He et al., 2017; Paz et al., 2020). Different from the marine
deltas, which were mainly controlled by rivers, waves and tides
(Bhattacharya and Giosan, 2003; Dunne et al., 1988; Yang et al.,
2019), there was no tidal influence in lake deposits, the wave in-
fluence was also relatively weak, and the river-dominated deltas
were dominated. The type, supply intensity, grain size and cohesion
of sediments carried by rivers determined the shape of deltas
(Orton et al., 1993; Edmonds and Slingerland, 2007, 2010). In
addition, many river-dominated deltas have been reconstructed at
different degrees due to water level changes (Zou et al., 2008; Luo,
2015; Zhang et al. 2016, 2018; Zhu et al., 2016). The changes of
water level and water area might lead to frequent expansion and
contraction of the delta towards the lake center, which significantly
affected the depositional area and depositional rate of the delta
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towards the center of the lake. Therefore, water level changes, like
the influence of river, is an important factor controlling the
constructive characteristics of deltas. The water level changes not
only controlled the evolution of low-level wedges to high-level
deltas in moderate to low frequent sedimentary cycles, but also
controlled the transit of superposition relationship between sub-
facies and microfacies and the prograding regularity in high
frequent sedimentary cycles (Tsakalos et al., 2018; Yin et al., 2014;
Zhu et al., 2016). In wide shallow expanding lake, the fluctuation of
the lake water level might affect the characteristics of the deposits
after the water entered from rivers into the lakes (Wu, 1983). Due to
the gentle slope of the lake, small changes in the lake water level
might cause large-scale progradation and retrogradation of the lake
shoreline, which can lead to frequent interbedded deposits of
above-water and under-water deposits (Jin et al., 2014). Therefore,
in the continental lake environment, the seasonal changes in the
water level might cause high frequency pulse of expansion and
contraction of the water level, which might change greatly the
scope and intensity of river action, and affected significantly the
position and scale of the deltas (Jin et al., 2014). The full-of-sand
phenomenon in some formations in many hydrocarbon bearing
basins (Yang et al., 2011) may be explained by the large-scale
progradation and retrogradation of the shoreline and delta depo-
sitional areas due to the changes in the water level.

As stated above, the lake water level changes could have an
important influence on the development of the types and distri-
bution of the delta sand body. However, most studies in this field
have only mentioned this phenomenon and have no quantitative
discussion of water level changes. In order to take the water level
changes as the main controlling factor and discuss the quantitative
influence on each order of the delta sand bodies. The authors’ team
has carried out a series of research. Based on the investigation re-
sults of modern deposits and observation of field outcrops, the
influence of water level changes on the types, sedimentary struc-
tures, and formation processes of delta sand bodies has been pre-
liminarily discussed (Qiu et al., 2016; Wang et al., 2017; Zhang et al.
2016, 2016, 2019). However, limited by available data, at present,
the study is only about single sand body and the internal elements
of single sand body which can be directly observed by field out-
crops and modern deposits, lacking of the quantitative study on the
single sand body and complex sand bodies by taking the subsurface
work area as study objects, which can provide guidance for oil and
gas exploration in lake deltas. In this paper, with the river-
dominated delta in the southern gentle slope belt of the Gubei
Sag in the Bohai Bay Basin as an example, on the basis of the pre-
vious studies about stratigraphic framework and sedimentary dis-
tribution regularity, in combination with observation of field
outcrops, a preliminary research has been made to clarify the in-
fluence of water level changes on the type and distribution regu-
larity of complex sand bodies, and to reveal he evolution
characteristics of superimposition style and development scale of
single sand body controlled by water level changes.

2. Geological setting

The Gubei Sag is located in the northeast of the Zhanhua Sag in
the Jiyang Depression, the Bohai Bay Basin, surrounded by four
uplifts, including Chengdong, Zhuangxi, Gudao, and Changdi. The
sags and the uplifts are separated by four faults, including Cheng-
dong, Zhuangnan, Gubei and Changdi, resulting in the faulting in
the east, west and north sides, and overlapping in the middle and
south side. In the Gubei Sag, the source rock is very thick (more
than 380 meters in the third member of the Shahejie Formation),
the oil source is sufficient, the faults are well developed, and the
sand bodies are distributed widely, easy for oil and gas to migrate
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and accumulate, providing good geologic conditions for hydrocar-
bon accumulation. The Wuhaozhuang Sub-sag (the East Sub-sag),
which is to the east of Gubei Sag, is rich in oil resource, and oil
layers have been penetrated from the Dongying Formation to the
fourth member of the Shahejie Formation. The proven geological
reserves in the third member of the Shahejie Formation are 66.3
million tons. The study area is located in the southwest of the Gubei
Sag, in the gentle slope zone related to the Gudao Buried Hill, which
is a north-trending monocline as a whole, and on its north is a deep
zone of the East Sub-sag (Fig. 1).

From top to bottom, the Shahejie Formation in Gubei Sag can be
classified into the first Member (Es1), second member (Es2), third
member (Es3) and fourth member (Es4). Es3 can be divided into 14
Sand Groups, of which the upper Es3 corresponds to Sand Groups
0—1, the middle Es3 corresponds to Sand Groups 2—8, and the
lower Es3 corresponds to Sand Groups 9—13 (Fig. 2). The middle
and lower Es3 are two dichotomous third-order sequences. Both of
them experienced progradation and retrogradation. The upper Es3
is relatively thin, and locally eroded by later uplifting. In this study,
Sand Groups 2—5 in the upper part of the middle Es3, which have
the most detailed data collection, have been selected.

Five types of sedimentary facies, including delta, fan delta, near-
shore subaquatic fan, slump turbidities fan, and lake facies, are
developed in the middle Es3 in the Gubei Sag. With Sand Group 5 as
an example, the delta is developed in the southern gentle slope
zone, and accepted source from the Gudao Buried Hill. Divided by
the central nose-like structural belt, 3 to 4 deltas in the west
advanced toward north, one delta in the east. Small-scale slump
turbidities fans are developed in the deep zone of the East Sub-sag.
A fan delta is developed in the southwest of the Gudao Buried Hill,
and another in the northern steep slope of the Changdi Buried Hill.
On the steep slope of the Chengdong Fault in the west, there are
horizontally continuous near-shore subaquatic fans, which extend
in short distance (Fig. 3).

2843
0

IlIH paung 1pbueyd

i
|

- HK;
(1

Study Area

9
ol

Gﬁ&g
AP

S, S
Sanhecyp, Sag \ a|n ondo
g Chenjiazhu;wg plift 9 4 Uplift

Fig. 1. Structure location of Gubei Sag.

Well name
and location

Fault




Y. Zhang, Z. Shi, J. Li et al.

Petroleum Science 19 (2022) 58—73

Strata
SP/mV R25, Q'm
} Sand Den;zth, Lithology Tract system
Formation | Member | group |10 150 0 20
. s =
=
2+3 i: — R
3 = S
0 2 ==
i 5 = !
B =
o
2 6+7 =
€ = T
8 s B T
5] =
(50
9 =
10 + R
= S
= T
1" )
i'el
& L
o =
o -
= =
IS -
%) 12 =
s_ =
2 5
r =
o}
3 e
. =
= S
2= T
©
13 =
5 =
[Sp—
3 =
8 —
<t =
o 3T e
[ | — =
[ | i@ _ e .
[ ] —
Dolomite Fine sandstone Siltstone Mudstone Argillaceous sandstone Sandy mudstone Avrgillaceous limestone

Fig. 2. Stratigraphic framework of the third member of the Shahejie Formation in Gubei Sag.

3. Research data, route and methods
3.1. Research data

In this study, core data, well logging data, seismic data and field
outcrops have been used. More than 200 m of cores from 4 typical
wells have been observed to make clear about the types and
characteristics of the sand bodies in the river-dominated delta
front. Logging curves such as Gamma ray (GR), Spontaneous
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potential (SP), etc. have been used to research on the characteristics
of water level changes and to divide the reservoir architecture in
the non-cored wells. With 3D seismic data from the study area, the
relationship among the sedimentary water depth, the distance of
delta distribution and slope angle has been analyzed. Over 100 m of
outcrops in the typical river-dominated delta in the Ordos Basin
have been observed to make clear about superposition relationship
of single-genetic sand bodies.
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Fig. 3. Planar sedimentary facies diagram of Sand Group 5 of the middle Es3 in Gubei Sag (modified from Zhang et al., 2019).

3.2. Route and methods

3.2.1. Research route

(1) According to the previous research results, we classified the
architecture orders of the study area. (2) We clarified the charac-
teristics of water level changes using logging curves. (3) With the
results of core observation and rock electricity calibration, we
clarified the logging facies characteristics of single-genetic sand
bodies from cored wells in combination, and divided the reservoir
architecture of non-cored wells. (4) In combination with seismic
data, we optimized the well-tie sections perpendicular and parallel
to the direction of source, described the distribution of the complex
sand bodies. (5) On the basis of the combination patterns of single
sand body by observation of field outcrops, we characterized
quantitatively the development characteristics of the single sand
body on the well-tie sections. (6) In combination with the study
results, we discussed further about the influence of water level
changes on the sand bodies in the river-dominated delta front.

3.2.2. Research method of water level changes

The wavelet transformation and Fischer plots were chosen to
study the water level changes. Logging curves contain rich strati-
graphic information which can reflect the cyclicity of measured
strata sensitively and continuously. By using continuous wavelet
transform to log data, and analyzing the obvious periodic oscilla-
tion characteristics of the wavelet coefficient curves at various
scales, a certain corresponding relationship can be established with
the base level cycles at different orders, which can be used as the
division basis of high-resolution sequence stratigraphy (Li et al.,
2006). Fischer plots is a method to study the superposition
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regulation of sedimentary cycles in space and the change trend of
sedimentary base level based on the division of high-frequency
sedimentary cycles using logging curves (Fan and Li, 1997). The
cycle number is generally used as the abscissa, and the accumula-
tive offset of average thickness as the ordinate (Shao et al., 2013).
The Fischer plots assumes that all cycles formed in the same period,
and the basin subsided linearly. It is more accurate when the
number of cycles is more than 50 (Sadler et al., 1993; Su et al., 1995).

In the research process, dbN wavelet basis and Gamma ray (GR)
logging curves were optimized. The Gamma ray logging curves
were transformed by one-dimensional discrete db10 wavelet to get
wavelet coefficient curves of different scales, and the correspond-
ing relationship between the wavelet coefficient curve and the base
level cycle was established. According to the number and thickness
of base level cycles of different orders, Fischer plots was made to
analyze the water level changes.

3.2.3. Research method of sedimentary depth and distribution
distance

The height or thickness of the delta foreset beds is generally
close to the water depth (Glerstad et al., 2011). Using the thickness
or height of the delta foreset beds is a reliable quantitative method
to study water depth. The results will be better to calculate the
ancient water depth over the seismic section across wells (Zhong
et al,, 2015). In this study, the sedimentary water depth and dis-
tribution distance were calculated by measuring the thickness and
length of the foreset beds on the seismic section across wells.

Seismic sections which have complete reflection events of delta
topset beds, foreset beds and bottomset beds were selected. After
flattening the topset beds, the shape is close to the shape of deltas
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at deposition. Statistical analysis has been conducted about the
depth from the topset beds to the bottomset beds, and this depth is
the depth of the delta front. By differentially correcting the
mudstone and sandstone in each well, the sedimentary depth in
the well can be obtained. The length of the reflection event of each
foreset bed was read, and this length is the distribution distance of
the delta front. Then the slope angle can be calculated.

4. Result
4.1. Classification of architecture orders

In this paper, the six orders architecture classification method
for river facies (Miall, 1985, 2002, 2006) has been used to classify
the architectures of underground reservoirs in the study area. As
shown in Fig. 4, the 1st-order interface is the bedding system
interface, the 2nd-order interface is the bedding system group
interface, which can be identified in cores. The 3rd-order interface
corresponds to the mud interlayer between the accretions within a
single sand body, which is used to identify the sedimentary cycles
in a single sand body, and can be identified in cores and on logging
curves. The 4th-order interface is interface of single sand body,
which can be used to separate sand bodies deposited during the
same period, and can be identified in logging curves, but it is not
easy to observe in cores. The 5th-order interface is the interface
between the complex sand bodies composed of single sand body
deposited during the same period, and usually the complex sand
bodies are stable in lateral continuity. The 6th-order interface
corresponds to the interface of the complex delta composed of
multi-stage complex sand bodies. In this study, it corresponds to

Petroleum Science 19 (2022) 58—73

the layer interface, because in some layers, only one-stage complex
sand bodies are developed, that is to say that the layer interface
may be 5th-order interface or 6th-order interface. Therefore, in this
paper, the interface of the layer is regarded as the interface of the
complex sand body.

4.2. Characteristics of water level changes

Well z59 was taken as an example. Under the control of the third
order sequence, through the wavelet transform, it was considered
that the d10, d7, d5 and d4 wavelet coefficient curves could be
correlated with long term, medium term, short term and ultrashort
term base level cycles respectively (Fig. 5). The medium-term cycle
has a good correspondence to the sand groups. The first four me-
dium cycles correspond to Sand Groups 5, 4, 3 and 2-2, respectively,
and the latter two medium cycles correspond to Sand Group 2-1.
The changes of the medium cycles corresponded to the changes of
the mid-frequent water level changes, which controlled the
development characteristics of the complex sand bodies. 54 ultra-
short cycles have been quantitatively analyzed by using the Fischer
plots. The results show that the cumulative offset of average
thickness of each cycle in Sand Groups 2—5 increased first and then
decreased. The rise and fall of Fischer plots’ curve represent the
changes of the accommodation space and also reflect the changes
of the lake level. The rise of the curve represents the rise of the lake
level and the fall of the curve represents the fall of the lake level
(Shao et al., 2013). Therefore, from Sand Group 2-1 to Sand Group 5,
the relative water level increased first and then decreased, Sand
Group 2-2 was at the highest water level.
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Fig. 4. Schematic diagram of the interface classification in Gubei Sag.

62



Y. Zhang, Z. Shi, J. Li et al.

Petroleum Science 19 (2022) 58—73

Strata db10 wavelet

coefficient curve

GR/API

Lithology/
Sand Depth, m

Member group

a
g
a
&

d7 d10

High resolution sequence Fischer plots

Ultra
short

Cumulative offset of

average thickness
-1 -2 0 1 2 3
L 1 | 1 1

Short | Medium

La

2-1

3050

2-2

3100
L

The middle Es3

3150

50 150
L
3 E
4 .
5 N

AN AN SN AN NN e A AN AN AN AN A

4
152
450

48
444
442
-1 40

38

36
434
432

30

28

26

24

22

20

/\ A\‘ A Cycle number
e 2 8 N

Siltstone

]

Argillaceous sandstone

N
>
-
&S
-
é
v
RN
<>
>
=><
=
-
&
S
AN
—
e
<SS
<=
AN
S
AN
==
AN
-
S
>
<=
=S
=
<>
P
.
e
AN
-
<SS
<>
AN
==
-
AN
-y
25
O
G
v
S
AN
<>
S
<>
—
e
o
<>
S
_—
=
-
S
-
25
-
S
<>
RN
<>
AN
-
AN
-
AN
N
-
-
s
-
é
<>
<
AN
><
-
>

Sandstone

DD

Argillaceous limestone Mudstone

Fig. 5. High resolution sequence stratigraphic framework and water level changes of Sand Groups 2—5 in Well z59.

4.3. Depositional and logging facies characteristics of sand bodies in
cored wells

Through core observation, the identified single-genetic sand
bodies (4th-order architecture element) include five types,
including delta front subaquatic distributary channels, mouth bars,
sheet sands, crevasse splays, and shore shallow lake stripped sands.

The extension of a delta plain channel toward subaquatic is
called a subaquatic distributary channel, which is the architecture
element with the largest development area and the largest amount
of sand bodies in the delta front. The subaquatic distributary
channel is relatively coarse in lithology, and is mainly composed of
thick gravel-bearing sandstones and coarse sandstones, usually in a
positive sequence. Due to the combined action of traction currents
and waves, the sedimentary structures are very complicated. After
each stage of strong water flow, lag gravels and erosion surfaces
(Fig. 6a) were developed at the bottom. At the bottom of the dis-
tributary channel, massive beddings and granular beddings can be
seen, which were caused by quick deposition. Upwards, there are
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parallel beddings (Fig. 6a), wedge-shaped cross beddings, and
tabular cross beddings (Fig. 6b) formed by the traction flow, which
are indicative of the strong hydrodynamic conditions. The middle
of the GR curve is a box or bell shape with micro teeth. The fine
teeth increased at the upper part, converged at the center line of
the teeth, and sudden change occurred at the bottom (Fig. 7a).
The sand-bearing water carried by the distributary channel
entered the lake at the exit of the mouth in planar jetting way.
Affected by the friction of the mouth bank and bottom, the flow rate
and sand transport capacity reduced, and the sand was unloaded at
the outlet, forming a mouth bar. Compared with the distributary
channel, in mouth bar, the lithology is fine, mainly composed of fine
sandstones and siltstones, being medium to thick in thickness,
intercalated with 3—10 cm thin mudstones, being well sorted, and
the whole formation is in a reverse order sequence. Wedge-shaped
cross beddings (Fig. 6¢), wave-formed cross beddings and wavy
beddings are developed. Biological shell (Fig. 6d), iron nodules and
carbonaceous lamination (Fig. 6e) can be observed. The GR curve is
in a funnel shape, with medium-high amplitude, and the lower part
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Fig. 7. Logging identification templates of different single-genetic sand bodies in river-dominated delta front of the middle Es3 in Gubei Sag.

has been toothed, and the center line of the teeth changes upward waves, composed of interbedded thin siltstones and mudstone in-
from gentle to steep, with foreset amplitude combination (Fig. 7b). terlayers, and well sorted. Horizontal beddings, wavy beddings

The sheet sand is a thin sand layer with a large area, and (Fig. 6f), flaser beddings and lenticular beddings (Fig. 6g) are the
deposited on the wing of a mouth bar after being washed by lake common sedimentary structures. The GR curve is in finger-shaped
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or funnel-shaped, being toothed, and the curve amplitude is low
(Fig. 7c).

Crevasse splays are tongue-shaped deposits left after the sedi-
ments carried by flood rushed to subaquatic distributary channels
during the flood period. The grain is coarse. The lithology is
composed of mudstone intercalated with medium-thick lenticular
sandstone. Washed-filled structure, plant stems (Fig. 6h) and
intralayer deformation structure, such as micro fault (Fig. 6i), can be
observed. The middle of the GR curve is in finger-shaped or box-
shaped, being slightly toothed, the upper and lower parts are
usually straight mudstone baselines (Fig. 7d).

Shore shallow lake stripped sand (lake sand) refers to the thin
and stripped silty sandstones and argillaceous siltstones developed
in a shore shallow lake area, usually intercalated in thick mudstone.
Massive bedding and wavy bedding can be seen. The GR curve is in
finger shape with medium-low amplitude, or in funnel shape with
thin layers, being slightly toothed (Fig. 7e).

4.4. Distribution characteristics of complex sand bodies in delta
front

4.4.1. Sectional distribution characteristics

In order to make clear about the development characteristics of
sedimentary facies and the distribution regularity of sand bodies in
the base level cycles, two sections perpendicular and parallel to the
source direction have been selected (Fig. 8):

(1) Parallel to source direction (N—S)

As shown in Fig. 8a, from the Sand Group 5 to Sand Group 3,
with the rising in lake level, the delta gradually receded to the vi-
cinity of Well z241, the thickness of the complex channel sand body
decreased, and the range of deep to semi-deep lake increased
gradually. During the depositional period of the Sand Group 2-2,
the lake level dropped rapidly, and the delta advanced to the center
of the lake basin. The delta plain extended to the area near Well
gb37. The front sand body was mainly a subaquatic distributary
channel and extended to the area near Well zs2. The thickness of
complex channel sand body was large. Sand Group 2-1 progradated
further, and the front sand body extended to the vicinity of Well
z75. In the sedimentary section as a whole, with the changes of lake
level, the delta sand bodies are characterized by retrogradation first
and then progradation.

(2) Perpendicular to source direction (E-W)

As shown in Fig. 8b, the section is dominated by delta front sand
bodies, and subaquatic distributary channel sand bodies can be
found in every sand group. In Sand Group 5, two distributary
channel sand bodies from two source directions are developed,
with large thickness in vertical. With the rising of the lake level, the
thickness of the distributary channel sand bodies in Sand Groups 4
and 3 decreased gradually, and the width decreased gradually. In
Sand Group 3, mouth bars were well developed around Wells z241-
6 and zs3, and front sheet sands were well developed around Well
z241-11. During the depositional period of Sand Group 2-2, the lake
level declined rapidly, and the delta from the western source
diverged westward to Well z242-10, while the delta from the
eastern source diverged into two branches around Wells zs3 and
z491. During the depositional period of Sand Group 2-1, the lake
level was the lowest, two delta front subaquatic distributary
channels were seriously diverged, resulting in thickest single sand
body. Crevasse splays were developed around Well z24. In terms of
the number of sand bodies, the number of single sand body in Sand
Group 3 is the least, with relatively higher water level. The number
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of single sand body in Sand Group 2-1 and Sand Group 5 is rela-
tively large, with relatively low water level.

4.4.2. Planar distribution characteristics

During the depositional period of the Sand Group 5, the lake
level was relatively low, and the source from the Gubei Uplift
injected the area near Well gb131, and moved northward and
bifurcated into two branches. Overall, the subaquatic distributary
channels were less bifurcated, appeared as narrow single-channel
sand bodies on the plane. The mouth bar sand bodies were devel-
oped at the forefront of the subaquatic distributary channels, with a
small area. Crevasse splays were developed around Well z43, with a
small scale. Flaky sheet sands were developed around wells z242-
10, z75 and z59-23 at the forefront of the delta front. A small
area of deep lake, semi-deep lake deposits were deposited in the
northernmost East Sub-sag. During the depositional period of the
Sand Group 4 and the Sand Group 3, the distribution pattern of the
delta was basically similar to that of the Sand Group 5. With the
rising in lake level, the distribution area of the delta plain
decreased, and the subaquatic distributary channels at the delta
front widened gradually, and moved toward the center of the East
Sub-sag by a short distance, while the bifurcation was more
frequent, and the forefront of the distributary channel sand body
was in a network shape. The development area of mouth bars and
sheet sand bodies increased, and the area of deep lakes and semi-
deep lakes was larger in the East Sub-sag. During the deposi-
tional period of Sand Group 2-2, the lake level dropped rapidly, and
the delta moved northward to the East Sub-sag. A new delta
sourced from the southeast of the study area was developed. The
sand bodies of the two divergent delta channels was not wide, and
the bifurcation ability towards the east and west sides was weak,
with obvious channelization characteristics. The distribution area
of the delta plain was relatively large, and the development area of
the mouth bar and sheet sand bodies was relatively small. The
depositional period of Sand Group 2-1 was similar to that of Sand
Group 2-2, but the distribution area of the sand bodies of front
channel and mouth bar increased slightly.

In general, during the depositional period of Sand Groups 5, 4,
and 3, the lake level was relatively high, the delta plains were small,
and the lateral spreading capacity of delta front was relatively
strong, so mouth bar sand bodies were well developed. In the
foremost, due to the superposition of multiple channels and late
wave transformation, the sand bodies were connected on a large
area, in a net shape. During the depositional period of Sand Groups
2-2 and 2-1, the lake level was lower, the area of the delta plain was
larger, and the advancing capacity in the direction along the
provenance was relatively strong. Therefore, the mouth bar and
sheet sand bodies were less developed, and the channelization
characteristics of the entire delta were obvious, in branches shape
(Fig. 9). From Sand Group 5 to Sand Group 2-1, the lake level rose
first and then fell, the lake shore line moved first towards the shore,
and then towards the lake basin.

4.4.3. Sedimentary depth, foreset beds length and slope angle

Five seismic sections have been selected within the develop-
ment range of a river-dominated delta in the middle Es3 on the east
side of the gentle slope belt in the southern part in the Gubei Sag
(The location of the survey lines is shown in Fig. 3). Reflection
events of 20 complete delta topset beds, foreset beds and bottomset
beds have been identified in the 5 seismic sections (Fig. 10). Ac-
cording to the research method in 3.2.3, statistics and calculation
have been conducted about the depth, length and slope angel of
each foreset bed (Table 1). According to Table 1, the length of the
foreset beds and sedimentary depth is a linear relationship, while
the slope angle and sedimentary depth is logarithmic. The greater
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the sedimentary depth, the longer the horizontal length of the
foreset beds, and the larger of the slope angle. The slope angle
eventually approached a maximum value, which is the end angle
(Fig. 11).

4.5. Influence of water level changes on single sand body of river-
dominated delta

4.5.1. Superimposition of single sand body

The superimposition style of sand bodies has an important in-
fluence on the hydrocarbon accumulation. Because there is no
outcrop in the middle Es3 in the study area, the typical river-
dominated delta outcrops of the Jurassic Yan'an Formation in
Shenmu area of Ordos Basin were selected by the research group to
conduct field investigation (Qiu et al., 2016). Based on this, referring
to the previous study on identification marks of single sand body
(Feng et al., 2014), The superimposition style and distribution
characteristics of sand bodies were further summarized. The pre-
vious study shows that the third sedimentary episode of Yan'an
formation in Shenmu area was the period of accelerated subsidence
due to the strong activity of boundary faults and developed river-
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dominated lake delta. There were mainly multi-stage superimpo-
sition of subaquatic distributary channels and crevasse splays in
vertical. Other sedimentary microfacies included sheet bars and
interdistributary bays. Because of the frequent subsidence of the
lake basement and the rise of the lake level, all kinds of sand bodies
had small thickness and good lateral stability (Xia et al., 1991; Qiu
et al,, 2016). Similar to the Shenmu delta, during the sedimentary
period of Es3 in the research area, the Gubei fault in the southern
boundary of Gubei sag started the activity and gradually entered
the peak period. The research area developed typical river-
dominated delta (Luo, 2019). It was mainly composed of Sub-
aquatic distributary channel, mouth Bar, interdistributary bay and
distal bar (Qiu et al., 2019). The characteristics of fault activity and
the main types of sedimentary microfacies in the two area were
similar during the sedimentary period of the lake deltas, and the
lake level changes both had obvious control on the vertical facies
sequence and the plane combination of the delta. Therefore, the
outcrops study in Shenmu area can provide guidance for the
research on the superimposition style of single sand bodies
controlled by the lake level changes in the Gubei sag.

The three outcrops in Fig. 11 are located in Kaokaowusu gully,
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and their coordinates are 39°02/38”N, 110°18'02”E; 39°03'16"N,
110°2129”E; 39°02'35”N, 110°17'50”E. Three superimposition
styles among single sand body have been identified on the out-
crops, including cutting-stacking, stitching and isolated (Fig. 12).
Then following the principles of visualization and practicability,
combined with the development characteristics of the sand bodies
in the study area, we divided vertically the single sand body in the
study area into three superimposition styles, including cutting-
stacking, stitching and isolated, and horizontally into stitching
and isolated styles.

The cutting-stacking style refers to that under strong hydrody-
namic conditions, the previous developed sand bodies were cut and
washed by the later developed sand body, and then they were
contacted closely (Fig. 12a). The cutting-stacking style usually
appeared only in the vertical superimposition relationship. There
were obvious eroded surfaces or lithological abrupt changes at the
interface of different single sand body. There was no muddy barrier
between two single sand bodies. This style mainly occurred be-
tween two channel sand bodies, or between that of a single channel
and a mouth bar, or occasionally between two mouth bar sand
bodies.

The stitching style refers to that when two sand bodies were
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contacted with each other horizontally or vertically, the previous
developed sand body was not cut by the latter sand body (Fig. 12b).
The stitching type might appear in vertical and horizontal super-
position, and there probably exists a thin muddy barrier or a sud-
den change in lithology between the interfaces. Vertical stitching
was mostly the contact between two distributary channel sand
bodies, two mouth bar sand bodies or a channel and a mouth bar
sand body, while the horizontal stitching mostly appeared in two
sand bodies of the same type.

The isolated style appeared when the space between two sand
bodies was larger than the volume of accommodation space due to
rising of water level, only fine muddy or sandy mudstone deposits
were accepted (Fig. 12c). As a result, the sand bodies were sur-
rounded by muddy sediments. The isolated style might appear both
in horizontal and vertical, and can be seen in various single sand
body of subaquatic distributary channels, mouth bars, crevasse
splays, or front sheet sand.

In the northern part with dense well spacing, six sections
perpendicular to the source direction have been selected for char-
acterizing the single sand body. The location of the survey lines is
shown in Fig. 3.

As shown in Fig. 13a, the amount of single sand body in the
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subaquatic distributary channels is the largest on this section,
mostly concentrated in Sand Groups 2-1, 2-2 and 5, with relatively
low lake levels, while the amount of single sand body was less in
Sand Group 3, with a higher lake level. The single sand body was
mainly in stitching and cutting-stacking styles, mostly appeared in
the distributary channel and mouth bar sand bodies in Sand Groups
2-1, 5 and 3. There are less isolated sand bodies, which appear
mainly in the crevasse splays and front sheet sands. The well
spacing on this section is relatively large, and the statistical analysis
has not been done on the width of the sand bodies.

On Fig. 13b, the section 1 is farther away from the source, and
near the East Sub-sag. The amount of single sand body is relatively
large in Sand Groups 2-1 and 2-2, with lower lake levels, most of
which are in subaquatic distributary channels. In the Sand Groups
3,4, and 5 with higher lake levels, the source supply was very weak,
and the amount of single sand body was relatively small, mainly
thin lake belt and frontal sheet sand. The superposition on section
of Fig. 8b is quite different from that on the section of Fig. 8a. The
cutting-stacking style only appears in Sand Group 2-1 at the lower
lake level, the stitching style appears in Sand Groups 2-1 and 2-2.
There are only isolated single sand body in Sand Group 3 to Sand
Group 5, with high lake levels.

On Fig. 13c, the section 2 is farther away from the source area,
the amount of single sand body in the subaquatic distributary
channels decreased, while the amount of single sand body in the
mouth bars increased, most of which appeared in Sand Group 2-1
and 2-2, with lower lake levels. From Sand Group 3 to Sand Group 5,
there are only a few shore-shallow lake sand strips, sheet sand, and
slump turbidity fan. In Sand Groups 2-1 and 2-2, the sand bodies
are mostly cutting-stacking and stitching styles; in the subaquatic
distributary channels, the sand bodies are cutting-stacking styles,
and in the mouth bars, the sand bodies are isolated. Most sand
bodies in Sand Groups 3—5 are isolated, with less lateral stitching.

On Fig. 13d, the section 3 is farther away from the source area,
the sediments became less, and the number of single sand body in
the distributary channels was less than that in the mouth bars.
Cutting-stacking sand bodies appeared in the mouth bars, the
isolated and spliced sand bodies appeared in the subaquatic dis-
tributary channels, and a small amount of stitching thin lake sand
bodies appeared in Sand Group 3, with a higher lake level.

Sedimentary depth, foreset beds length and slope angle of river-dominated delta estimated by seismic data.

Line No. Foreset beds No. Sedimentary depth, m Foreset beds length, m Slope angle, °
inline1770 1 74 716 5.86
2 103 1,192 4.94
3 78 724 6.13
4 174 1,523 6.53
inline1753 1 101 918 6.27
2 153 1,339 6.53
3 143 1,116 7.29
4 179 1,375 74
inline1758 1 82 929 5.04
2 103 983 5.98
3 153 1,199 7.29
4 193 1541 7.15
inline1763 1 59 929 3.62
2 162 1,436 6.42
3 141 1,177 6.82
4 206 1,537 7.63
inline1746 1 42 914 2.63
2 113 1,202 5.39
3 139 1,235 6.4
4 162 1,404 6.57
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Fig. 12. The superimposition styles of single sand body in river-dominated delta on Kaokaowusu section (modified from Qiu et al., 2016).

On Fig. 13e, on the section 4, only cutting-stacking sand bodies
appeared in the subaquatic distributary channels in Sand Group 2-1
and Sand Group 3, and the others were mostly isolated. The
number of single sand body reduced further, and most single sand
body were developed in the subaquatic distributary channels.

On Fig. 13f, the section 5 is located in the northernmost part of
the study area, with the least source supply. The single-sand bodies
are dominated by thin lake sand belts, with few single-sand bodies
in the subaquatic distributary channels and the mouth bars.
Stitching sand bodies only appear in the distributary channels in
Sand Group 2-1 and Sand Group 2-2, and the others are isolated.

4.5.2. Scale of single sand body
Fig. 14a shows the statistical analysis of the single sand body on
the five sections (Fig. 13b to f) in the north area with a small well
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spacing. For the single sand body in the subaquatic distributary
channels, the mouth bars, and the shore shallow lake, which are
relatively large in quantity, we estimated the disaggregation ratio of
the single sand body with the half-float method by logging curves.
For the width of a single sand body;, if it is fully developed between
two wells, the width is the interval between the two wells, and if it
pinches out between two wells, the width is three-thirds of the
distance between the wells.

In terms of the disaggregation ratio, the largest is the sand
bodies in shallow lakes, followed by those in mouth bars, and the
smallest is in channel sands (Fig. 14b). From section 1 to section 5,
which are gradually away from the source, the terrain decreased
gradually, and the sedimentary depth gradually increased. Except
for the deviation caused by the small number of single sand body
on section 5 and fewer statistical samples, the average
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Fig. 13. The textures of the delta front sand bodies in Sand Group 1 to Sand Group 5 of the middle Es3.

disaggregation ratio of the single sand body on other sections are
gradually increasing (Fig. 14c). Compared with the average disag-
gregation ratio in different sand groups, it can be seen that disag-
gregation ratio is larger in Sand Group 5 and Sand Group 3, with
relatively high water level, and disaggregation ratio is smaller in
Sand Group 2-2 and Sand Group 2-1, with relatively low water level
(Fig. 14d).

According to the data above, if the source distance is the same,
the higher the water level, the weaker the down-cutting capability
of the distributary channel, the stronger the wave influence, and
the greater the disaggregation ratio of the sand body. In the same
sand group, increasing the distance away from the source area, the
sedimentary depth became larger due to the lowering of the
terrain. However, on the other hand, due to the attenuation of the
water energy of the distributary channel, the down-cutting capa-
bility became weak gradually, and the disaggregation ratio
increased gradually.

5. Discussion

Based on the study results above, the influence of water level
changes on complex and single sand body in river-dominated delta
fronts has been summarized, and the delta depositional model
which can reflect the influence of water level changes has been
established (Fig. 15).
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5.1. Influence of water level changes on complex sand bodies

Firstly, the changes in water level might affect the lateral dis-
tribution of complex sand bodies. During the process of water level
rising to high position, the delta has a stronger tendency to
distribute perpendicular to the source direction, and the distribu-
tary channel bifurcates, in a network shape. With more and more
crevasses and mouth bars forming, a large amount of sheet sand
appeared after being reconstructed by waves, and the delta grad-
ually takes on a fan-shaped shape with mostly reverse in vertical
sequence. When the water level decreases to a low position, the
delta tends to distribute along the source direction in shape of
dentrites, the bifurcation ability of the channels becomes weak. The
amounts of crevasses and mouth bars reduces, resulting in less
frontal sheet sand. The sand bodies are mostly isolated, to form
bird-foot shape, and mostly positive vertical sequence. At a me-
dium water level, the delta also tends to medium in distribution
shape and distribution distance of complex sand bodies.

Secondly, the changes in water level may affect the distribution
distance of the delta front. When the water level decreased, the
distribution distance of the delta front decreased, while the dis-
tribution distance of the delta plain increased. Because the slope
angle of the delta plain is usually smaller than that of the front, the
enlargement of delta plain is greater than the decreasing of the
delta front. Therefore, the lake shoreline moves toward the lake
basin, and the delta develops forward. When the water level be-
comes low, usually large plains with small fronts got appeared.
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When the water level rise, it can also increase the distribution
distance of the delta front, decrease the distribution distance of the
delta plain, and the decrease of the plain is mostly more than the
increase of the front. With the contraction of the shoreline, the
delta also has a corresponding regressive deposition.
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5.2. Influence of water level changes on single sand body of river-
dominated delta

Firstly, the changes in water level affected the superimposition
style of single sand body. Without considering the influence of
tectonic movements and changes in the amount of erosion on the
A/S value, it is believed that with the rising of water level, the
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accommodation space increased. The farther away from the source,
the smaller the amount of sediment supply. In the slope zone with
more sediment supply, with the rising of water level, the A/S value
gradually increased, and the superimposition style of single sand
body changed gradually from vertical tangential stacking and
lateral isolation to vertical stitching and isolation as well as lateral
stitching. In the central zone where the supply of sediment is
insufficient under the rising of water level, the A/S value gradually
increased. However, at the same water level, the A/S value in the
central zone is usually greater than that in the slope zone, and the
superimpose style of single sand body may change from vertical
stitching and lateral stitching to vertical isolation and lateral
isolation.

Secondly, the change of water level can also affect the devel-
opment scale of single sand body. With the same distance to source,
the higher the water level, the weaker the down-cutting capability
of distributary channels, the stronger the wave influences, and the
greater may be the disaggregation ratio of the sand body. In the
same sand group, with the decrease in terrain, the depositional
distance and depositional depth of the delta also increase, the
down-cutting capability of distributary channels gradually became
weak, and the disaggregation ratio increases gradually.

6. Conclusion

Based on the previous investigation results of the authors’ team,
the river-dominated delta in the subsurface work area was selected
for quantitative analysis. The influence of water level changes on
sand bodies at river-dominated delta fronts was discussed.

(1) Water level changes greatly influence the develop of com-
plex sand bodies in delta in the planar distribution pattern
and distribution distance. For the single sand body at the
delta front, the influence is mainly on the superimposition
style and development scale.

(2) During the process of the water level rising from low level to
high level, the complex sand bodies in distributary channels
diverged frequently, changing from branch shape to reticu-
lated shape, and the amount of crevasse splays, mouth bars,
and sheet sand increased, thus increase the distribution
distance of the delta front decrease the distribution distance
of the plain. The deltaic degradation occurs and tends to
transform from the small front-great plain to the large front-
small plain.

(3) During the process of the water level rising from low to high,
the superimposition style of single sand body in the slope
zone transits from vertical cutting-stacking and lateral
isolation to vertical stitching and isolation as well as lateral
stitching. In the center of the lake basin, the superimposition
style of single sand body transits from vertical stitching and
lateral stitching to vertical isolation and lateral isolation.
Facies such as distributary channels, mouth bars, and shore-
shallow lake in which there contains more sand bodies, the
disaggregation ratio of the single sand body increased
correspondingly. With the same distance to the source, the
higher the water level, the weaker the down-cutting capa-
bility of the distributary channels, and the stronger the in-
fluence of the wave, the greater the disaggregation ratio. In
the same sand group, with the decrease in terrain, the
depositional distance and depositional depth of the delta
also increase, the down-cutting capability of the distributary
channels gradually became weak, and the disaggregation
ratio increased gradually.
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