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a b s t r a c t

Based on the analysis of core, logging, and testing data, the fourth member of the Cretaceous Quantou
Formation (K2q

4) in the Sanzhao depression, Songliao Basin, is investigated in order to understand the
sedimentary characteristics and hydrocarbon exploration significance of a retrograding shallow-water
delta. The results show that during the sedimentary period of K2q

4, the Sanzhao depression with a
gentle basement experienced stable tectonic subsidence and suffered a long-term lake level rise caused
by paleoclimate changes (from semiarid to semihumid), the K2q

4 in the study area were dominated by a
fining-upward deltaic succession and had relatively stable thickness. From the bottom to the top, the
color of mudstone gradually changes from purplish-red to gray and grayish-green, the contents of caliche
nodules decrease gradually, while the presence of pyrite in sediments becomes frequent. Channel
sandstones mainly composed of siltstone and fine sandstone with developed high-energy sedimentary
structures constitute the main sand bodies of deltaic deposits, but the scale of channel sandstones
decrease upward. Despite the long-term lake level rise and fining-upward sedimentary succession,
purplish-red mudstone, caliche nodules and thin channel sandstones are still broadly distributed in the
study area, and thin channel sandstones can be found at the top of K2q

4 covered by the black oil shale of
Qingshankou Formation. These assertations suggest that the study area was dominated by retrograding
shallow-water delta deposits during the sedimentary period of K2q

4. In comparison with modern Poyang
Lake, we infer that during the sedimentary period of K2q

4, the study area experienced frequent lake level
fluctuations triggered by paleoclimate changes despite the long-term lake level rise, and the lake level
fluctuations control the deposition of retrograding shallow-water delta. In addition, most of the thin
channel sandstones distributed at the top of K2q

4 and covered by black oil shale are generally immersed
in oil, indicating that the thin channel sandstones formed at the top of a retrograding shallow-water
delta sedimentary succession are favorable targets for lithological reservoir exploration.
© 2022 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 license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Since the concept of “shallow-water delta” was firstly proposed
by Fisk et al. (1954), ancient shallow-water deltas without a
tripartite structure (Gilbert, 1885) have been found all over the
).
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world, such as in the Bohai Bay Basin (Wang et al., 2015; Zeng et al.,
2015; Tian et al., 2019; Dou et al., 2020), Junggar Basin (Chen et al.,
2015; Liu et al., 2015; Zhao et al., 2015; Zhu et al., 2017a), Late
Pleistocene Lake Bonneville (Lemons and Chan, 1999), Meso-
hellenic Basin (Zelilidis et al., 2002), and Alberta Basin (Reading,
1996; Leckie et al., 2004). As a river-dominated delta with widely
distributed sandstones, the shallow-water delta has become an
important object for oil and gas exploration and a hotspot for
sedimentary research in recent years (Overeem et al., 2003;
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Fielding et al., 2006; Olariu and Bhattacharya, 2006; Zou et al.,
2006; Lee et al., 2007; Zhu et al. 2008, 2012, 2013a, 2013b, 2017a,
2017b; Cai and Zhu, 2011; Wang et al., 2012; Rahman et al., 2014;
Deng et al., 2019). Several aspects of the sedimentology of shallow-
water deltas have been examined preliminarily: (i) types of depo-
sitional basins and tectonic conditions for the development of
shallow-water deltas (Donaldson, 1974; Horne et al., 1976; Zhao
et al., 2011a; Zhu et al., 2013b, 2017b; Dou et al., 2020; Wang
et al., 2020); (ii) source supply systems and formation mecha-
nisms of shallow-water deltas (Hoy and Ridgway, 2003; Cornel and
Janok, 2006; Zhu et al. 2012, 2013b, 2017a; Liu et al., 2015; Xin et al.,
2019; Tian et al., 2019; Feng et al., 2019); (iii) sedimentary archi-
tecture and characteristics of sedimentary facies (Postma, 1990;
Lemons and Chan, 1999; Olariu and Bhattacharya, 2006; Zhu et al.
2013a, 2017b; Li et al., 2014; Chen et al., 2015; Zhang et al. 2016,
2018); (iv) types and distribution of sandstone in shallow-water
deltas (Lou et al., 1999, 2004; Zou et al., 2008; Cao et al., 2010;
Cai and Zhu, 2011; Wang et al., 2012; Rahman et al., 2014; Zhang
et al., 2017; Deng et al., 2019). Despite these studies listed above,
detailed research on sedimentary characteristics and development
models of a retrograding shallow-water delta formed during a
long-term lake level rise is lacking, especially the effect of lake level
fluctuations on thin channel sandstone distribution near lake
center, which is important for lithological reservoir exploration.

The Songliao Basin, with abundant oil and gas resources, is a
large-scale Meso-Cenozoic basin in China. Previous researches
indicate that the Songliao Basin was mainly dominated by fluvial
shallow-water deltaic, and lacustrine environments during the
sedimentary period of the Upper Cretaceous Quantou Formation
(K2q), and the basin experienced a noticeable lake level rise since
the deposition of the 4th member of the Quantou Formation (K2q

4)
(Cai and Zhu, 2011; Pan et al., 2012; Zhu et al., 2012; Meng et al.,
2016; Deng et al., 2019). Despite the long-term lake level rise and
the gradual retrogradation of shallow-water delta, thin sandstone
of K2q

4 is still widespread in the basin and plenty of shallow-water
deltaic sandstone develops even in the Sanzhao depression located
in the central part of the Songliao Basin (Liu et al., 2009; Zhu et al.,
2012; Lin and Hou, 2014; Cai et al., 2016; Deng et al., 2019).
Moreover, in recent years, many drilled wells from the Sanzhao
depression revealed that the thin sandstone that occurred at the
top of K2q

4 usually has good hydrocarbon indication (Liu et al.,
2009; Li et al., 2013; Xi et al., 2015; Zhang et al., 2017, 2018; Zhu
et al., 2017b; Deng et al., 2019). However, little attention has been
paid to the formation mechanism of these widely distributed thin
deltaic sandstone formed during a long-term lake level rise period,
as well as its petroleum exploration potential.

Therefore, the K2q
4 in the Sanzhao depression was taken as a

research object, and this paper aims to document the sedimentary
characteristics of K2q

4 and gain insights into the depositional pro-
cesses of a retrograding shallow-water deltaic system and discuss
its exploration potential. The specific objectives are as follows: (i)
document lithofacies types and facies assemblages presented in
K2q

4; (ii) present the characteristics of sedimentary environment
evolution of K2q

4; (iii) analyze the lake level changes and develop a
depositional model for a retrograding shallow-water; (iv) discuss
the formation mechanism of the widely developed thin sandstone
in a retrograding shallow-water delta, as well as its significance for
oil and gas exploration.

2. Geological backgrounds

Located in the northeastern part of China, the Songliao Basin is a
Meso-Cenozoic petroliferous basin with an area of 26 � 104 km2

(Fig.1a). According to the basin's internal structures, it can be divided
into six first-order tectonic units, namely the West Slope, North
930
Slope, Northeast Uplift, Central Depression, Southeast Uplift, and
Southwest Uplift (Feng et al., 2010;Meng et al., 2016). The study area,
as one of the most oil-rich areas, is present in the central part of the
Central Depression, namely the Sanzhao depression (Fig. 1).

Previous studies indicate that the Songliao Basin experiences
three distinct stages of basin evolution: (i) a rifting stage (J3-K1), (ii) a
subsidence stage (K1eK2), and (iii) a tectonic reverse stage (K2-Q)
(Feng et al., 2010;Wei et al., 2010; Sorokin et al., 2013; Cai et al., 2017)
(Fig. 2). Sediments within the basin can be divided into three tec-
tonostratigraphic units corresponding to the three tectonic stages:
lower rifting strata, middle subsidence strata, and upper inversion
strata (Wei et al., 2010; Li et al., 2012; Meng et al., 2016; Cai et al.,
2017; Deng et al., 2019). The total thickness of these strata in the
study area commonly exceeds 5000 m (Feng et al., 2010) (Fig. 1c).

The Upper Cretaceous Quantou Formation (K2q) in the Sanzhao
depression was formed during the stable subsidence stage, and it
can be further divided into fourmembers: K2q

1, K2q
2, K2q

3, and K2q
4

(Fig. 2). During the sedimentary stage of K2q
4, the study area had a

gentle slope on paleogeomorphology which was less than 1� (Zhu
et al., 2012), and there were two provenance supply systems ac-
cording to different compositions of heavyminerals in the northern
and southern parts (Li et al., 2012) (Fig. 1b). Meanwhile, the sedi-
mentary stage of K2q

4 was a period of extreme greenhouse warmth
with a slight decrease in temperature, the paleoclimate of the
Songliao Basin at that timewas changed gradually from semiarid to
semihumid leading to long-term lake level rise (Wu et al., 2009;
Zhu et al. 2012, 2017b; Wang et al., 2013; Zhao et al., 2014; Jones
et al., 2018; Yang, 2018). Therefore, the K2q

4 in the study area is
mainly dominated by deltaic and lacustrine sediments with an
approximate thickness of 90 m (Cai et al., 2016; Deng et al., 2019),
and it shows a fining-upward succession which is covered by the
black oil shale of K2qn

1 (Figs. 1c and 2).
Based on the analysis of lithological succession, paleoclimate,

and lake-level changes, the K2q
4 was divided into a lacustrine

transgressive systems tract (LTST) of a 3rd order sequence by pre-
vious researchers (Li et al., 2007; Wu et al., 2009; Feng et al., 2010;
Hu et al., 2015; Meng et al., 2016; Cai et al., 2016; Sun et al., 2017; ;
Lai et al., 2017; Deng et al., 2018, 2019) (Fig. 2a). The bottom
boundary of the LTST is the interface between K2q

4 and K2q
3, which

is characterized by widely developed publish-red mudstone and
channel erosion surface (Zhu et al., 2012; Sun et al., 2017; Deng
et al., 2018); the top boundary of the LTST marked by the black
oil shale of the K2qn

1 represents a maximum flooding surface of a
third-order sequence (Fig. 2b). Based on sedimentary succession,
the K2q

4 is usually subdivided into three fourth-order sequences
(Sq1-Sq3) (Li et al., 2007; Hu et al., 2015; Cai et al., 2016; Sun et al.,
2017; Deng et al., 2018, 2019), of which the lower two 4th order
sequences are composed of LTST and LRST (lacustrine regressive
systems tract), and the upper one consists of LTST (Fig. 2b).

3. Materials and methods

This study focuses on the K2q
4 in the Sanzhao depression, where

established petroleum wells are abundant. Most data presented in
this research including well logs, cores, and testing data (granu-
larity, rock composition, and major elements) were provided by the
Exploration and Development Research Institute of Daqing Oilfield
Co Ltd. Partial data related to Poyang Lake were compiled from
previous research results and China's National Satellite Meteoro-
logical Centre (Zhang et al., 2012; Deng et al., 2015; Liang et al.,
2016). First, the grain-size data from 164 samples within 22 wells
and the rock composition data from 234 samples within 28 wells
were used for petrologic analysis. Then, well logs and cuttings from
216 wells were also examined for the analysis of the depositional
environment, as well as the sedimentological data (lithology,



Fig. 1. (a) Location map of the Sanzhao depression and tectonic units of the Songliao Basin. The black line (AA0) shows the location of the stratigraphic profile (Fig. 1c) of the
Songliao Basin. (b) Key well locations and characteristics of heavy minerals showing the provenance systems of the Sanzhao depression during the sedimentary stage of K2q

4 (the
contour line of ZTR is modified from Liu et al., 2012). ZTR-The total content of zircon, tourmaline, and rutile within transparent heavy minerals. The solid line (BB0) shows the
location of the well-correlation profile (Fig. 9). (c) Stratigraphic section across the central part of the Songliao Basin showing the basin structure and distribution of K2q

4 (modified
from Feng et al., 2010).
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sedimentary structures, and fossil content) obtained through
observation and description of cores from51wells. According to the
development characteristics of mudstone and antigenic minerals,
lake level fluctuations during the sedimentary period of K2q

4 are
discussed along with the major elements analysis and by compar-
ison with water changes in the modern Poyang Lake. Apart from
these attempts, based on the analysis of lake level fluctuations and
sedimentary characteristics, we develop depositional models for
the retrograding shallow-water delta deposition of K2q

4. Finally, the
formation mechanisms of widely distributed thin channel sand-
stone in a retrograding shallow-water delta are also discussed, as
well as the significance for the oil and gas exploration of thin
sandstone bodies developed at the top of a retrograding shallow-
water deltaic succession.
4. Results

4.1. Petrography and texture

The lithology of K2q
4 in the study area is broadly characterized

by gray to light gray fine sandstone and siltstone, purplish-red and
931
grayish-green mudstone, and the color of mudstone in K2q
4 is

gradually changed from purplish-red to grayish-green from the
bottom to the top. Analysis of core samples reveals that there are
nine types of sedimentary fabrics: quartz grains, feldspathic grains
(both orthoclase and plagioclase), rock fragments, mud, calcite
cement, pyrite, kaolinite, anhydrite, and surface porosity. The
detrital components, composed of 21e37% quartz (with an average
of 29.2%), 27e43% feldspar (averaging 35.1%), and 24e52% rock
fragments (with an average of 35.7%), indicates that the sandstone
and siltstone are feldspathic litharenite and lithic arkose (Folk,
1974) (Fig. 3a). Lithic fragments are igneous in composition.
Moreover, the content of mud matrix in sandstone samples ranges
from 2% to 22% (averaging 8.1%). These data show that the sand-
stone of the K2q

4 in the study area has low compositional maturity
and similar mineral composition (Fig. 3a).

The grain-size of clastic particles in the samples ranges from
0.01 to 0.39 mm, and approximately 86% of coarse deposits have a
median grain diameter between 0.01 mm and 0.0625 mm (silt-
stone); 14% have a median grain diameter between 0.0625 mm and
0.125 mm (fine sandstone) (Fig. 3b). In addition, the C value on the
grain-size accumulation probability curve correlates well with M



Fig. 2. (a) Stratigraphic units and paleoclimate changes of the Songliao Basin (modified from Wu et al., 2009 and Wang et al., 2013). (b) Detailed K2q
4 stratigraphy in the Sanzhao

depression showing the lithological succession, sequence stratigraphy, and sedimentary environments. Sq-4th order sequence.

Fig. 3. (a) Detrital composition of sandstone samples (including siltstone) from K2q
4 of the Sanzhao depression, based on the classification of Folk (1974). (b) Grain-size features of

sandstone samples (including siltstone) from K2q
4 in the Sanzhao depression. M-Particle diameter corresponding to 50% on grain-size accumulation probability curve. C-Particle

diameter corresponding to 1% on grain-size accumulation probability curve.

Q.-S. Cai, M.-Y. Hu, Y.-N. Liu et al. Petroleum Science 19 (2022) 929e948
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(Fig. 3b), and thin-section analysis reveals that most clastic parti-
cles are sub-rounded. These data indicate that most of the fine
sandstone and siltstone in K2q

4 have moderate textural maturity
resulting from a deposition with a relatively long transportation
distance.

4.2. Major elements

20 samples mainly collected from the K2q
4-sq1 mudstone in the

Well Sheng 41 were analyzed to determine the composition of
major elements (Table 1). The results indicate that SiO2 and Al2O3
are the primary constituents for K2q

4-sq1 mudstone. Almost all
oxidizing material contents show numerical fluctuations (Table 1).
The chemical index of alteration (CIA) calculated by Al2O3/
(Al2O3þNa2O þ CaO*þK2O), is often used as an indirect proxy of
climate change (Nesbitt and Young, 1982), and the ratio of Fe/Mn is
used to represent water depth of a lake (Tian et al., 2006), which are
listed in Table 1. CIA values, ranging from 71.67 to 77.49, slightly
increase upward and show obvious fluctuations. The ratio of Fe/Mn
ranges from 249.87 to 11.47, with an average of 89.91, and shows
frequent fluctuations (Table 1, Fig. 11).

4.3. Facies analysis and environment interpretation

By the observation and description of cores in the study area and
its periphery, nineteen lithologic facies are classified based on li-
thology, sedimentary structure, grain size, fossil content, and some
authigenic minerals (Table 2). According to sedimentary charac-
teristics of different environments and the combination of the
above lithologic facies, four facies assemblages have been grouped
(FA1-FA4) and they represent shallow lacustrine environment,
shallow-water delta front, shallow-water delta plain, and
meandering river, respectively.

4.3.1. Facies assemblage 1 (FA1)

4.3.1.1. Description. FA1 is generally dominated by gray and
grayish-green mudstone (Fig. 4a), including Mm, Mp, Mf, MSbp,
Msw, and some SAd. Caliche-nodule bearing mudstone is
comparatively uncommon (Fig. 4a). Siltstone layers are commonly
less than 0.2 m in thickness and are interlaced with gray or grayish-
green mudstone layers. Pyrite in the mudstone is dispersed
distributed and has a diameter less than 1 cm (Fig. 5c). Fossils in FA1
Table 1
Composition of major elements and geochemical proxies of mudstone from K2q

4 and K2

Depth, m Formation Al2O3, % SiO2, % K2O, % CaO, % TiO2, %

1852 K2qn 15.78 59.52 2.47 3.25 0.72
1853 K2qn 17.08 59.40 3.44 3.06 0.76
1855 K2q

4-sq1 16.19 65.84 2.96 1.01 0.75
1857 K2q

4-sq1 16.87 64.17 3.40 1.84 0.77
1859 K2q

4-sq1 16.44 62.40 3.39 1.77 0.78
1861.4 K2q

4-sq1 17.27 61.35 4.27 1.78 0.72
1863 K2q

4-sq1 17.20 62.28 4.35 1.52 0.70
1864 K2q

4-sq1 17.16 57.63 4.12 4.67 0.69
1865.5 K2q

4-sq1 15.53 64.89 2.72 2.64 0.71
1868.4 K2q

4-sq1 15.99 61.05 3.26 4.83 0.57
1869.5 K2q

4-sq1 16.80 63.32 3.89 2.12 0.68
1872 K2q

4-sq1 15.75 57.85 3.18 6.03 0.65
1874 K2q

4-sq1 15.34 66.48 2.72 1.73 0.72
1876.6 K2q

4-sq1 15.69 56.40 3.60 4.58 0.68
1879 K2q

4-sq1 15.53 54.36 3.95 6.30 0.58
1880.6 K2q

4-sq1 14.84 53.50 2.89 8.28 0.56
1882 K2q

4-sq1 16.14 64.82 3.52 2.09 0.68
1885.4 K2q

4-sq1 15.83 58.65 3.96 3.67 0.71
1886.4 K2q

4-sq1 16.23 59.17 4.29 2.79 0.72
1889 K2q

4-sq1 16.65 61.03 4.52 1.62 0.72
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are mainly comprised of small shells and their molds with a
diameter less than 1 cm (Fig. 5d), as well as phytoclasts (Fig. 5e). As
the log response to FA1, the GR valve of mudstone is usually high,
while that of thin siltstone is relatively low and appears finger-like
(Fig. 4a). Moreover, numerous inversed sedimentary cycles can be
recognized based on GR variation trends and sedimentary succes-
sion (Fig. 4a). According to the logging data and core observation,
FA1 is locally distributed at the upper part of the K2q

4 (Sq3) in the
western study area and is generally covered by the black oil shale of
K2qn

1 (Fig. 2b).

4.3.1.2. Interpretation. FA1 dominated by reverse cycle sequence
and fine deposits is indicative of a shallow lacustrine depositional
system. Thick (1e3 m) gray and grayish-green mudstone is formed
under subaqueous reducing conditions with low energy, which is
illustrated by the widely developed pyrite within mudstone. The
abundant fossils including shells and phytoclasts are indicative of
normal-salinity lake conditions (Heckel, 1972). The thin-bedded
argillaceous siltstone, representing a relatively high-energy con-
dition, is migrated from the delta front or shallow-water sand
bodies near shore due to wave action (Lemons and Chan, 1999;
Reading, 1996; Zhu et al., 2012, 2017b; Zhang et al., 2018; Deng
et al., 2019). Occasionally caliche-nodule bearing mudstone is
usually formed in restricted shallow-water areas, indicating that
the lake water in the study area is shallow and experiences lake-
level fluctuations (Zhu et al., 2012).

4.3.2. Facies assemblage 2 (FA2)

4.3.2.1. Description. FA2 is dominated by gray to grayish-green
mudstone, gray siltstone (Fig. 4b). Mudstone in FA2 includes Mm,
Mp, MSbp, Mc and Msw (Fig. 5c, h, i). Pyrite particles within the
gray argillaceous siltstone are distributed sporadically (Fig. 6a). FA2
also contains thin beds deformed argillaceous siltstone (Fig. 6b).
Caliche nodules in grayish-green mudstone are common when
compared with FA1. The thickness of coarse deposits mainly
composed of Stw, Sp, Sm, Scr and Smc is commonly less than 2.5 m,
and generally show a fining-upward succession (Fig. 4b). Erosion
surfaces and some small grayish-green mud clasts are locally pre-
sent at the bottom of siltstone layers (Fig. 6d). Moreover, reverse
graded siltstone (usually less than 0.15 m in thickness) can be
recognized (Figs. 4b and 6c). According to the logging data and core
observation, FA2 is dominated by normal sedimentary cycle and
qn in the Well Sheng 41 within the Sanzhao depression, Songliao Basin.

MnO2, % Fe2O3, % P2O5, % Na2O, % MgO, % Fe/Mn CIA

0.14 7.71 0.08 1.06 2.04 60.98 77.47
0.07 5.43 0.07 1.00 1.89 85.89 75.84
0.05 4.90 0.04 1.27 1.69 108.51 74.64
0.06 4.48 0.05 1.15 1.65 82.68 74.75
0.05 5.90 0.06 0.90 2.12 130.66 76.01
0.04 5.50 0.06 0.79 2.06 152.25 74.70
0.04 5.20 0.04 0.97 1.79 143.95 73.22
0.09 4.99 0.10 0.95 2.02 61.39 74.03
0.09 4.64 0.09 1.24 1.98 57.09 74.92
0.19 4.18 0.13 0.79 1.66 24.36 76.76
0.08 4.43 0.08 0.84 1.81 61.32 75.10
0.16 4.54 0.17 0.78 1.79 31.42 76.87
0.05 4.74 0.07 1.41 1.93 104.97 73.47
0.14 7.44 0.14 0.73 2.29 58.84 75.61
0.23 5.64 0.20 0.60 1.55 27.15 75.10
0.39 4.04 0.24 0.71 1.53 11.47 77.49
0.06 4.30 0.08 1.43 1.79 79.35 71.67
0.06 5.98 0.12 0.79 2.03 110.36 74.08
0.05 7.03 0.13 0.86 2.10 155.68 72.98
0.03 6.77 0.08 0.82 1.98 249.87 72.99



Table 2
Description and interpretation of sedimentary facies of K2q

4 in the Sanzhao depression, Songliao Basin.

Lithology Description Interpretation

Massive mudstone
(Mm)

Purplish-red or gray to grayish-green in color; abrupt contact may
present between mudstone of different color; friable cores, appears as a
paleosol layer, various thickness ranging from 0.2 to 3 m (Fig. 5a and b)

Low-energy conditions. Purplish-red mudstone formed under oxidizing
conditions, mostly like in fluvial plain, commonly subaerially exposed;
grayish-green mudstone mostly formed under reducing conditions, like
swamp, a shallow delta front and lacustrine environments (Olariu and
Bhattacharya, 2006; Edmonds et al., 2011)

Pyrite-bearing
mudstone (Mp)

Gray, dark gray, and grayish-green in color; pyrite particles with
diameter less than 1 cm are distributed dispersedly (Fig. 5c).

Formed under reducing conditions with low energy, mostly like swamp,
delta front and shallow lacustrine environment (Reading, 1996; Lemons
and Chan, 1999)

Fossil-bearing
mudstone (Mf)

Dark gray and grayish-green in color; biological fossils include
phytoclasts and shells, concentrated distribution; thickness is less than
5 cm (Fig. 5d and e)

Formed under reducing environment with low energy and quiet setting,
e.g., alluvial lake in the delta plain or shallow lacustrine environment
(Reading, 1996; Lemons and Chan, 1999; Meng et al., 2016; Zhu et al.,
2017b; Deng et al., 2019)

Caliche-nodule
bearing mudstone
(Mc)

Purplish-red and grayish-green in color; gradually reduced occurrence
upward; most carbonaceous materials appeared as off-white caliche
nodules, usually with a diameter less than 1 cm (Fig. 5f and g)

Results from low-energy deposition under hot and evaporitic conditions
(Zhu et al., 2012, 2017b; Cai et al., 2016; Deng et al., 2019)

Boring pore-bearing
silty mudstone
(MSbp)

Purplish-red and grayish-green in color; both horizontal and vertical
boring pores present, usually with a length less than 10 cm (Fig. 5h)

Formed under relatively low-energy conditions with normal salinity and
shallow water, purplish-red color formed by exposed oxidation
(Reading, 1996; Zhu et al., 2012; Meng et al., 2016; Deng et al., 2019)

Wave-bedded silty
mudstone (MSw)

Purplish-red, gray, and grayish-green in color; asymmetric wavy
bedding with low angle; thickness is less than 5 cm (Fig. 5i)

Formed under weak oscillatory environment with low energy, such as
flood plain, delta front and shallow lake (Olariu and Bhattacharya, 2006;
Edmonds et al., 2011)

Pyrite-bearing
argillaceous
siltstone (SAp)

Gray in color, homogeneous argillaceous siltstone with a thickness less
than 5 cm, pyrite particles are commonly less than 0.5 cm in diameter
(Fig. 6a)

Formed by rapid deposition under reducing conditions, mostly like delta
front (Reading, 1996; Edmonds et al., 2011; Deng et al., 2019)

Deformed argillaceous
siltstone (SAd)

Gray and grayish-green in color; weakly deformed bedding including
flame structures, convolute bedding, slump structures and water-escape
structures (Fig. 6b)

Results from gravity flow and rapid deposition, probably formed in delta
front (Lemons and Chan, 1999; Zhu et al., 2012, 2017b)

Lenticular bedded
siltstone (Slb)

Gray thin sandstone surrounded by gray or grayish-green mudstone,
usually with a thickness less than 3 cm (Fig. 5i).

Easily formed in delta front and with lacustrine environment with wave
activity or the swamp with flood activity (Lemons and Chan, 1999)

Reverse graded
siltstone (Srg)

Gray and grayish-green in color; gradually increased grain size and
decreased argillaceous matrix upward; with a thickness less than 10 cm
(Fig. 6c)

Formed under shallowing water condition, mostly like the sheet sand or
distal bar of delta front (Edmonds et al., 2011; Cai et al., 2016)

Current ripple cross-
bedded siltstone
(Scr)

Purplish-red, gray, and grayish-green in color; unparallel lamina with a
total thickness less than 3 cm (Fig. 6d and e).

Channel or levee deposits, most likely in the flanks of distributary
channels (Mail et al., 1996; Sahraeyan et al., 2014)

Trough to wedge
cross-bedded
siltstone (Stw)

Gray and light gray in color; mainly occurs at the lower part of the
sandstone; small cross bedding visible (Fig. 6f)

Formed under relatively high-energy conditions, mostly like channel
deposits (Bridge, 1993; Olariu and Bhattacharya, 2006; Sahraeyan et al.,
2014; Zhu et al., 2017b)

Parallel-bedded
siltstone (Sp)

Gray and off-white in color; with a thickness less than 10 cm; usually
developed in the lower part of sandstone deposits (Fig. 6g)

Formed under relatively high-energy conditions, mostly like channel
deposits (Bridge, 1993; Ghazi and Mountney, 2009)

Massive siltstone (Sm) Gray and off-white in color; homogeneous or faint lamination; with a
thickness less than 10 cm (Fig. 6h)

Rapid deposition of silt, such as channel deposits under changing
hydrodynamic conditions (Sahraeyan et al., 2014)

Mud-clast bearing
siltstone (Smc)

Gray and off-white in color; grayish-green or purplish-red mud clast
with a diameter usually less than 1 cm; decreasing mud clast upward;
accompanied with an erosional surface (Fig. 6i)

Formed under high-energy conditions, mostly like lag deposit of channel
(Mail et al., 1996; Olariu and Bhattacharya, 2006; Zhu et al., 2012; Deng
et al., 2019)

Trough to wedge
cross-bedded fine
sandstone (FStw)

Light gray and off-white in color; moderate to small cross beds visible;
purplish-red argillaceous deposits can be found among laminas; mainly
occurs at the lower part of sandstone deposits (Fig. 7a and b)

Formed under high-energy conditions, mostly like channel deposit of
delta plain and meandering river environment (Bridge, 1993; Olariu and
Bhattacharya, 2006; Cai et al., 2016; Zhu et al., 2012, 2017b)

Parallel-bedded fine
sandstone (FSp)

Light gray and off-white in color; purplish-red argillaceous deposits
among laminas; mainly occurs at lower part of sandstone deposits;
usually accompanied with cross bedding (Fig. 7c)

Formed under high-energy conditions, mostly like channel deposit of
delta plain and meandering river environment (Reading, 1996; Ghazi
and Mountney, 2009)

Massive fine
sandstone (FSm)

Light gray and off-white in color; homogeneous or faint lamination; with
a thickness less than 10 cm (Fig. 7d and e)

Rapid deposition of sand, such as channel deposits under changing
hydrodynamic conditions (Bridge, 1993; Ghazi and Mountney, 2009)

Mud-clast bearing fine
sandstone (FSmc)

Light gray and off-white in color; grayish-green or purplish-red mud
clast with a diameter usually less than 2 cm; occurs at the bottom of
sandstone deposits; accompanied with an erosional surface (Fig. 7f)

Formed under high-energy conditions, mostly like lag deposit of
meandering river and delta plain (Ghazi and Mountney, 2009; Zhu et al.,
2012, 2017b)
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sedimentary structures including some erosion surfaces, massive
bedding, parallel bedding, and small-scale cross-bedding are
associated vertically with thick sand layers (Fig. 4b). FA2 is widely
distributed in the central to the west Sanzhao depression and
mainly occurred at the middle to the upper part of K2q

4 (Sq2-Sq3).
4.3.2.2. Interpretation. This facies assemblage (FA2) is interpreted
as delta front deposits. Thick gray and grayish-green mudstone
intercalated by thin siltstone indicating a relatively low-energy
environment in the underwater distributary interchannel, and the
thin sandstone is the result of subaqueous overbank deposition
commonly caused by seasonal floods and lake waves (Reading,
1996; Lemons and Chan, 1999; Xin et al., 2019). Wave-bedded
934
silty mudstone accompanied with thin sandstone suggests fluctu-
ations of lake wave energy (Edmonds et al., 2011). Weakly
deformed bedding within argillaceous siltstone indicates that the
topographic slope in the study area is gentle. Caliche nodules
within the grayish-green mudstone generally formed under evap-
oritic conditions indicate shallow and restricted lake water, which
are the results of lake level decrease caused by climate change (Zhu
et al., 2012, 2017a; Cai et al., 2016; Deng et al., 2019). Locally
distributed pyrite within gray argillaceous siltstone covered by
grayish-green mudstone is indicative of reducing conditions and
increasing water depth (Reading, 1996; Edmonds et al., 2011). Thin
reverse graded siltstone in thick mudstone can be interpreted as
sheet sand deposits, which is the result of channel sandstone



Fig. 4. Four main lithofacies assemblages and their sedimentary interpretations based on core and logging data. (a) FA1-Lithofacies assemblages of shallow-water lacustrine
deposits fromWell P474. (b) FA2-Lithofacies assemblages of shallow-water delta front deposits fromWell T18. (c) FA3-Lithofacies assemblages of shallow-water delta plain deposits
from Well Zhou 102. (d) FA4-Lithofacies assemblages of meandering river deposits from Well Zh412.
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reformation caused by intensifying wave activity (Edmonds et al.,
2011). Successive siltstone accompanied with erosion surfaces,
massive bedding, parallel bedding, trough to wedge cross-bedding,
and some oriented mud clasts suggest the presence of strong
directional flow, and these siltstones are the results of subaqueous
channel deposition. However, the thickness of successive siltstone
is usually less than 2.5 m, and thin channel deposits and grayish-
green mudstone are alternated frequently, indicating that under-
water distributary channels are not stable in the delta front prob-
ably influenced by lake water change.

4.3.3. Facies assemblage 3 (FA3)

4.3.3.1. Description. FA3 consists of purplish-red and gray to
grayish-green mudstone including Mm, Mp, Mc, MSbp, and cross-
bedded siltstone and fine sandstone including Scr, Stw, Sp, Sm,
FStw, FSp, FSm, Smc and FSmc. The FA3 mudstone is characterized
by the coexistence of purplish-red mudstone and gray to grayish-
green mudstone (Figs. 4c and 5a, and b), which are usually inter-
calated with thin gray siltstone. Caliche nodules and boring pores
are widely distributed in the purplish-red and gray to grayish-
green mudstone (Fig. 5f), while pyrite is locally present in the
grayish-green mudstone. The thickness of sandstone layers is often
more than 3 m, and fine sandstone deposits increase gradually.
935
Sedimentary structures in sandstone layers include cross-bedding
(Figs. 6f and 7b), parallel bedding (Fig. 6g), massive bedding
(Fig. 6h), and multiple erosion surfaces (Fig. 6h) accompanied by
mud clasts (Fig. 6i). Some grayish-greenmud clasts (less than 1 cm)
are present on parallel beds with a preferred orientation (Fig. 7c).
Compared with FA2, erosion surfaces and mud clasts are more
common in sandstone layers of the FA3. Successive sandstone
including siltstone appear as bell-shaped and small-scale box-
shaped curves on gamma logs (Fig. 4c). According to the analysis of
logging data and core observation, FA3 is almost distributed in the
whole study area and mainly occurred at the middle and lower
parts of K2q

4 (Sq1-Sq2).
4.3.3.2. Interpretation. FA3 represents shallow-water delta plain
deposits (Bridge, 1993; Lou et al., 2004; Olariu and Bhattacharya,
2006; Edmonds et al., 2011; Zhu et al., 2012; Cai et al., 2016;
Zhang et al., 2018). Gray to grayish-green mudstone and silty
mudstone with boring pore and pyrite are indicative of deposition
within a low-energy, reducing environment, mostly like swamps,
while the purplish-red mudstone formed under oxidizing condi-
tions indicates a dry and hot environment (Lou et al., 2004; Zhu
et al., 2012; Wang et al., 2013; Deng et al., 2019), which is consis-
tent with the presence of increased caliche nodules within



Fig. 5. Core photographs showing the sedimentary characteristics of mudstone in K2q
4. (a) Massive mudstone with different colors; the dotted line indicates their boundary, Well

W19 at 1697.31 m. (b) Fragmented mudstone with different colors separated by white dotted lines, Well Sh51 at 1877.62 m. (c) Pyrite in gray mudstone (white circles), Well X22 at
2011 m. (d) Shells fossils (black arrows) and mold fossils (white arrows) in gray mudstone. The white dotted line indicates the boundary between gray massive siltstone and
mudstone, Well Ta9 at 1884.25 m. (e) Gray mudstone with phytoclasts (white arrows), Well P474 at 1703.2 m. (f) Grayish green mudstone with plenty of caliche nodules (white
arrows), Well F34 at 1973.02 m. (g) Purplish red mudstone with caliche nodules (white arrows), Well Zhou 52 at 1986.02 m. (h) Gray silty mudstone with boring pores. The white
dotted lines indicate the boundaries of boring pores, Well Sh52 at 1753.65 m. (i) Dark gray silty mudstone with gray lenticular siltstone (depicted by white dotted lines). Wave
bedding (white arrows) and weakly deformed bedding (black arrows) can be found, Well W281 at 1824.4 m. Slb-lenticular bedded Siltstone. SAd-Deformed argillaceous siltstone.
Mf-fossil-bearing mudstone.
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purplish-red and grayish-green mudstone. The thick successive
sandstone with cross-bedding, parallel bedding, and erosion sur-
faces are indicative of high-energy distributary channels. The
multiple erosion surfaces accompanied by oriented mud clasts are
preserved by a mass rapid deposition, showing multiple times of
flood activity and channel deposition (Lou et al., 2004; Zhang et al.,
2018). Compared with FA2, successive sandstone in FA3 exhibits
much more mud clasts and erosion surfaces, and usually has a
larger thickness, suggesting that channels in delta plains have
better stability. Within FA3, alternations of purplish-red mudstone
936
and grayish-green mudstone demonstrate the fluctuations of
paleoclimate and lake level during the sedimentary period of the
K2q

4 (Zhu et al., 2012; Wang et al., 2013; Zhang et al., 2018).
4.3.4. Facies assemblage 4 (FA4)

4.3.4.1. Description. FA4 is characterized by purplish-red domi-
nated mudstone, gray or light gray sandstone including siltstone,
and fine sandstone (Fig. 4d). Gray to grayish-green mudstone is
less, while purplish-red mudstone is more common and massively
bedded (Fig. 4d). Purplish-red caliche-nodule bearing mudstone



Fig. 6. Core photographs showing sedimentary characteristics of siltstone in K2q
4. (a) Gray argillaceous siltstone with Pyrite (white arrows), Well Y214 at 1639.53 m. (b) deformed

bedding in grayish-green argillaceous siltstone, Well W19 at 1706.91 m. (c) Reverse graded siltstone with gradually changing color from dark gray to gray, Well F33 at 1860.56 m. (d)
Gray siltstone with climbing ripple bedding, Well Y214 at 1666.19 m. (e) Gray siltstone with purplish-red argillaceous deposits. Climbing ripple bedding can be found, Well Zh412 at
1853.03 m. (f) The oil-immersed siltstone with trough cross-bedding in the lower part, Well Zh39 at 1948.14 m. (g) Light gray parallel-bedded siltstone, scoured surface (white
dotted line) with mud clasts (white dotted circles) can be found, Well F34 at 1993.04 m. (h) Off-white massive siltstone and dark-gray mudstone separated by white dotted lines,
Well Ta103 at 1837.18 m. (i) Gray siltstone with plenty of grayish-green mud clasts (usually less than 1 cm in diameter), Well W19 at 1709.11 m. Crb-Current ripple cross-bedding.
Mc-mud clast.
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commonly occurs at the top of sandstone (Fig. 5g). Boring pore-
bearing silty mudstone is less common. Compared with FA2 and
FA3, the thin sand interlayer within mudstone is relatively less
developed, while thick sandy deposits, especially fine sandstone
including FStw, FSp, FSm and FSmc are more developed (Fig. 7a, d,
e, f). In addition, purplish-red mud clasts and argillaceous deposits
within sandstone layers are common (Figs. 6e and 7e), as well as
the erosion surface (Fig. 4d). The diameter of mud clast sometimes
reaches 2 cm (Fig. 7e). Furthermore, thick sandy sediments with
developed erosion surfaces, parallel bedding, and other cross-
bedding exhibit an upward-fining succession, and the thickness
937
of sandy sediments may reach 10 m (Fig. 4d). Meanwhile, the lower
sandy deposits and the upper argillaceous deposits in FA4 usually
have an approximately equal thickness, showing a dual sedimen-
tary texture succession (Fig. 4d). Based on the analysis of core
observation and logging data, FA4 is locally distributed in the
southeastern part of the study area and mainly occurred at the
bottom of K2q

4 (Sq1).
4.3.4.2. Interpretation. FA4 is interpreted as meandering river de-
posits characterized by dual-texture succession, widely developed
purplish-red deposits, and thick sandstone (Bridge, 1993; Mail



Fig. 7. Core photographs showing sedimentary characteristics of fine sandstone in K2q
4. (a) Oil-immersed fine sandstone with trough cross-bedding, Well Sh52 at 1747.69 m. (b)

Gray fine sandstone with wedge cross-bedding, Well Y24 at 1596.51 m. (c) Off-white parallel-bedded fine sandstone with bedding mud clasts, Well Y155 at 1696.24 m. (d) Off-white
massive fine sandstone. The white dotted line indicates source base accompanied with grayish-green mud clasts, Well Sh601 at 1805.75 m. (e) Light gray massive fine sandstone
with purplish-red mud clasts, Well Zh412 at 1865.24 m. (f) Off-white fine sandstone with plenty of interbedded mud clasts, Well Y24 at 1608.12 m. Mc-mud clast.
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et al., 1996; Ghazi and Mountney, 2009; Zhu et al., 2012; Lv and
Chen, 2014; Cai et al., 2016; Deng et al., 2019). Widely developed
purplish-red mudstone formed in fluvial plain indicates oxidation
conditions (Zhu et al., 2012; Zhang et al., 2017, 2018). Less devel-
oped gray to grayish-green mudstone is deposited in a fluvial lake.
More caliche nodules in deposits are indicative of a dry and evap-
oritic environment (Wang et al., 2013). Thick sandstonewith plenty
of erosion surfaces, and mud clasts represent higher-energy chan-
nel deposits and multiple flooding activities, suggesting better
stability of channels in a meandering river compared with that in
deltas. Frequent occurrence of fine sandstone with coarse mud
clasts in FA4 indicates a shorter distance to provenance, and the
purplish-red mud clasts and argillaceous deposits in sandstone are
likely originated from channel banks by erosion (Ghazi and
Mountney, 2009).

4.4. Sedimentary succession and evolution

Based on the analysis of lithofacies and logging data, the facies
assemblages within the K2q

4 are mainly composed of FA3 and FA2
(Fig. 8). FA1 occurring at the top of K2q

4 is only distributed in the
western part of the study area, while FA4 appearing at the bottom
of K2q

4 is locally developed in the southern part (Fig. 9). This dis-
tribution pattern suggests that the K2q

4 in the study area is domi-
nated by deltaic deposits. Meanwhile, the occurrence of caliche
nodules and shells in the FA1 and FA2 within the whole study area
(more than 10,000 km2) is indicative of a shallow water environ-
ment and frequent lake level fluctuations, which can also be
demonstrated by the widely distributed purplish-red mudstone
938
and frequent alternations of mudstones of different colors (Figs. 8
and 9). The K2q

4 with relatively stable thickness and widely
distributed sandstone indicate that the sedimentary environment
of K2q

4 was similar in the whole study area, and the sandstones
with multiple erosion surfaces and different beddings resulted
from channel deposits (Fig. 9). In addition, previous researches
demonstrated that the study area experienced a stable subsidence
stage and has a gentle slope on paleogeomorphology (less than 1�)
during the sedimentary period of K2q

4 (Zhu et al., 2012; Cai et al.,
2016), which are favorable conditions for the formation of
shallow water delta. Therefore, the above sedimentary character-
istics and background suggest that the sedimentary environment of
K2q

4 in the Sanzhao depression should be dominated by shallow-
water delta.

According to the lithological succession, it can be found that the
lithofacies assemblages in K2q

4 were gradually changed from FA4 to
FA1 from the bottom to the top. Generally, the change from FA3 to
FA2 is due to the small extent distribution of FA1 and FA4 (Figs. 8
and 9). The color of sediments gradually changes upward from
purplish-red to grayish-green. In addition, the thickness of channel
sandstone and the content of caliche nodules decrease upward,
while the presence of pyrite in the mudstone increases (Fig. 8).
These characteristics indicate that the environment of K2q

4 grad-
ually changed from oxidizing to reducing conditions and experi-
enced a long-term lake level rise. In order to illustrate the
depositional environment of K2q

4 and its evolution, the simplified
geological maps of sedimentary environments within the fourth-
order sequence framework are compiled by the facies analysis of
single wells.



Fig. 8. Logging profile and core sections with photographs showing the lithologic features of K2q
4 in Well W101. The locations of core sections and core photographs are marked in

the pictures. (a) Lithological succession from 1804.70 to 1810.12 m, showing thin purplish-red mudstone and oil immersed sandstone; (b) Grayish-green mudstone with pyrite; (c)
Lithological succession from 1810.12 to 1812.12 m; (d) Grayish-green mudstone with caliche nodules; (e) Purplish-red mudstone with caliche nodules; (f) Lithological succession
from 1864.14 to 1871.40 m, showing frequent occurrence of purplish-red mudstone; (g) Lithological succession from 1871.40 to 1875.86 m, showing channel deposits. The
abbreviation for sedimentary environment interpretation: SC-Subaqueous channel deposits; S-Sheet sand; SI-Subaqueous interchannel deposits; C-Channel deposits; I-Inter-
channel deposits; FF- Flood fan; NL-Natural levee.
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The Sq1 within the study area mainly consists of FA3 charac-
terized by the alternation of purplish-red and grayish-green
mudstone, which is indicative of a shallow-water delta plain
(Figs. 8 and 9). Meandering river deposits with dual texture
939
succession are locally distributed in the southern parts of the study
area, and the delta front characterized by grayish-green mudstone
and thin sandstone are locally distributed in the west. Channel
deposits with low gamma value and large thickness are widely
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developed in this sequence, especially in the southern part of the
study area (Figs. 9 and 10). The Sq2 in the study area is mainly
composed of FA3 and FA2. The increased gray and grayish-green
mudstone and decreased purplish-red deposits indicate that the
sedimentary environment of Sq2 changes into a reducing condition
gradually, and sedimentary water depth increases with time
(Fig. 8). Compared with Sq1, the shallow-water delta front deposits
in this sequence increase remarkably, while delta plain deposits
shrink, and meandering river deposits are not developed in the
study area. Channel deposits with a smaller thickness are still
widely distributed throughout the sequence (Figs. 9 and 10). The
Sq3 is dominated by shallow-water delta front deposits (FA2), in
which gray and grayish-green mudstones are widely distributed
(Fig. 8). Shallow-water lacustrine deposits and delta plain are
locally developed in the western and eastern parts of the study
area, respectively (Fig. 10). It should be noted that thin purplish-red
mudstone and plenty of caliche nodules in grayish-greenmudstone
formed under evaporated environment can be easily found in Sq3
(Figs. 8 and 9), although they showa decrease in numbers and scale.
In addition, thin channel deposits in this sequence are still widely
developed, even at the top of Sq3 (Figs. 8 and 10), and some sheet
sand deposits can also be found (Fig. 9). These features indicate that
during the sedimentary stage of Sq3, there are multiple large-scale
lake level fluctuations despite the long-term lake level rise.

Therefore, according to the sedimentary succession and envi-
ronment evolution, it can be found that the study area experiences
a long-term lake level rise and multiple lake level fluctuations
during the sedimentary stage of K2q

4. The sedimentary environ-
ments of K2q

4 are dominated by retrograding shallow-water delta,
and channel deposits are widely distributed despite thinning up-
ward (Figs. 9 and 10).
Fig. 9. Correlations of eight wells showing lithological associations and depositional environ
Fig. 1 BB0).
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5. Discussions

5.1. Evidence for frequent lake level fluctuation

In previous studies, the bottom boundary of K2q
4 in the Songliao

Basin is interpreted as the regionally exposed surface marked by
purplish-red paleosol layer, and the top boundary is regarded as a
maximum flooding surface marked by K2qn

1 oil shale (Feng et al.,
2010; Pan et al., 2012; Zhu et al. 2012, 2017b; Wang et al., 2013;
Cai et al., 2016; Deng et al., 2019) (Figs. 2b, 8 and 11). Based on
lithological succession, there is no doubt that the lake level in the
study area shows a long-term increase from the bottom to the top
of K2q

4, in which the color of mudstone changes from purplish-red
to grayish-green, and channel deposits thinning upward (Cai et al.,
2016; Meng et al., 2016) (Figs. 8 and 9). However, previous re-
searchers indicate that the rise of lake level is generally unstable in
a sedimentary basin, especially in a large basin with a gentle slope,
and much attention should be paid to lake level fluctuations due to
its significant influence on deposits (Lou et al., 1999; Cai et al., 2011;
Zeng et al., 2017).

The core and debris logs from almost all single wells in the study
area show that the occurrences of purplish-red mudstone and
grayish-green mudstone in K2q

4 are alternated frequently, despite
their macro-regularity from the bottom to the top (Figs. 8 and 9).
Purplish-red mudstone formed under oxidizing environment can
develop in the top of K2q

4 within thick grayish-green mudstone
formed under a humid and reducing environment (Figs. 8, 9 and
11). Similarly, the thin grayish-green mudstone can also develop
in thick purplish-red mudstone, and thin sandstone can develop at
the top of K2q

4 covered by black oil shale (Figs. 8 and 9). Although,
the occurrences of caliche nodules and purplish-red mudstone
ments of K2q
4 within the Sanzhao depression (The profile location has been shown in



Fig. 10. Sandstone distribution and sedimentary facies of the three fourth-order sequences in K2q
4 within the Sanzhao depression, Songliao Basin. The data are obtained from cores,

logging, and boreholes.
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have opposite vertical variations to pyrite particles and grayish-
green mudstone, caliche nodules formed in evaporated environ-
ments are very common in K2q

4, even in FA1 (Fig. 4a and b and 8). In
addition, gamma log curves and lithological associations show that
there are many small coarsening-upward sequences in the K2q

4

(Fig. 8). These features indicate that during the sedimentary stage
of K2q

4, the lake level rise in the study area is not stable, which may
experience multiple fluctuations. Caliche nodules and thin
purplish-red mudstone within grayish-green mudstone are the
deposits formed during short-time lake level decline.

Moreover, the geochemical data of K2q
4 from Well Sheng 41

indicate that the CIA values slightly increases upward showing that
the paleoclimate changed from semiarid to semihumid, and a clear
fluctuation of CIA value is also shown in Fig. 11. Similarly, the
geochemical proxy Fe/Mn, as an effective indicator of water depth
in a lake (Tian et al., 2006), also fluctuates obviously in the K2q

4

(Fig. 11). These features show that the paleoclimate and the sedi-
mentary environment of K2q

4 in the study area are not stable, and
the lake level may frequently fluctuate due to climate change
despite long-term lake level rise (Zhu et al., 2012;Wang et al., 2013;
Zhang et al., 2018; Jones et al., 2018; Deng et al., 2019). The gentle
slope of basin floors also provides advantageous conditions for
frequently and large-scale lake level fluctuations (Li et al., 2014; Xin
et al., 2019; Zhu et al., 2017b; Zeng et al., 2017; Wang et al., 2020),
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which can also be used to interpret the wide distribution of caliche
nodules and thin purplish-red mudstone in the grayish-green
mudstone of FA1 within the whole study area.

Many examples of large-scale and frequent lake level fluctua-
tions have been found in modern shallow lakes (Leeben et al., 2013;
Gałka and Apolinarska, 2014; Huang et al., 2014; You et al., 2015;
Deng et al., 2015; Zhang et al., 2016; Ning et al., 2018). The Poyang
Lake located in Jiangxi Province, central China, is a typical case
(Fig. 12a and b), which is mainly supplied by the Gan River and is
identified as a shallow lake with a gently slope base lower than one
degree (<1�) (Zhang et al., 2012; Deng et al., 2015). Previous re-
searches indicate that the sedimentary environment of Poyang Lake
is dominated by shallow-water delta to shallow lacustrine systems,
and the lake level commonly fluctuates caused by climate changes
(Zhang et al., 2012; Huang et al., 2014; Deng et al., 2015; Zhang
et al., 2016; Ning et al., 2018). For example, in 2013, the lake sur-
face areas on February 1, 2013 and May 22, 2013 were clearly
different with the coming of the rainy season (Fig. 12c and d).
Moreover, the hydrometric data from 1990 to 2009 show that the
lake level in Poyang Lake fluctuated frequently, as well as the lake
area (Fig. 12e and f). In addition, according to isotope dating and
lithological investigation of Poyang Lake sediments, Liang et al.
(2016) pointed out that during the past 6000 years, the color of
clay in the Poyang formation exhibits alternations of steel gray and



Fig. 11. CIA values and Fe/Mn ratios of mudstone from K2q
4 in Well Sheng 41.
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yellowish brown with lake level fluctuation, and thin channel
sandstone can be migrated quickly to lake center when lake level
decrease (Ma et al., 2003; Huang et al., 2014; Zhang et al., 2016;
Liang et al., 2016). Although the lake level changes in the period of
K2q

4 in the Songliao Basin may be incompletely similar with that in
the Poyang Lake, this example indicates that lake level in a shallow
lake can be fluctuated frequently by the influence of climate
change, and the small lake level variations will lead to remarkable
changes in lake surface area and deposits (Fig. 12f).
5.2. Depositional model

Based on the above analysis of lithological succession, sedi-
mentary facies, and geological background, we infer that the study
area experience frequent lake level fluctuations during the depo-
sitional stage of K2q

4 resulting from unstable climate change, and
despite the long-term lake level rise, the K2q

4 in the study area
should be the result of a retrograding shallow-water delta deposi-
tion under two different sedimentary conditions: arid paleoclimate
with a low lake level, and humid paleoclimatewith a high lake level
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(Fig. 13). In order to present the sedimentary process of K2q
4, we try

to establish two depositional models for a basin with a gentle
basement under different sedimentary conditions.

Under relatively arid conditions, the lake level and area decrease
rapidly and most areas are exposed due to insufficient water sup-
ply. By the enhanced evaporation and oxidation, pyrite inmudstone
is very rare, while purplish-red mudstone is widely distributed, as
well as the caliche-nodule bearing mudstone formed in alluvial
plain and restricted alluvial lake (Zhu et al., 2012; Zhang et al.,
2018). Channel sandstone containing plenty of purplish-red mud
clasts and argillaceous matrix are more common in delta plain and
meandering river environments (Fig. 13a). In this model, shallow
lacustrine facies may disappear and the delta front area shrinks
significantly, meandering river near the source area develops
gradually. Channel deposits will migrate towards the lake center
with continuous lake level decline, leading to widely distributed
channel sandstone. The thickness of widely distributed channel
sandstone is closely related to the duration time of arid paleo-
climate with low lake water level and the subsequent reformation
by enhanced lake wave under humid climate conditions.



Fig. 12. Location and lake level fluctuations of Poyang Lake. (a) Location of Poyang Lake in China. (b) Area of Poyang Lake and its river systems. (c) Satellite image on February 1,
2013 shows the water area of Poyang Lake. (d) Satellite image on May 22, 2013 shows the water area of Poyang Lake. (e) Lake level fluctuations in Poyang Lake from 1990 to 2009
(data from Deng et al., 2015). (f) Relationship between water level and water area of the Poyang Lake (data from Zhang et al., 2012).
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For relatively humid climate conditions, the lake area can be
increased significantly with a rising lake level caused by enough
water supply (Postma, 2001; Wang et al., 2013; Zhu et al., 2017b;
Xin et al., 2019) (Fig. 13b). In this model, the sedimentary envi-
ronment gradually becomes more reducing, lacustrine argillaceous
sediments including pyrite-bearing mudstone are common, while
caliche-nodule bearing mudstone is rare. The occurrence of fine
sandstone and purplish-red mudstone decrease gradually. Some
mud clasts that occurred at the bottom of the channel deposits are
dominated by grayish-green and gray colors. By the intensifying
resistance of lake water, channels in delta plain bifurcate
frequently. Sandstone developed at the end of subaqueous chan-
nels can be reformed to sheet-like sand by enhanced lake wave
with gradual lake level rise, leading to a small thickness of sub-
aqueous channel sandstone. Vertically, it can be found that the
scale of channel deposits in this model decreases gradually and
sandstone in the lake center are usually less developed (Fig. 13b).

For the K2q
4 in the study area, the intermittent occurrence of

purplish-red mudstone and CIA values indicate that the climate
changes (from semi-arid to semi-humid) during the depositional
stage of K2q

4 is not stable (Figs. 8 and 11). From the bottom to the
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top, the decrease of the thickness of caliche-nodule bearing
mudstone and purplish-red mudstone shows a shorter duration
time of semi-arid climate with low lake level and a longer duration
time of semi-humid climate with high lake level. As the above
presented models, low lake level will lead to channel deposits
migrating towards the lake center, while high lake level will lead to
the migration of channel deposits towards the land and the refor-
mation of sand bodies developed at the end of the subaqueous
channels. Therefore, according to the sedimentary characteristics of
K2q

4, it can be inferred that with lake level fluctuations and un-
stable climate changes, the two sedimentary models shown above
alternate frequently in the study area (Fig. 13c), despite the long-
term lake level rise during the depositional stage of K2q

4.
5.3. Formation of widespread sandstone and implications for oil &
gas exploration

The distribution of sandstone in delta deposits is a primary
concern for oil and gas exploration (Olariu and Bhattacharya, 2006;
Zou et al., 2006; Zhu et al. 2008, 2012, 2013a, 2013b; Wang et al.,
2012; Zhao et al., 2011b; Liu et al., 2015; Cai et al., 2016; Wang



Fig. 13. Depositional models for the retrograding shallow-water delta of K2q
4 in the Sanzhao depression, Songliao Basin. Core photographs showing typical lithological charac-

teristics under different sedimentary conditions. (a) Depositional model of shallow-water delta with low lake level resulting from arid paleoclimate. (b) Depositional model of
shallow-water delta with high lake level resulting from humid paleoclimate. (c) Simplified sedimentary profile (Well Zhao 401) showing retrograding shallow-water delta deposits
of K2q

4 in the study area.
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et al., 2019; Dou et al., 2020). Channel sandstone is considered as
the main part of sand bodies in a shallow-water delta (Lou et al.,
2004; Cai et al., 2011; Edmonds et al., 2011; Chen et al., 2015; Zhu
et al., 2017b; Zhang et al., 2017, 2018; Tian et al., 2019; Wang
et al., 2019; Wang et al., 2020). For the K2q

4 in the study area,
although the thickness of successive channel sandstone was grad-
ually thinning upward, the channel sandstone is still widely
developed in the whole study area (Fig. 10), even at the top of K2q

4

(Figs. 8, 9 and 14). The frequent migration of channels is usually
considered as an important factor for the formation mechanism of
widespread channel sandstone in shallow-water delta (Rahman
et al., 2014; Zhu et al., 2012, 2013b, 2017b; Liu et al., 2015; Zhang
et al., 2017; Xin et al., 2019; Tian et al., 2019; Deng et al., 2019).
However, during the depositional stage of K2q

4, the lake level in the
study area shows a long-term rising trend with a paleoclimate
changed from semi-arid to semi-humid (Wu et al., 2009; Wang
et al., 2013; Zhao et al., 2014; Zhu et al., 2017b; Jones et al., 2018;
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Yang, 2018), and the sedimentary environment of K2q
4 in the study

area was dominated by a retrograding shallow-water delta. By the
influence of lake level rise, most underwater distributary channels
may not extend tens of kilometers (Reading, 1996; Cai et al., 2016;
Zhang et al., 2018). Therefore, the migration of underwater dis-
tributary channels cannot be applied to explain the widely
distributed channel sandstone directly, especially the channel
sandstone near the lake center and covered by black oil shale
(Figs. 9, 10 and 14). Based on the lithological succession and sedi-
mentary background of K2q

4, we infer that frequent lake level
fluctuations caused by unstable paleoclimate changes should be the
ultimate controlling factor for the widely distributed channel
sandstone in the study area.

As we know, the paleoclimate of the study area changed from
semi-arid to semi-humid gradually during the depositional stage of
K2q

4, but the climate changes were not stable (Wu et al., 2009;
Wang et al., 2013; Zhao et al., 2014; Jones et al., 2018; Yang, 2018).



Fig. 14. Oil-immersed channel sandstone distributed at the top of K2q
4, covered by oil shale of K2qn

1. The locations of cores are shown in each picture.
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When the paleoclimate is inclined to be semi-humid, the lake level
will rise with sufficient water supply, and a slight increase of lake
level will lead to a dramatic expansion of the lake area due to the
gentle slope of the basin floor (Fig. 13a), just as what happened to
the modern Poyang lake (Fig. 12). With gradually deepening lake
water and increase of flood activity, channels of delta bifurcate
frequently and sandstone deposits migrate towards land by the
resistance of lake water. Meanwhile, previous channel deposits
may be reformed by enhanced lake wave activity leading to grad-
ually developed sheet-like sand (Lou et al., 1999; Cai et al., 2011;
Zeng et al., 2017). On the contrary, when the paleoclimate is in-
clined to be semiarid, a slight decrease of lake level caused by
insufficient water supply will lead to a dramatic decrease of lake
area (Lou et al., 2004; Zhu et al., 2012; Cai et al., 2016) (Fig. 13b).
Channels of delta migrate towards the lake center leading towidely
distributed sandstone in the whole area. But with the long-term
climate changed gradually from semi-arid to semi-humid, the
occurrence frequency and duration of short-time semi-arid condi-
tion decrease, leading to the insufficient input of coarse deposits
and the thinning of channel sandstone in the lake center. This may
be why the channel sandstone deposits distributed at the top of
K2q

4 usually has a relatively small thickness. Therefore, it can be
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concluded that the widely developed channel sandstone in a ret-
rograding shallow-water delta is the result of channel migration
and lake level fluctuation caused by climate changes, and the
duration time of relatively arid paleoclimate and lake wave refor-
mation control the thickness of channel sandstone near lake center.
In addition, according to core observations, it should be noted that
almost all thin sand bodies at the top of K2q

4, especially distributed
in the lake center covered by black oil shale are oil-immersed
(Fig. 14), indicating that thin channel sand layers of retrograding
shallow-water delta near source rocks should be of great signifi-
cance for lithological hydrocarbon exploration.
6. Conclusions

1. Four facies assemblages in the K2q
4 are established based on

detailed sedimentary facies analysis, representing various
depositional environments from meandering river to shallow-
water delta to shallow lacustrine systems, but the K2q

4 is
dominated by FA2 and FA3. The sedimentary succession and
evolution of the K2q

4 show that the lake level in the study area
rises gradually, and the sedimentary environment is dominated
by a retrograding shallow-water delta.
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2. Despite the long-term increase in lake level, the grayish-green
mudstone and purplish-red mudstone are developed alterna-
tively, caliche nodules and pyrite in mudstone are homoge-
neously distributed, and geochemical proxy values fluctuate
obviously, indicating that the lake level rise during the deposi-
tional stage of K2q

4 was not stable but fluctuates frequently.
Similar lake level changes can be found in modern lakes. The
K2q

4 should be the results of two depositional models with
different lake level caused by climate changes.

3. In a retrograding shallow-water delta, the widely distributed
channel sandstone are results of channel migration and lake
level fluctuations triggered by climate change, and the decrease
of duration of semiarid condition and enhanced lake wave ac-
tivity under semihumid climate leads to upward thinning
channel deposits. Due to good relationship with upper source
rocks, thin channel sandstone developed at the top of a retro-
grading shallow-water delta sedimentary succession are
commonly oil immersed. Therefore, more attention should be
paid to lake level fluctuations and thin channel sandstone dis-
tribution within a retrograding shallow-water delta, and it will
be of great significance for lithologic reservoir exploration.
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