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The second Member of the Funing Formation in the Haian Sag of the Subei Basin is a
set of organic-rich fine-grained sedimentary rocks, which is a key interval for shale oil
exploration. Under the premise of establishing a high-frequency sequence frame-
work, the fine description of the lithofacies change characteristics of the continental
fine-grained sedimentary rocks is the basis for the prediction of shale oil favourable
areas and the optimization of the production horizons. This study is established
through wavelet transformation of the natural gamma curve of the high-frequency
sequence framework of the second Member of the Funing Formation, using thin-
section observation, total organic carbon analysis, and X-ray diffraction experiments
to study the lithofacies types and characteristics of fine-grained sedimentary rocks,
and discuss the combination of lithofacies under the high-frequency sequence frame-
work Mode and influencing factors. The results show that the second Member of
Funing Formation is composed of three-level sequence of low-level system tract
(LST), transgressive system tract (TST), and early high-level system tract (EHST),
corresponding to 6 fourth-level sequences and 10 fifth-level sequences. According to
the division scheme of “abundance of organic matter + mineral composition + sedi-
mentary structure”, it is found that 12 types of lithofacies were developed in the
fine-grained sedimentary rocks of the second Member of Funing Formation. The
lithofacies type is affected by the palaeoenvironment. The organic matter facies are
mainly controlled by palaeo-water depth and palaeo-redox conditions, the compo-
nents are mainly controlled by palaeo-water depth and palaeo-salinity, and the tec-
tonic facies are mainly controlled by palaeo-redox and palaeo-salinity. The lithofacies
are regularly superimposed in the high-frequency sequence framework, and three
combination modes of A, B, and C are developed. Among them, the type A lithofacies
are developed in the low-stand system tract, and the type B lithofacies are developed
in the transgressive system. The C-type lithofacies assemblage developed near the
largest flooding surface and the early highstand system tract, and combined with

palaeoenvironment analysis to establish a lithofacies sedimentary model.
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1 | INTRODUCTION

With the development of reservoir characterization and special mining
techniques, the characteristics of fine-grained sedimentary rocks as
reservoirs have been revealed, and their huge oil and gas resource
potential has been confirmed. Therefore, fine-grained sedimentary
rocks, especially organic-rich shales with integrated source and stor-
age rock has received increasing attention from industry and academia
(Aplin & Macquaker, 2011; Bechtel et al, 2012; Birdwell &
Washburn, 2015; Liu et al, 2020; Mussa, Kalkreuth, Pimentel
Mizusaki, & Bicca, 2021). Fine-grained sedimentary rock refers to
clay-grade and silt-grade sediments (particle size less than 65 pum),
Usually contains mudstone, shale, argillaceous siltstone, and siltstone
(Bechtel et al, 2012; Cichon-Pupienis et al, 2021, L &
Schieber, 2018; Ross & Bustin, 2008; Trabucho-Alexandre, Dirkx,
Veld, Klaver, & De Boer, 2012). Lithofacies research is one of the
important methods for restoring ancient water depth, palaeoclimate,
and reconstructing palaeogeographic environment, In addition, the
lithofacies type is also a key factor that determines the reservoir prop-
erties and completion quality in shale oil exploration and development
(Bhattacharya, Carr, & Pal, 2016; Dong, Harris, Ayranci, Twemlow, &
Nassichuk, 2015; Ibad & Padmanabhan, 2022; Khalifa, 2005). The
most widely used early classification scheme for lithofacies type
research is the three-unit graphical method based on mineral compo-
sition. However, this type of lithofacies classification scheme has the
limitation of a single division factor. With the in-depth study of fine-
grained sedimentology and unconventional oil and gas for the needs
of exploration, the lithofacies classification scheme has gradually
developed towards multiple factors (Chen et al., 2020; Hickey &
Henk, 2007; Kai-xun et al., 2016; Ross & Bustin, 2008; Zhang &
Li, 2018). At present, the most mainstream is the study of fine-grained
sedimentary rocks based on organic matter content, mineral composi-
tion, and micro-sedimentary structure. At present, for source rock
evaluation and reservoir evaluation for shale oil exploration and devel-
opment, some scholars have studied the pore characteristics and geo-
chemical characteristics of the Second Member of the Funing
Formation, but the lithofacies and its depositional environment have
not been studied, which restricts the optimal selection of favourable
areas for the Second Member of the Funing Formation (Liu
et al., 2020).

Marine fine-grained sedimentary rock deposits are generally con-
sidered to be controlled by sea level. In the sequence framework,
fine-grained sediments often develop in the transgressive system tract
(TST) or the early highstand system tract (LHST) and have different
differences in different system tracts. The lithofacies characteristics
(Cather et al., 2021; Lapidus, Kerimov, Mustaev, Movsumzade, &
Zakharchenko, 2018; Leven, 2013; Nwaezeapu et al., 2018; Zhang,
Bai, Jin, & Wang, 2016). Hemmesch, Harris, Mnich, and Selby (2014)
studied the distribution characteristics of the minerals and lithofacies
of the Woodford Shale in the Permian Basin and found that the high
stand system tract (HST) developed mudstone and carbonate inter-
beds, and the TST developed organic-rich shale (Hemmesch
et al., 2014). Chen et al. (2015) found that the TST of fine-grained

sedimentary rocks of the Silurian Longmaxi Formation in the Sichuan
Basin developed in-situ graptolite-rich shale and siliceous shale, and
the high-stand system tract (HST) developed graptolite-rich shale and
calcareous shale, etc. (Chen et al., 2015). The continental fine-grained
sediments are often controlled by palaeoclimate, provenance, and rel-
ative lake level, and are less affected by tectonic cycles and sudden
events. In the sequence framework, fine-grained sediments usually
change according to the Milankovitch cycle. And produce periodic
laws. The Milankovitch cycle theory was proposed by the Yugoslav
scholar Milankovitch. It refers to the periodic changes in sunlight cau-
sed by the changes in the orbit of the earth's revolution and rotation,
and the periodic changes in sunlight will cause palaeoclimate,
weathering, and relative lake level. Periodic changes, so that sedi-
ments produce a cyclical record in the formation (Shi, Jin, Liu, &
Huang, 2020). Therefore, high-frequency sequence research is very
important in terrestrial fine-grained sedimentology, but fine-grained
sedimentary rocks often exist as “homogeneous” in conventional
sequence stratigraphic studies, based on the termination relationship
of seismic reflection and macroscopic heterogeneity of lithology The
method of sequence division is not applicable in the high-frequency
sequence division of fine-grained sedimentary rocks (Cao et al., 2019;
Shi, Jin, Liu, Zhang, & Huang, 2019; Xuebin et al., 2018).

The Funing Formation shale from Subei Basin shows the great
potential of shale oil. However, the current research still has the fol-
lowing problems:

1. Predecessors divided the Second Member of the Funing Formation
and the Third Member of the Funing Formation into a third-order
sequence based on the seismic reflection interface, but the bound-
aries of the system tract are not clear.

2. There is a lack of research on the lithofacies of the lacustrine fine-
grained sedimentary rocks of the Second Member of the Funing

Formation.

In this paper, based on its lithological and geochemical characteristics,
we formulate a lithofacies classification that is conducive to shale oil
exploration. Then, we discuss its lithofacies characteristics and

influencing factors in the high-sequence framework.

2 | GEOLOGICALSETTING

The Subei Basin covers an area of about 3.5 x 10*km?, and is the
largest Mesozoic-Cenozoic Basin in south-eastern China. It is located
between Jiangsu and Anhui Provinces and extends eastward to the
Yellow Sea (Figure 1a) (Cheng, Zhang, & Li, 2019; Liu, Lai, et al., 2020),
the internal structural units of the basin can be divided into Yanfu
Depression, Jianhu Uplift and Dongtai Depression (Figure 1b) (Cheng
et al., 2019). The Haian Sag is a secondary structural unit of the Dong-
tai Depression, located in the south-east of the Subei Basin
(Figure 1c). The Qutang sub-sag in the study area is located in the
south-western part of the Haian Sag (Figure 1d). It is a pan-shaped
fault depression formed in the Late Cretaceous. It has experienced
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FIGURE 1

Location and tectonic units of the study area in Subei Basin. (a) Location of Subei Basin (Liu, Lai, et al., 2020); (b) Division of Basic

Structural Units of Subei Basin (Cheng et al., 2019; X. Liu, Lai, et al., 2020); (c) Haian Depression structural unit division (Hu et al., 2018);

(d) Qutang sub-sag palaeostructural location map.

two tectonic evolution stages: an early fault period and a late fault
period (Wei, Zhang, Liang, Yao, & Tang, 2012; Zhu, Jiang, Xu, &
Zhang, 2005). The Qutang sub-sag covers an area of about 430 km?.
It is adjacent to the Taizhou Low Uplift in the north, Tongyang Uplift
in the south, and the Haibei Sub-sag in the east. The overall character-
istic is that the north is deep in the south and the north is in the south
and the south is overtaken. The northern part of the sub-sag is
bounded by the Qutang Fault. From north to south, the northern
faulted step belt, the central deep depression area, and the adjacent
depression area develop. The southern slope zone and the structural
high part of the south-east part of the depression are strong. The
internal faults of the depression are strong, and the north-east and
north-west directions are developed. There are three groups of faults
in the direction and near the east-west direction and the north-east-
trending extensional syngenetic faults control the distribution of sedi-
ments and sedimentary facies belts in the area (Figure 1d).

The Qutang sub-sag developed four sets of formations, Taizhou,
Funing, Dainan, and Sanduo formations from bottom to top. Affected
by the Wubao movement, Zhenwu movement, and Sanduo move-
ment, the upper Cretaceous of the Qutang sub-sag. The Eocene is
divided into 3 secondary sequences, namely TS, TS,, and TS3. There
are 7 tertiary sequences developed in the secondary sequence frame-
work, which are SQ; (K,t) and SQ,, SQz, SQ4, SQs, SQs, and SQ5.
From bottom to top, the Funing Formation can be subdivided into

four parts. The first Member and the third Member are the delta front
and coastal-shallow lacustrine facies deposits are mostly coarse-
grained. The Second Member of the Funing Formation and the Fourth
Member of the Funing Formation are deep lake-semi-deep lake
deposits. The lithology is mainly dark mudstone/shale, with fine-
grained sedimentary rocks developed (Figure 2). Although the Funing
Formation in the Subei Basin has a continental sedimentary back-
ground as a whole, it has been discovered through the study of
lithofacies palaeogeography, palaeontology, petrology, and geochem-
istry that the Second Member of the Funing Formation and the
Fourth Member of the Funing Formation are subject to transgression
(Fu, Li, Zhang, & Liu, 2008; Wang & Chen, 1992). Therefore, the Sec-
ond Member of the Funing Formation formed a set of fine-grained
sediments of transgressive lake facies under the combined action of
transgression and lakes (Fu et al., 2008; Wang & Chen, 1992).

3 | EXPERIMENTS AND METHODS

3.1 | Experiments

There is a total of 10 coring times in the Second Member of the Fun-
ing Formation of J19 well (Finger 1). The length of each coring is
1.09-18 m, and the total core length is 121.47 m. High-density
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sampling is performed on the coring section. The sample interval is
generally between 1 and 2 m, and the dense sampling interval of some
layers is 0.3 m, and a total of 158 samples were collected. A part of all
samples were taken to make rock and mineral thin slices. The
remaining samples were washed with ionized water, dried, and ground
to 200 meshes for corresponding analysis and testing. Seventy sam-
ples were selected for the total organic carbon test, 140 samples for
X-ray diffraction analysis test, 18 samples to conduct trace element
testing. The total organic carbon content (TOC) of the sample was
obtained with the LECO CS-230 carbon and sulfur analyser, and the
test was carried out by the National Standard for the Determination
of Total Organic Carbon in Sedimentary Rocks GB/T 19145-2013.
The XL20042174X diffractometer (D453) was used to obtain the min-
eral composition and content of the sample, and the test was per-
formed according to the national X-ray diffraction analysis standard
SY/T 5163-2010 for clay minerals and common non-clay minerals in
sedimentary rocks. Trace elements were tested at the Chengdu Uni-
versity of Technology. First, the samples were soaked in acid liquid.
Then, the coupled plasma mass spectrometer (ELAN9000) was used

to obtain the trace element information of the samples.

3.2 | Wavelet analysis

Wavelet transform is a signal processing tool that converts a certain
signal into other forms of signals. It can effectively reveal the hidden
information in the signal (Kadkhodaie & Rezaee, 2017), Its principle is
based on the Fourier transform, using a certain proportion and period.
The mother wavelets are used to process the time series signal to
obtain a series of wavelet coefficients corresponding to the ratio, to
find more hidden information in the time-frequency domain of the
non-stationary signal (Chen et al., 2020). Rich geological information
is preserved in lacustrine sediments (Olsen & Whiteside, 2009), and
its periodic changes can be well represented in logging curves. Log-
ging curves can be regarded as a set of discrete sequences with differ-
ent frequencies. The depth domain corresponds to the time domain,
so discrete wavelet transforms (DWT) can be used for analysis. The
independent frequency signals of different frequencies (deposition
period) contained in the logging signal are displayed in different scales
after DWT, where different scales represent different deposition
cycles, and the wavelet coefficient curve oscillation position within
the same scale also represents the boundary of the deposition cycle
(Trabucho-Alexandre et al., 2012; Tucker & Garland, 2010; Wei
et al., 2012).

The main process of wavelet analysis includes (1) Sampling,
selecting the natural gamma curve that is sensitive to changes in lake
level up and down, and extracting values at equal intervals at a depth
of 0.125 m; (2) Signal expansion and signalling to both ends of the dis-
crete series Expand to eliminate the influence of boundary effects and
remove the expanded part after DWT; (3) Filter to remove low-
frequency and high-frequency interference; (4) DWT to obtain wave-
let coefficients of different scales Curves, wavelet coefficient variance

curves, and time-frequency chromatograms are used to explore the

periodicity of deposition, to classify the order of the sequence and
determine the sequence interface.

The basic requirement of wavelet transform is that there is no
major interruption in the data. The logging data used in this study is
continuously sampled at 0.125 m intervals, so DWT can be performed.
All data processing in this study was completed in the MATLAB 2020

software wavelet toolbox.

4 | RESULTS
41 | Organic petrology, sedimentary, and
lithofacies division

Lithofacies refers to the types of rocks formed in a specific sedimen-
tary environment. The classification basis mainly includes the abun-
dance of organic matter, mineral composition, and sedimentary
structure. Through the analysis and testing of 70 samples from the
second section of Funing Formation section, it can be seen that the
(TOC) is between 0.20 and 3.22%, with an average of 1.61%. Gener-
ally speaking, the TOC of the terrestrial low-mature mud shale has a
certain relationship with the hydrogen index (HI). When the TOC is
less than 1%, the Hl is at a low value, and when the TOC is 1-2%, the
HI and TOC are positively correlated. When TOC > 2%, HI tends to be
stable and does not increase with the increase of TOC (Dahl
et al, 1994; Flemming, 2000; Loucks & Ruppel, 2007; Pepper &
Corvi, 1995). Therefore, the shale organic facies in the study area can
be divided into organic-rich facies, medium-organic facies, and poor
organic facies as the boundary of 1% and 2% The distribution charac-
teristics of the organic matter are shown in Figure 3. According to X-
ray diffraction experiments of 140 samples, the main mineral compo-
nents of the second Member of Funing Formation are clay minerals,
carbonate minerals (calcite and dolomite), and felsic minerals (feldspar
and quartz). The distribution characteristics are shown in Figure 4.
The clay minerals the content is between 0 and 63%, and the average
is 35.31%, the felsic mineral content is between 5 and 50%, and the
average is 30.48%, and the carbonate mineral content is between
1 and 72%, and the average is 27.46%. It also contains a small amount
of analcime, pyrite, etc. On the whole, the content of the main min-
erals in the second Member of Funing Formation is relatively even,
and the dominant minerals are not obvious. According to the normali-
zation results of the main minerals, the fine-grained rock is divided
into clayey fine-grained rock, carbonate fine-grained rock, felsic fine-
grained rock, and mixed fine-grained rock, among which mixed fine-
grained rock can be fine-grained. It is transformed into clay-rich mixed
fine-grained rock, carbonate-rich mixed fine-grained rock, and rich
felsic mixed fine-grained rock. In fine-grained rocks, the common
types of sedimentary structures include laminar (single layer <1 mm),
layered (1 mm <single layer <10 mm) and massive (single layer >10
mm). Observation under the thin-film microscope shows that the fine-
grained rock of the section is mainly in block, layer, and laminar shape,
and the specific characteristics are shown in Figure 5. According to

the above petrological and geochemical characteristics, the lithofacies
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types are named using “organic matter abundance + mineral composi-
tion + sedimentary structure” (Figure 6). The fine-grained sedimen-
tary rock lithofacies of the second Member of the Funing Formation
has 12 types. The specific characteristics are shown in Table 1.

4.2 | Trace elements

Table 2 lists the contents of trace elements. The average content of V
(86.6 mg/kg), Cr (75.1 mg/kg), Sr (556.1 mg/kg), Ba (955.6 mg/kg), Th

identified through the decomposition curve of different scales, which
corresponds to the changes in the lake level of different scales. From
the wavelet coefficient variance curve of Well J19, it can be seen that
there are three cycles with similar cycles in the second Member of
Funing Formation. By comparing the thickness of each cycle with the
wave length of GR wavelet decomposition curve of each scale, the
wavelet decomposition curve representing each level of cycle can be
optimized.

It can be seen from the comparison that the d10, d8, and d7
curve wave lengths correspond well with the thickness of about
100 m (700-800 Ka), 55 m (400-500 Ka), and 35 m (200-300 Ka)
formation cycles (Figure 8) It can be used as an effective identifi-
cation boundary for all levels of sequence or system domain. In
the third-order sequence (SQ3) of the second Member and the
third Member of the Funing Formation, the early low system tract
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(LST), the TST, and the early highstand system tract (EHST) devel-
oped in the second Member of the Funing Formation,
corresponding to 6 Four-level sequence (5Q3-1, SQ3-2, SQ3-3,
SQ3-4, SQ8-5, SQ3-6) and 10 five-level sequences (5Q3-1-1,
SQ3-2-1, SQ3-2-2, SQ3-3-1, SQ3-3-2, SQ3-4-1, SQ3-4-2,
SQ3-5-1, 5Q3-5-2, SQ3-6) (Figure 8).

44 | Controls of palaeoenvironment on lithofacies

44,1 | Palaeoenvironment analysis

The ancient water depth of the lake Basin is usually recovered by the
V/Cr and Th/U element ratio method, and when the ratio of V/Cr to
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TABLE 1 Lithofacies types and characteristics of shale in the Subei Basin

Mineral composition

Thin Clay Siliceous Calcareous
Number Type Cores section TOC minerals  minerals minerals
ic-ri i i i 2.04-229  51.0-57.0 36.0-39.0 1.0-7.0
1 Organic-rich massive argillaceous facies 2 23 22 1070
e i i i 130-164  50.0-51.0 29.0-42.0 6.0-16.0
2 Orgar'uc medium massive argillaceous oL 22 2 o1
facies
ic- i i 104-160  8.0-22.0 20.0-29.0 48.0-61.0
3 Orgar.nc medium laminated carbonate L 02z 22 L
facies
s i 049070  80-210 19.0-27.0 50.0-61.0
4 Organic-poor bedded carbonate facies 049070 o2 027 0.4
ic-ri i -ri i 225316  320-45.0 28.0-37.0 15.0-31.0
5 Orgar.uc rich laminated clay-rich mixed 25316 320450 28030 19310
facies
'
ic-ri i -ri i 202257  31.0-46.0 29.0-35.0 12.0-320
6 Orgar'uc rich massive clay-rich mixed 22 A 5% D
facies
ic- i i -ri i 102-141  31.0-420 21.0-38.0 20.0-35.0
7 Organic-medium massive clay-rich mixed 102141 310420 210380 200350
facies

&) Geoscience

(Continues)
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(Continued)
Mineral composition
Thin Clay Siliceous Calcareous
Type Cores section TOC minerals  minerals minerals
e i i - 129-190  30.0-31.0 30.0-31.0 32.0-33.0
Organlc ‘med|um. laminated carbonate 2L 23 23 e
rich mixed facies
ic- i i -ri 101-1.10 200310 24.0-32.0 32.0-46.0
Org?mc mez.j|um massive carbonate-rich S 22 22 D
mixed facies
ic- ; -ri 0.51-0.83  28.0-31.0 23.0-25.0 32.0-33.0
Org:?nlc poc?r massive carbonate-rich 051083 280310 20250 320330
mixed facies
ic- i i -ri 118119  27.0-35.0 41.0-42.0 20.0-24.0
Orga.nlc me(.ilum massive carbonate-rich 8L 25 &4 re
mixed facies
s ive silica-ri i 049-0.70  27.0-28.0 32.0-43.0 21.0-27.0
Organic-poor massive silica-rich mixed 2o 2 24 22

facies

TABLE 2 Trace element contents data of the E;f2 in J19 well in the Subei Basin

Depth/m
3,811.3
3,814.4
3,820.3
3,829.2
3,830.0
3,839.0
3,847.0
3,850.0
3,856.0
3,861.0
3,870.0
3,875.5
3,883.0
3,891.3
3,902.0
3,905.0
3,914.0
4,021.3

Th/U is higher, the ancient water is deeper (Jones & Manning, 1994).
According to the distribution law, the V/Cr of this sample the ratios all
ranged from 0.99 to 1.42, with an average of 1.17. The Th/U ratios all
ranged from 3.74 to 5.62, with an average of 4.76. Based on the
ancient water depth recovered by the V/Cr and Th/U ratio method,

V (mg/kg)

108.7
115.8
95.2
70.0
69.7
65.0
103.9
100.8
112.7
84.4
80.4
87.7
96.4
88.9
66.8
82.9
50.6
84.9

Cr (mg/kg)

90.1
97.3
71.8
49.2
53.2
51.2
97.5
82.3
95.2
711
725
75.5
97.5
86.6
64.5
73.5
41.7
80.1

Sr (mg/kg)
193.1
204.7
286.3
587.6
358.3
376.5
533.6
386.8
516.4
801.0
787.9
640.1
603.4
471.7
854.8
537.7
814.3
783.7

Ba (mg/kg)

561.9
543.3
658.7
5184
4,566.6
579.5
7214
718.4
661.5
477.0
1,156.8
506.7
640.7
458.7
1,123.5
1,098.8
1,340.7
700.9

Th (mg/kg) U (mg/kg) Co (mg/kg) Rb (mg/kg) Ni (mg/kg)

135 24 16.2 116.1 42.6
144 26 153 121.9 41.7
10.7 2.3 12.2 93.9 295
8.2 1.7 111 69.6 242
75 1.8 11.9 69.2 32.0
7.6 1.4 111 70.1 258
12.7 2.3 13.7 134.1 353
111 27 14.3 98.7 36.3
11.7 31 15.8 129.1 41.9
10.8 24 13.9 108.0 38.6
10.9 22 120 106.5 314
9.9 1.8 16.1 102.6 321
10.7 20 114 113.9 28.1
9.7 1.8 135 109.5 32.2
9.4 21 10.8 81.7 23.9
8.6 2.3 111 94.2 259
11.7 3.0 8.6 68.0 17.9
12.6 3.0 11.6 89.3 295

the water depth of the target zone in the study area has been increas-
ing (Figure 9).

The ancient salinity of lake basins is generally characterized by
the Sr/Ba element method, and the principle of ancient salinity recov-

ery using Sr/Ba is based on the characteristics of separation of Sr and
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Ba elements in different sedimentary environments due to differences
in geochemical behaviour (Dymond, 1992; Jarvis, Murphy, &
Gale, 2001). According to the statistical results, the Sr/Ba ratios of this
sample ranged from 0.08 to 1.68, with an average of 0.76. Consider-
ing the characteristics of the Sr/Ba ratio, it can be seen that the target
layer, the Haian Sag is a freshwater-saltwater environment, and the
freshwater environment is taken as mainly, there are occasional local
salt water environments formed by transgressions (Figure 9).

The palaeoclimate of the lake Basin is evaluated by the ratio of
Rb/Sr and Sr/Cu (Boucot & Gray, 2001; Yang et al., 2019). The ratio
of Sr/Cu in this sample is all between 4.55 and 44.02, with an average
of 19.99. The Rb/Sr ratios all ranged from 0.08 to 0.60, with an aver-
age of 0.23. Synthesizing the palaeoclimate recovered by the Rb/Sr
and Sr/Cu ratio methods, it is found that the second Member of the
Funing Formation in the Haian Sag is semi-arid and semi-humid as a
whole, and the climate conditions continue to become humid from
the bottom to top (Figure 9).

The ancient redox conditions are mainly related to the content of
free oxygen in the lake water, and the redox properties of the water
are mainly characterized by the ratio of V/(V + Ni), Ni/Co and U/Th
elements (Flemming, 2000; Nwaezeapu et al., 2018). The V/(V + Ni)

ratios of this sample all ranged from 0.69 to 0.76, with an average of
0.73. The Ni/Co ratios all ranged from 1.99 to 2.78, with an average
of 2.45. The U/Th ratios all ranged from 0.18 to 0.27, with an average
of 0.21. Based on the palaeo-redox conditions recovered by the ratio
of the three methods, it is found that the second Member of the Fun-
ing Formation in the Haian Sag is in a semi-reduced-semi-oxidized
environment (Figure 9).

On the whole, the environment in the study area is a deep lake,
and the water environment gradually deepens vertically; the palaeo-
salinity is a freshwater environment, but the vertical palaeo-salinity
shows a trend of increasing and then decreasing; the palaeoclimate is
semi-arid-semi-humid, which gradually evolves to warm and humid
vertically; palaeo redox conditions are semi-reducing-semi-oxidizing

environment.

442 |
lithofacies

Influences of palaeoenvironment on

The ancient water depth and ancient oxidation conditions affect the

productivity and preservation conditions of organic matter to a certain
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extent, and control the abundance and distribution of organic matter
(Figure 10a-d). The redox environment is a key factor affecting the
organic carbon content, and it controls the degree of preservation of
organic matter. There are many factors in the burial process that will
cause the organic matter to be diluted and destroyed. In the hypoxic
reduction environment, due to the lack of aerobic biological activity,
the organic matter can be well preserved. Therefore, the organic car-
bon content and the ancient water depth are strongly positive. Corre-
lation (Figure 10a). Areas with high values of organic matter are often
located in relatively deep areas of saline water and brackish water
(Figure 10b). The enrichment of nutrient elements in saline-brass
water lakes will provide a nutritional guarantee for the prosperity of a
large number of planktons. Under normal circumstances, saltwater
lakes have high productivity, saltwater-brass water lakes are prone to
form salinity stratification, and the bottom water body in deep water
contains Low oxygen content is often in a reduced state, which is con-
ducive to the preservation of organic matter, and ultimately manifests
itself in the same characteristics as the high-value palaeo-salinity area
and the organic matter-rich area.

Argillaceous

=
Calcareous

dolomite mudstone

Total cycle

The felsic minerals and clay minerals in the fine-grained sedimen-
tary rocks of the second Member of the Funing Formation are weakly
positively correlated with the palaeo-water depth (V/Cr) (Figure 11).
The impact cycle (400—500 Ka), can be divided into a half cycle with a
dry and cold climate and a half cycle with a warm and humid climate.
In the warm and humid half-cycle, rainfall is abundant. The rising of
the lake level also enhances the weathering of the land surface, caus-
ing more terrestrial debris to enter the lake Basin. Conversely, the dry
and cold half-cycle has less rainfall, and the lake level drops and the
lake level drops. The weakening of weathering led to the decrease of
felsic minerals and clay minerals in the lake Basin.

Carbonate deposition is mainly affected by ancient salinity, and
the change of ancient salinity is mainly affected by transgression. On
the one hand, the seawater has high salinity and density. When sea-
water intrudes into the lake water, it is easy to sink, which makes the
lake water salty. At the same time, a stagnant water layer is produced,
causing slow vertical convection of the lake water, forming a relatively
reduced high-salinity environment at the bottom of the lake, and high

salinity is a favourable condition for the formation of dolomite; on the
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other hand, the seawater is alkaline. One of the conditions for the for-
mation of dolomite is that it needs a higher pH value (weakly alkaline-
alkaline). The intrusion of sea water increases the pH value of the lake
water, which is easy to form a weakly alkaline-alkaline reducing envi-
ronment, which is conducive to dolomitization.

Affected by palaeo-redox properties, the laminae are mainly
developed in the reduction zone. The fine-grained sedimentary lami-
nae of the mud shale in the second Member of the Funing Formation
of the Haian sag are mainly composed of carbonate laminae and
organic-rich muddy laminae. Therefore, the formation of the laminae
the first condition is that the carbonate component and argillaceous
component are frequently and periodically re-supplied. The shallow
lake area is obviously controlled by the provenance of terrigenous
clastic. The terrigenous clastic is injected into the lower part of the

water with high shale content, the water body is turbid, which is not

conducive to the development of carbonates and the laminae is not
developed; the water with low terrigenous clastic input in the lower
high part, the water body is clear and the carbonate rock is relatively
rich, but the argillaceous content is low, and the laminae are not
developed. In the deep lake area, water bodies gather in multiple
directions, and the water body has a strong dilution effect (Wang
Yong et al., 2016), and carbonate components are not enriched, which
is not conducive to the development of laminae (Figure 12).
Palaeo-salinity affects the solubility of the water medium to a cer-
tain extent, thereby controlling the sedimentary structure. The car-
bonate component in the fine-grained mixed rock is mostly the
product of the continuous extraction of CO, from algae photosynthe-
sis, which leads to an increase in the concentration of water CO32*
and interacts with the Ca?* carried by the lake surface. Under normal

circumstances, the high concentration of CO32~ and Ca®* ions in
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FIGURE 11 Governing factors of mineral components

high-salinity water is conducive to the deposition and precipitation of the pH of the water environment, provides conditions for the preser-

vation of carbonate particles at the bottom of the lake. Eventually,
carbonates are mostly produced in the form of laminar fine crystals.
When the water body deepens, the salinity decreases, the water body
is diluted, and the concentration of CO32~ and Ca?* ions in the water

fine microcrystalline carbonates. The archaea and sulfate-reducing
bacteria at the bottom of the salty lake metabolize together (a large
number of laminar micro-crystalline carbonate development sections

develop the thin layered or massive gypsum rock), which increases
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FIGURE 12 Governing factors of sedimentary structure

body is reduced, which is not conducive to the preservation of fine
microcrystalline carbonate crystal grains. Dissolution often occurs,
and the final production is mostly in the form of micrite lamella or

micrite.

4.5 | Lithofacies combination mode and
sedimentary model in high-frequency sequence

The deep lake-semi-deep lake facies sedimentary zone of the second
Member of the Funing Formation is far away from the provenance
input, and its deposition is controlled by the Mie cycle, showing obvi-
ous cyclicity and sequence in the vertical direction (see Figure 13).
The TOC change trend is consistent with the third-order sequence
change, while the fourth-order sequence controls the vertical combi-
nation of fine-grained sedimentary rock facies, and the high-frequency
sequence controls the lithofacies type and coupling rhythm changes
as a whole. The fine-grained sediments of the second Member of the
Funing Formation developed 12 types of lithofacies, showing obvi-
ous vertical sequence and cyclicity under the sequence frameworks
of different scales, and the overall performance is a tertiary
sequence system tract controlling lithofacies types, the four-level
sequence controls the lithofacies subtypes and coupled rhythms

(Figure 13). According to the lithofacies coupling rhythm in

different system tracts, three lithofacies combinations of A, B, and
C are summarized.

A-type lithofacies assemblages are developed in LST. During the
deposition of the low-stand system tract, the climate was hot and dry
(Sr/Cu>32), evaporation was strong, the lake level was low, and the
water body salinity was high (Sr/Ba>1.1). Surface weathering weak-
ened and the supply of terrigenous clastic decreased, forming a
lithofacies combination dominated by carbonate-rich mixed fine-
grained sedimentary rocks, followed by felsic-rich mixed fine-grained
sedimentary rocks. The low system tract is not affected by transgres-
sion. The elevation of the lake level is controlled by the fourth-order
sequence (long eccentricity cycle), so a warm and humid semi-cycle
lithofacies assemblage (A+) and a cold and dry semi-cycle lithofacies
assemblage (A-) are formed. The warm and humid semi-cycle rainfall is
relatively high, the lake level rises, the average TOC of the lithofacies
combination A+ is higher, and the felsic mineral content is high. The
sedimentary structure is mainly massive, mainly rich in organic matter
in thick layers. Mixed fine-grained sedimentary rocks with thin layers
of poor organic matter and massive carbonate-rich mixed fine-grained
sedimentary rocks (Figure 12); on the contrary, the cold and dry semi-
cycle rainfall is relatively small, the lake level drops, carbonate min-
erals are precipitated, and they are evaporating A large amount of
dolomite is formed in the environment. The lithofacies A- has a low

TOC content and a high content of carbonate minerals. The
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FIGURE 13 Distribution of TOC, mineral compositions, and sedimentary structure in high-frequent stratigraphic sequence

sedimentary structure is mainly massive, mainly thick-layered,
organic-poor, massive, carbonate-rich mixed fine-grained sedimentary
rocks. The thin layer of organic matter is a massive felsic-rich mixed
fine-grained sedimentary rock (Figure 14). There are two cold and dry
semi-cycles and one warm and humid semi-cycle developed in the
low-stand system tract of the second Member of the Funing Forma-
tion, forming a model of A-—A+ —A-
(Figure 14).

Type B lithofacies assemblages developed in the TST. During the

lithofacies depositional

deposition period of the TST, hot and semi-arid and warm and semi-
humid climates alternately appeared, and the overall transition to
warm and humid over time (Sr/Cu ranged from 9 to 44, with an aver-
age of 21.4), the water body was an oxygen-rich brackish water envi-
ronment (Sr/Ba is between 0.43 and 1.68, with an average of 0.8).
The rainfall is relatively abundant, the intermittent intrusion of seawa-
ter causes the lake level to rise rapidly, and the content of TOC and
clay minerals shows a rapid upward trend, mainly composed of rich
felsic mixed fine particles Sedimentary rock and clay-rich mixed fine-
grained sedimentary rock. Affected by the intermittent intrusion of
seawater and alternate climate changes, the intermittent sudden
increase of palaeo-salinity and the transient growth of organisms will
cause the water body to be rich in carbon through photosynthesis,

and some thin-layer carbon will also appear. Salt fine-grained sedi-
mentary rocks. Unlike the low-stand system, the lake level change of
the TST is mainly affected by the transgression, and the lake level
rises rapidly in the warm and humid semi-circular lake. Layers of
organic-poor dolomitic fine-grained sedimentary rocks (Figure 14); the
cold and arid semi-circular lake level remains at a higher position or
slightly decreases, so the content of calcite in the sedimentary rocks
gradually increases, and the layered-lamellar sedimentary structure
begins to develop, mainly The medium-organic-rich laminar layered
clay-rich mixed fine-grained sedimentary rock and the medium-
organic laminar layered grey fine-grained sedimentary rock are thin
interbeds (Figure 14). In the second Member of the Funing Formation
of the TST, two fourth-order sequences with type B lithofacies devel-
oped, forming a lithofacies deposition model of B+—B——B+—B-
(Figure 14).

The C-type lithofacies assemblage developed near the largest
flooding surface (mfs) and the EHST. Its deposition period was a warm
and humid climate (Sr/Cu < 5), with abundant rainfall and sufficient
source supply, plus lake water at a stable high-water level, the bottom
of the lake Basin is an oxygen-poor reducing environment, which pro-
vides good conditions for the preservation of organic matter. The type

C lithofacies assemblage is mainly composed of clay-rich mixed fine-
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grained sedimentary rocks and clayey fine-grained sedimentary rocks.
On the one hand, the warm and humid semi-cycle (C+) has sufficient
terrigenous clastic, and the content of felsic and clay minerals
increases. On the other hand, palaeontology It flourishes in a warm
and humid climate, and the absorption of large amounts of CO, leads
to an increase in the content of carbonate minerals. Therefore, the
content of each mineral is relatively even. The main development of
organic-rich laminar layered clay-rich mixed fine-grained sedimentary
rocks (Figure 12); Cyclic (C-) source supply decreased, palaeontology
decreased, and some felsic minerals transformed into clay minerals,
resulting in prominent advantages in clay mineral content, mainly
organic-rich massive clayey fine-grained sedimentary rocks
(Figure 14). There are two warm and humid semi-cycles and one cold

and dry semi-cycle in the second Member of the Funing Formation.

Carbonate Fine-grained Carbonate Fine-grained
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Fine-grained
sedimentary rocks
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Silicon-rich mixture
Fine-grained
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There are two types of C-type lithofacies assemblages, forming a
C+—C—C+ lithofacies deposition model (Figure 14).

5 | CONCLUSIONS
The second Member of the Funing Formation was divided into the
LST and the TST by analysing the characteristics of the logging spec-
trum curve. (TST) and the EHST, corresponding to 6 four-level
sequences and 10 five-level sequences. The E;f? fine-grained sedi-
ments are divided into 12 lithofacies.

The lithofacies type is affected by the palaeoenvironment. The
deeper the water body and the hypoxic conditions are the basis for

the production and preservation of organic matter; the deeper the
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palaeowater body reflects the stronger the weathering of the land
surface, which is conducive to the accumulation of clay minerals and
felsic minerals. Carbonate deposition is mainly controlled by ancient
salinity; anoxic conditions and an increase in ancient salinity are con-
ducive to the development of laminar structures.

The lithofacies of the second Member of the Funing Formation
show obvious vertical sequence and cyclicity under the sequence
framework of different scales. The third-order sequence system tract
controls the organic matter enrichment, and the fourth-order
sequence controls the lithofacies subclasses and coupling rhythms.
Three lithofacies assemblage models A, B, and C developed in differ-
ent system tracts were established, and deposition models of different
lithofacies assemblage patterns were established based on the results

of the palaeoenvironmental analysis.
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