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Abstract: The Jianghan Basin is a lacustrine basin in central China developing multiple salt bearing
deposits in the Eocene with the success of shale oil exploration in the Qianjiang Formation. The
lower member of the Xingouzui Formation in the Chentuokou Depression has become another
exploration target. However, rapid changes in lithofacies and strong sedimentary heterogeneity limit
the exploration progress. This study aimed to explore the sequence division, lithofacies characteristics,
and sedimentary environment using sedimentological, X-ray fluorescence (XRF) and X-ray diffraction
(XRD) analyses. The sequence stratigraphic analysis indicates that the low member of the Xingouzui
Formation is divided into two third-order sequences, namely SQ; and SQ,, and four system tracts,
including highstand systems tract (HST), lake expanding system tract (EST), early highstand system
tract (EHST), and late highstand system tract (LHST). Moreover, a total of nine major lithofacies and
five lithofacies associations (LA1-5) were identified. The organic geochemical data show that the
laminated argillaceous dolomite in EST and EHST developed the best oil content with an average TOC
of 1.18% and S; of 3.18 mg/g, The laminated argillaceous dolomite deposited in anoxic conditions
with a humid climate, moderate salinity, and stratified deep waterbody is a favorable exploration
facies for shale oil.

Keywords: sequence; lithofacies; sedimentary environment; shale oil; Jianghan Basin

1. Introduction

Sequence stratigraphy is an effective tool to research the basin filling process, distribu-
tion of sedimentary facies and predict the location of hydrocarbon reservoirs in passive
continental margin environments [1-5]. However, this approach is restricted in the Ceno-
zoic continental rift basins in China [2,6,7]. Continental lacustrine basins are susceptible
to structure and climate [8-10] the sequence architecture is more complex, and difficult
to predict. Paleoclimate change may as the primary influencing factor of the lacustrine
basin’s sedimentary process under stable structural conditions [8,9]. The high productivity
and good preservation conditions of saline lacustrine basins provide a favorable place
for organic matter accumulation, and they have accordingly been regarded as potential
high-quality source rocks [11]. So, establishing the sequence stratigraphic framework of
the saline lacustrine basin has great significance for the sedimentary environment and the
prediction of the favorable zone.

Fine-grained sedimentary rock mainly composed of particles less than 62.5 um [12,13]
is both source rock and reservoir, containing abundant unconventional resources [14-16].
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Previous studies suggest that laminated organic-rich fine-grained sedimentary rock is the
most favorable exploration targets in shale oil exploration [9,17-19], but due to multiple
depositional mechanisms the fine-grained sedimentary rock show strong heterogeneity
with frequent lithofacies change [20,21]. Lithofacies, as the proxy for the paleoenvironment,
is crucial for reconstructing the sedimentary environment and illuminating the process of
organic matter enrichment, so the lithofacies characteristics in saline lacustrine basin still
need detailed analysis.

The Jianghan Basin developed several salt bearing strata in the Eocene. Since the great
success of the inter-salt shale oil reservoir in the Qiangjiang Formation [12-14] aroused
interest in fine-grained sediments in saline lakes, recently, the Eocene low member of the
Xinguozui Formation has emerged as a new field for inter-salt shale oil development in
the Jianghan Basin [22]. The current focus of Xingouzui Formation research is primarily on
organic geochemistry, reservoir characterization, and organic matter enrichment [22-27].
However, few studies have focused on the temporal and spatial evolution of lithofacies in
sequence stratigraphic framework, the lithofacies characteristics and sedimentary environ-
ment in the saline lake still need further analysis.

The purpose of this paper is to explore the lithofacies evolution and sedimentary
environment in different sequences and discuss lithofacies characteristics and oil content
by sedimentology and geochemistry data. The results provide a new understanding of
lithofacies characteristics and evolution in saline lakes.

2. Geological Setting

The Jianghan Basin is a Cretaceous—Paleogene petroliferous rift basin in the middle of
the Yangtze Craton in Hubei Province, central China, spanning an area of about 28,000 km?.
The basin is bounded by Qinling-Dabie orogenic belt in the north, Dabie terrace and Edong
fold-thrust belt in the east, Xuefeng uplift in the south, and Huangling anticline in the
west [28-30], which can be further divided into five depressions and four uplifts including
Jiangling Depression, Qianjiang Depression, Chentuokou Depression, Xiaoban Depression,
Mianyang Depression and Yajiao-Xingou Uplift, Yuekou Uplift and Tonghaikou Uplift
from west to east [22,24,28,31] (Figure 1). From Late Cretaceous to Paleogene, Jianghan
Basin develops three stages of structural evolution, resulting in the formation of several
collections of salt-bearing strata and source reservoir cap rock assemblages [29,30]. The
Paleocene to Eocene sedimentary sequence from bottom to top includes Shashi Formation,
Xingouzui Formation, Jingsha Formation, Qianjiang Formation, and Xingouzui Formation.
Qianjiang Formation comprises the main source rocks, and in this study interval the lower
Xingouzui Formation can be further subdivided into member III oil bed, clay interlayer,
member II oil bed, and member I oil bed [29-33] (Figure 2A).
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Figure 1. Generalized structural units map of the Jianghan Basin and research area modified
from [24,27].



Energies 2022, 15, 6235

30f17

o
2 | 8 o ol E5
{araphi S| 2|5l 1agss
Stratigraphic system| 23| = |2, gRlo=
Ace| 2 | 2 | [Lithogy2 £|o g
ge| 5 o |O O Ol &
(Ma)| & ~ =58
° g Pi B oy T T
g | Mg so-150 | )
g é’ - 4 2 Zhoulaozui_ Fault —r 4
2re s |2
2 | § |Guan, 5 | f B )
z|3 h‘mig 300-900| s ] B
2 123.3 g LT
§ | Jinhe E
— =3
& | zhen 0-1000 2 [Gray—
2 s}
1© | Eq, 365 [120-450 g
- 37.7 [110-70 5
g [Ea 300 [150-640 g 6
:5. Upper 402 100-700 =
2 | Bq, - z
< &
Lower 170-2224 a2
] il
143 R
- 7 Legend
“<__|Fault
2 Upper 300-800| . |-
2|2
g o [Jinsha| g = [ High | & Iwell
8 g E 'g. —T7' i (3 v
=5 Lower 300-500( & |2
S 5
- |- T8
[Upper 300-350 —
47 5 T8
Mem. I
Oil bed| 100-200 N
g Mem. T VES e
H ot bed 130-310 N
2 % T8
R Lowerd Clay oy
finterlaye: 30-50 é
: —
oI} 110-160 *5‘
< 156 & [ T9
g [Uppe| —
¢ |shashi 130-1909
A E Lower| L 65 Red
E— |=——1| a1 1
Sandstone Siltstone Silty mudstone Halite Gypsum
Sl == == Study
Mudstone Oil shale Conglomerate Basalt Gypsiferous interval

Figure 2. (A) Simplified Cenozoic stratigraphic column of Jianghan Basin modified from [31] age
modified from [32] (B) Stratum thickness of the lower member of Xingouzui Formation in Chentuokou
Depression (C) Seismic profile of well C2-CY1-CX3 in the Chentuokou Depression.

The Chentuokou Depression study area covers approximately 1500 km?, as a typical
half-graben depression in the southeast of the Jianghan Basin. Chentuokou Depression is
adjacent to Jiangling Depression in the west and Tongshan Xianning fault-fold belt in the
east, and bounded by Zhoulaozui fault and Shahu fault in the north and south, respectively
(Figure 2A). The multiplied fault developed in the Chentuokou Depression has made
the stratum thickness gradually thinner from north to south. As the exploration layer,
the lithology of lower Xingouzui Formation comprises argillaceous dolomite, dolomitic
mudstone, glauberite, and argillaceous siltstone, and industrial oil flow have been found in
the argillaceous dolomite.

3. Materials and Methods

This study combined detailed sedimentological with geochemical analyses on the
basis of a high-quality drill core of the well CY1. A total of 60 samples well collected from
well CY1, including 35 dolomite samples, 18 mudstone samples, 4 siltstone samples and 3
glauberite samples.

All the samples were analyzed for TOC, rock pyrolysis, and XRD. Some samples
were selected for scanning electron microscopy (SEM) and portable magnetic susceptibility.
X-ray fluorescence (XRF) analysis was carried out for the entire study interval (130 m).

The TOC analysis was measured using a LECO CS-230. Prior to the experiment,
all the samples were pulverized into granules with a particle diameter of less than 100
mesh. After that, inorganic carbon was removed using diluted hydrochloric acid (HCI)
with a concentration of 10%. The rest of samples were rinsed, dried, reweighed, and then
pyrolyzed at high temperatures. The test following the standards of GB/T19145-2003 [34].
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The rock pyrolysis analysis was measured using an OGE-V1, where the sample was
crushed into powder with a particle size of 0.07 mm-0.15 mm. The sample was heated to
600 °C at a rate of 25 °C/min under a helium environment with a purity greater than 99%.
Then, the free hydrocarbons S;, hydrocarbons cracked from kerogen S, and other pyrolytic
parameters were obtained. The experimental utilized the standards for GB/T18602-2012.

XRD analysis was measured using a D/max-2600/pc X-ray diffractometer, and Cu Kot
radiation at a scanning rate of 2° /min at 40 kV and 40 Ma with the testing angle ranging
from 5° to 90°. The experimental utilized the standards for SY/T5163-2010 [35].

The selected samples were also studied for crystal size and morphology using a
FEIQUANTA?250 scanning electron microscope (SEM)

Magnetic susceptibility (MS) was measured using a Portable magnetic susceptibility
SM-30. At the scanning mode, the interval between each scanning point is <15 cm, and the
recording time is 30 s/per point.

X-ray fluorescence (XRF) was measured using Niton XL2, where the interval between
each scanning point was less than 10 cm, and the recording time was 60 s/point. The
measurement and recording are the count per second (CPS) value, which is automati-
cally converted to parts per million (PPM) by the instrument. All the experiments were
completed in the Jianghan Oilfield Research Institute.

4. Results
4.1. Lithofacies Description

Based on the sedimentological observation and mineralogy composition, we divided
lithofacies by lithology and sedimentary structure. Four major lithologies, namely dolomite,
mudstone, glauberite, and gypsum, can be identified in the low member of the Xingouzui
Formation. We distinguish bedded and laminated structure by the thickness of single
lamina. Hence, if the thickness of single lamina (e.g., dolomitic, argillaceous, glauberite) is
less than 2 mm, it can be seen as laminated structure otherwise bedded structure. A total
of nine major lithofacies can be identified in the low member of the Xingouzui Formation
(Table 1, Figure 3).

Table 1. Characteristic of different lithofacies.

Lithology Color Structure Characteristic Sed_lmentary
Environment
Gray . o
- Massive Homogeneous compositions Shallow lake
white
Argillaceous dolomite Gray Bedded Yellow dolomlt}c layers are interbedded with Semi deep lake
brown white glauberite layer
Gray . Continuous morphology of yellow dolomitic
black Laminated lamina and black argillaceous lamina Deep lake
Dolomitic mudstone Dark gray Bedded Bedded dolomitic component Deep lake
Weaken upward
Silty mudstone Gray brown Yellow silty component dls.t ributed on Semi deep lake
argillaceous matrix
Glauberite mudstone Dark gray Bedded Layered coarse-grz?lned glauberl?e distributed Semi deep lake
on argillaceous matrix
argillaceous glauberite Dark gray Laminated Fme—gramef:l glaul?erlte lamma.mterbedded Shallow lake
with argillaceous lamina
Glauberite Gréy With a dense arrangement of powdered Shallow lake
white glauberite crystals
Gypsum White Gypsum agglomerate together to form Shallow lake

larger clusters
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Figure 3. Main lithofacies characteristics of the lower member of Xingouzui Formation (A) Massive
argillaceous dolomite, well CY1, 2647.83 m (B) Bedded argillaceous dolomite, well CY1, 2702.00 m
(C) Laminated argillaceous dolomite well CY1, 2704.69 m (D) Bedded dolomitic mudstone, well CY1,
2635.70 m (E) Silty mudstone, well CY1, 2719.30 m (F) Glauberite mudstone, well CY1, 2725.30 m
(G) Laminated argillaceous glauberite, well CY1, 2754.50 m (H) Glauberite, well CY1, 2677.4 m
(I) Gypsum, well CY1, 2638.40 m.

Due to frequent changes in salinity and water depth, several salinization and desali-
nation assembly have been found in the lowest member of the Xingouzui Formation. It
can be further classified into five lithofacies associations (LA1-5) based on the vertical
superposition of lithofacies (Figure 4).

LA1: Laminated glauberite mudstone + massive argillaceous dolomite, developed
mostly in the clay interlayer and member III oil bed. The thickness of glauberite mudstone
is greater than dolomite, white glauberite crystals are placed on the argillaceous matrix in
the direction of powder-thin crystal laminae. The salinity gradually decreases from the
bottom to the top, reflecting the shallow deposit.

LA2: Laminated argillaceous glauberite + Laminated argillaceous dolomite + Lami-
nated dolomitic mudstone, the glauberite crystal is in the form of powder crystal laminae,
the argillaceous dolomite has yellow layered, wavy, and lenticular bedding structure, and
the dolomitic laminae and argillaceous laminae are seen in the dolomitic mudstone. This
reflects a desalination process in which the salinity is dropping and the hydrodynamic
force is waning

LA3: Massive argillaceous dolomite + glauberite, formed primarily in the bottom of
the member III oil bed. This illustrates the steady rise in salinity until glauberite deposition
takes place in a salinization combination.

LA4: Massive argillaceous dolomite + laminated dolomitic mudstone, yellow dolomitic
laminae, and white glauberite laminae can be seen in the mudstone, which is primarily
developed in the middle of member III oil bed, and the salinity is relatively low.
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LAb5: Argillaceous gypsum + bedded dolomitic mudstone + gypsiferous mudstone,
primarily in the top of member III oil bed, reflect a desalination combination. The deposited
salt minerals are gypsum rather than glauberite, indicating that the salinity is reduced.

Dolomitic mudstone

Argillaceous;dolomite

ﬁ 10cm

1 )
g’ e

3 L
GypASunl mhdbrog
! g i ¢

Figure 4. Lithofacies associations (A) LAl well CY1 2754.6-2755.6 m (B) LA2 well CY1
2736.6-2737.6 m (C) LA3 well CY1 2708.5-2709 m (D) LA4 well CY1 2722-2732 m (E) LA5 well
CY1 2648-2649 m.

4.2. Mineralogy Characteristics

The XRD results of different lithofacies are shown in Figure 5 and Table 2. The
argillaceous dolomite has a high content of dolomite ranging from 34.5% to 87.3% and
medium content of silicate minerals (quartz + feldspar) ranging from 7.8% to 39.6%, low
clay minerals content ranging from 0.8% to 25.3%. The dolomitic mudstone has a similar
content in dolomite, silicate, and clay minerals ranging from 13.7% to 43.7%, 7.1% to 25.5%,
and 9.6% to 37.4% respectively. In silty mudstone, the average contents of clay minerals,
quartz, feldspar, and dolomite are 38.5%, 16.3%, 15.8%, and 12.1%. The average content
of clay minerals, quartz, feldspar, and dolomite in argillaceous siltstone is 18.1%, 21.3%,
34.6%, and 22.5% respectively. For the glauberite, there was an average content of 68.3%
glauberite, followed by anhydrite, with an average content of 9.7%, and a small amount of
feldspar and quartz.

As the main minerals in the study interval, it is important to discuss the origin of
dolomite and glauberite. The SEM analyses show that the dolomite crystals are generally
less than 2 um in size, and dolomite crystals are mainly automorphic with little terrigenous
input (Figure 6A-C). The morphology of dolomite which is similar with other studies in
same period (e.g., Jianghan basin [36], Nanyang basin [37]). During the study interval, the
dolomite samples have undergone little diagenetic alteration, showing characteristics of
authigenic carbonates. The glauberite appears with a dense arrangement of powdered
crystals on the core samples and presents the radiated aggregate on SEM (Figure 6D,E).
Rhythmic features are obviously deposited directly in the lake.
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Figure 5. Ternary diagram of the lower member of the Xingouzui Formation.

Table 2. Mineral contents of different lithofacies.

Mineral Composition

Clay Quartz Feldspar Pyrite Calcite Dolomite  Anhydrite Glauberite
(%) (%) (%) (%) (%) (%) (%) (%)
Massive 1.5-25.3 29-18.4 7.3-21.2 0.9-5 4-17.3 44.1-85 0.8-22 1.0-4.3
argillaceous dolomite 9.9) 7.9 (13.2) (3.7) (13) (56.9) (5.1) (2.4)
Bedded 5.8-16.2 3.0-11.3 5.2-22.7 1.3-7.6 4.3-14.0 34.5-83.8 1.3-14.9 22-7.1
argillaceous dolomite (11.6) (6.0) (14.8) (4.3) (8.6) (53.7) (5.4) (4.4)
Laminated 0.8-13.5 0.9-14.9 6.9-17.6 1.8-7.5 5.9-8.8 46.0-87.3 0.4-12.6 1.2-6.6
argillaceous dolomite (6.4) (4.6) (11.1) (4.9) (7.5) (70.3) (2.7) (3.9)
Massive 9.6-34.4 6.7-20.9 7.8-25.5 2.6-6.6 17-20.6 16.0-37.4 1.3-22.9 1.6-8.5
dolomitic mudstone (23.0) (12.6) (18.4) 4.2) (18.8) (24.0) 9.0 (5.1)
Bedded 15.5-21.6  10.5-19.6 10.6-24.9 3.6-5.6 145 31.0-40.7 1.1-5.7 )
dolomitic mudstone (19.6) (14.3) (16.8) (4.6) ’ (37.3) (3.1)
Laminated 19.8-37.4 3.5-16.0 7.1-21.1 3.5-7.3 55 13.7-33.1 1.1-6.8 1.3-10.9
dolomitic mudstone (28.4) (11.1) (16.5) (5.8) ’ (22.7) (3.9) 6.1)
Silty mudstone 369412 13.5-18.3 10.6-20.8 5.0-9.2 ) 8.4-15.4 1.9-5.5 2.3-10.0
(38.5) (16.3) (15.8) (7.4) (12.1) (3.2) (5.2)
Argillaceous siltstone 13.2-22.0 135293  32.3-39.9 4.0-6.8 ) 13.0-34.8 1.0-7.1 1.3-10.9
(18.1) (21.3) (34.6) (5.0) (22.5) 4.2) 6.1)
. 3.5-8.6 0.7-4.4 8.6-10.7 6.0-16.9 61.2-77.2
Glauberite (5.8) 2.7) (6.4) 5.2 - 159 9.7) (68.3)

Note: 1.5-25.3 = Min-Mayx, (9.9) = Average.
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Figure 6. Scanning electron microscope (SEM) images of the lower member of Xingouzui Formation
(A-C) Dolomite well CY1, 2701.04 m, 2702.86 m, 2709.73 m (D,E) Glauberite well CY1, 2700.65 m,
2706.09 m.

4.3. Hydrocarbon Generation Potential

Organic matter abundance is usually characterized by total organic carbon content
(TOC), rock pyrolysis parameters free hydrocarbon (S;), hydrocarbons cracked
from kerogen (S;), hydrocarbon generation potential (S; + S), oil saturation index
(OSI =51 /TOC x 100) [22-24,38]. Organic matter in the lower member of Xinguozui For-
mation is enriched in argillaceous dolomite, which is dominated by type I and type II
kerogen and in low maturity evolution stage [22-25].

Laminated argillaceous dolomite has the highest organic matter abundance. The
TOC value of the 11 laminated argillaceous dolomite samples is distributed from 0.65% to
2.22%, with an average of 1.18%. S; of these samples are distributed from 1.85 mg/g to
7.19 mg/g, with an average of 3.08 mg/g. S, is distributed between 0.91% and 4.48%, with
an average of 2.81% (Table 3). Massive argillaceous dolomite, bedded dolomitic mudstone,
and glauberite appear to have low levels of organic matter. The average TOC for these
lithofacies is less than 0.5%.

Table 3. Organic geochemical parameters of different lithofacies.

Lithofacies TOC (%) S1 (mg/g) S, (mg/g) S1 + S; (mg/g) $1/TOC x 100 (mg/g)
Massive 0.17-0.85 (0.49) 0.06-1.56 (0.59) 0.08-0.98 (0.49) 0.14-2.01 (1.08) 41-295 (117)
argillaceous dolomite ’ ’ ' ’ ’ ' ’ ' ’ ’ ' ’
Bedded
argillaceous dolomite 0.35-1.38 (1.01) 0.14-1.34 (0.97) 0.20-3.91 (1.13) 0.34-5.99 (2.11) 48-193 (93)
 Laminated 0.65-2.22 (1.18) 1.85-7.19 (3.08) 0.91-4.48 (2.81) 2.86-11.67 (5.90) 115-445 (266)
argillaceous dolomite
Massive
Dolomitie o 0.17-2.69 (0.85) 0.09-2.32 (0.76) 0.13-2.8 (0.86) 0.22-5.15 (1.62) 52-110 (82)
Bedded
Dolomitic mudstone 0.28-0.56 (0.43) 0.11-0.66 (0.32) 0.18-0.49 (0.35) 0.29-1.17 (0.67) 39-117 (68)
Laminated
Dolomitio e tone 0.46-1.8 (0.89) 0.10-2.08 (0.83) 0.11-3.37 (1.27) 0.21-5.45 (2.1) 14-117 (84)
Silty mudstone 0.34-1.61 (1.11) 0.10-2.61 (1.25) 0.13-3.16 (1.64) 0.23-5.77 (2.90) 29-102 (94)
Argillaceous siltstone 0.82-2.26 (1.33) 0.68-2.18 (1.49) 0.87-4.02 (2.02) 1.55-6.04 (3.51) 82-168 (113)
Glauberite 0.06-1.05 (0.43) 0.04-0.63 (0.24) 0.06-1.02 (0.39) 0.10~1.65 (1.9) 33-66 (53)

Note: 0.17-0.85 = Min-Max, (0.49) = Average.
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5. Discussion
5.1. Sequence Stratigraphic Framework and Lithofacies Variation

The differences in mineral composition, lithology, and sedimentary structure can be
expressed by lithofacies or lithofacies assembly. Similar lithofacies or lithofacies assembly
are performed with the same sedimentary environment and similar organic matter abun-
dance and reservoir properties [17]. Lake level affects lithofacies the relative lake level
and sequence boundaries can be distinguished by the superposition connection of various
lithofacies [7,39]. The third-order sequence boundary and system tract interface are identi-
fied through the superposition relationship of lithofacies assembly, lithologic catastrophe
interface, and trend of logging (GR, Resistivity). Each system tract has developed different
lithofacies and lithofacies assembly, suggesting variations sedimentary environment of the
lacustrine basin in different periods.

At the top of the clay interlayer in well CY1, there is a clear abrupt change in the
resistivity curve that can be contrasted throughout the entire research region as a third
order sequence boundary, and the upward-declining amplitude of the GR curve at the top
of the member II oil bed can be regarded as another third order sequence boundary. Hence,
two third order sequences, SQ; and SQy, can be identified in the low Xinguozui Formation
(Figure 7).
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Figure 7. Sequence and lithofacies associations column of well CY1.
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The classical sequence stratigraphic model consists a complete depositional sequence
with a lowstand systems tract (LST), a transgressive systems tract (TST) and a highstand
systems tract (HST) [2,4], In the lacustrine basin the TST is equal to the lake expanding
system tract (EST) [40], due to the long shallow water period and large amount of evaporite
the HST can be subdivided into early highstand system tract (EHST) and late highstand
system tract (LHST). The lowstand system tract is absent because the study interval was
deposited above the structural slope break [41] (Figure 2B,C). Hence, in this study, the
systems tract interpretation follows EST-EHST-LHST in S5Q;.

Four major lithofacies assembly can be distinguished in SQ;. Multiple LA1 can be
observed at the bottom and as the salinity decreases upward the thickness of glauberite
layer gradually decreases, to become LA2 and LA3. Here, the thickness of lithofacies
associations which indicates a shallow water environment continues to increase from
bottom to top. It is a highstand system tract (HST).

There are mainly two lithofacies assemblies at the bottom of SQ,, several desalination
combinations LA2 suggest an increasing depth of water, LA3 as an interlayer in the middle
and the thickness of glauberite decreases upward transits to LA2 again and the occurrence
of laminated silty mudstone may be related to intermittent rainfall. The thickness of
lithofacies assemblage, as an indicator of deep water, gradually increases from bottom
to top, suggesting that the lake is expanding and the water becomes deeper as a lake
expanding system tract (EST).

Three lithofacies assembly can be identified in the middle of SQ,, at the bottom, where
the water is shallow and subject to strong hydrodynamic forces. In this assembly, LA4 is
mostly deposited, followed by LA2 from a number of desalination combinations in the
center, and LA1 as salinity levels rise. The water depth went through a shallow-deep-
shallow cycle from bottom to top, which is an early highstand system tract (EHST).

The deposited salt minerals shifted from glauberite to gypsum from bottom to top
when salinity decreased at the top of SQ,, and lithofacies assemblies appeared in the form
of LA2-LA3-LAS5, it indicates that the lake is shrinking and the water depth is gradually
shallowing, which is a late highstand system tract (LHST).

As the lake in the Chentuokou Depression deepened from south to north during the
deposited period of the lower member of the Xingouzui Formation, the mineral composition
and particle size of the sediments likewise altered according to the distance from the
provenance. The lake is shallow during the HST period of SQ1, and well C2 close to the
provenance is composed of sandy mudstone + mudstone. With the salinity increases, well
CY1 is glauberite + argillaceous dolomite, and well CX3 at the deepest is deposited with
gypsiferous mudstone (Figure 8).

The lake expands, the terrigenous input declines, and evaporation rises during the
EST period of SQ,. Gypsiferous mudstone, argillaceous dolomite, glauberite, and gypsum
are all formed as a result of the progressive rise in salinity from north to south. Intermittent
rainfall may alter the top of EST. Provenance supply is abundant, siltstone and argillaceous
siltstone are developed in well C2, and laminated silty mudstone transitions to well CY1
with the loss of northern transportation capacity.

Lake drops during the EHST period, salinity increases, and well C2 develops gypsifer-
ous mudstone. Meanwhile, well CY1 transitions from dolomitic mudstone to glauberite
to the north, well CX3 transitions from gypsiferous mudstone to gypsum rock toward
the deep lake. Lake drops further, evaporation, and salinity all decrease throughout the
LHST era. In well C2, gypsum and silty mudstone have developed. Gypsum, glauberite,
and bedded dolomitic mudstone are mostly formed in well CY1, while well CX3 has a
significant portion of dolomitic mudstone.
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Figure 8. Cross well of C2-CY1-CX3 in Chentuokou Depression location see in Figure 2.

5.2. Organic Matter Abundance of Different Lithofacies

Organic matter abundance, reservoir, liquidity, and compressibility as the basic param-
eters to evaluate the potential of unconventional resources are crucial in exploration [42].

Among them, organic matter abundance as the material basis is the primary consideration,
which is influenced by variations in the sedimentary environment and mineral composition.

In the saline lake if TOC > 0.6 can be considered a good source rock [24,25]. Laminated
argillaceous dolomite has the highest organic matter abundance, with the average TOC
and S; of 1.18% and 3.08 mg/g, followed by bedded argillaceous dolomite, with the
average TOC and S; of 1.01% and 0.97 mg/g respectively, massive argillaceous dolomite
and dolomitic mudstone have poor oil content. Despite having significant oil content,
argillaceous siltstone and silty mudstone are not mentioned here due to a limitation of
samples. Vermicular scattered and laminated alginite are detected in the argillaceous
dolomite in Well C100 [25]. In addition, free oil molecules fill the dolomite matrix pores and
laminar fractures in well CY1 [24], both indicating that argillaceous dolomite has excellent
hydrocarbon potential for oil generation (Figures 9 and 10).

5.3. Sedimentary Environment

Rapid climate change has a significant impact on the lacustrine basin, resulting in the
strong heterogeneity of sediments. Portable XRF has the advantages of continuous data and
rapid and nondestructive testing, which have been widely utilized to get the geochemical
parameters [43—46], XRF data obtained the contents of 17 elements, such as 5i, Al, CA, Mg,
Fe, Rb, and Sr, with 1963 data points for each element.

Magnetic susceptibility is an effective proxy of paleoenvironmental which can as-
sess the changes in magnetic materials in sedimentary environments [45]. A total of
1532 susceptibility scanning points were obtained, and the minimum and maximum values
were distributed between 0.003 and 0.069 SI. High resolution of XRF data and magnetic
susceptibility were used to reconstruct the sedimentary environment.
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Figure 10. Microscopic characteristics of laminated argillaceous dolomite (A) Dolomite lamina well
CY1 2682.89 m after [24] (B,C) Laminated alginite well C100 2156.9 m 2191.05 m after [25] (D,E) Oil
molecules fill the pores of dolomite matrix well CY1 after [23] (F) Laminar fractures are developed
and filled with oil molecules well CY1 after [23] Dotted white lines indicate lamina in (A—-C) and
precipitated oil in (D,E).

5.3.1. Redox Conditions

The degree of pyritization (DOP) is a common proxy to estimate redox conditions.
Since the ratio of iron to total iron in pyrite is similar, DOPt (DOPt = (55.85/64.16) x S/Fe)
can be used to approximately replace DOP [46-49], (S1 + Sp)/TOC also widely used to
indicate the redox conditions in fine-grained sedimentary rocks [50,51]; both of them have
a positive correlation with redox conditions.

The study interval is anoxic, and during the LHST period redox conditions change
frequently, which shows the interactive deposition of gypsum and mudstone (Figure 11).
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Figure 11. Geochemical parameters of lower member of Xingouzui Formation.

5.3.2. Paleosalinity

A reliable indicator of paleosalinity is the Sr/Ba ratios [52]. Large Sr/Ba ratios typically
indicate a salty environment. Multiple salinity fluctuations occurred during the period
of lower member Xingouzui Formation deposition, which was reflected in the frequent
appearance and disappearance of evaporite rocks as glauberite and gypsum. Paleosalinity
was higher in the clay interlayer and much lower when gypsum was deposited on the top
of the member II o0il bed.

5.3.3. Paleoclimate Significance

(1). Can Paleocene-Eocene Thermal Maximum (PETM) be identified in the depositional
period of low Xingouzui Formation?

The global climate was warm during the late Paleocene to the early Eocene. During
this period, the Paleocene-Eocene Thermal Maximum (PETM) has attracted the most
attention [53-55]. It is a geological transient period with significant changes in global
climate and ecological environment [56,57]. During this period, a huge amount of light
carbon quickly integrated into the ocean atmosphere system in a short time, resulting
in rapid global warming and seawater hypoxia. The carbon release process is similar to
burning fossil fuels [58]. Therefore, this event provides an ideal model for understanding
today’s rapid global warming [54,57]. Based on the evidence of radioisotope, paleomagnetic,
paleontology, carbonate isotope excursion [32,36,57,59], some scholars have identified
PETM events in the Xingouzui and Yangxi formation of the early Eocene in the Jianghan
Basin The specific performance is that the rainfall suddenly increases with humid climate.
The abundant rainfall and humid climate provide good conditions for the nutrition of forest
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systems and lakes [32,36,57,59,60]. If this event can be identified in the lower Xingouzui
Formation, it can provide different explanations for the organic matter enrichment in this
area. Through the comparison of strata, lithology, and mineral composition, this study
suggests that the study interval is more likely to be deposited after the PETM event, on the
basis of the following: 1. During the PETM period, the carbonate minerals deposited in
Jianghan Basin due to humid climate are mainly calcite and calcite/dolomite > 1, while
calcite rarely appears in study interval, i.e., only 14 of the 60 samples contain calcite, with an
average of only 10.9%, and the calcite/dolomite ratio is far less than 1. 2. A large number of
terrigenous clasts such as quartz, feldspar and other minerals carried by enhanced rainfall
did not appear on a large scale in study interval, dolomite still dominates. 3. Evaporite
rocks, such as glauberite and gypsum, which widely appear from top to bottom also
indicate a relatively arid climate.

(2). Paleoclimate change

The increased terrigenous input due to the humid climate in lakes dominated by
exogenous magnetic minerals may lead to high magnetic susceptibility [45]. Rb/Sr ratio
can be used as a reliable index of chemical weathering intensity of fine-grained sediments
in lakes. The low value of Rb/Sr has low chemical weathering intensity and a relatively
dry climate [61]. The variation trends of magnetic susceptibility and Rb/Sr in the lower
member of the Xingouzui Formation both show three increasing and decreasing trends from
the bottom to the top, with obvious cyclicity, indicating that the paleoclimate fluctuated
frequently between drought and humidity during this period.

5.3.4. Sedimentary Model

The lithofacies assemblies and oil content differ as a result of the sedimentary environ-
ment changing in a different sequence. During the HST period of SQj, the lake gradually
became shallower, the redox conditions were weak, the climate was relatively dry, and
the salinity changed frequently. When the salinity increased, the thickness of glauberite in
each lithofacies associations was relatively large. When the salinity decreased, argillaceous
dolomite and dolomitic mudstone were the main sediments, and the TOC content gradually
decreased upward, which resulted in salinity stratified water with strong evaporation.

During the EST period of SQy, the water body gradually became deeper, which is an
anoxic condition. The climate circulates between humidity and drought. During the transi-
tion from glauberite + massive argillaceous dolomite to bedded /laminated argillaceous
dolomite, TOC and S; increase to the maximum, suggesting that anoxic conditions with
a humid climate, and moderate salinity are more conducive to the enrichment of organic
matter.

During the EHST period, the water became shallow slowly, and the salinity decreased.
The climate also circulates between humidity and drought. The TOC tendency was similar
to the EST that laminated argillaceous dolomite in the LA2, having a higher TOC value.

During the LHST period, the lake level declined further, and the salinity was lower
than before. Such a phenomenon was dominated by the interactive deposition of LAS.
Gypsiferous mudstone and bedded dolomitic mudstone were deposited at the disturbed
saline waterbody.

6. Conclusions

We combined detailed sedimentological with geochemical analyses of the early Eocene
lower member of the Xingouzui Formation in the Chentuokou Depression, Jianghan Basin.
The lithofacies characteristics and sedimentary environment within the sequence frame-
work are clarified. The lower member of the Xingouzui Formation can be divided into
two third sequences, SQ1, SQ,, and four system tracts, highstand system tract (HST), lake
expanding system tract (EST), early highstand system tract (EHST), and late highstand
system tract (LHST). Nine major lithofacies and five lithofacies assemblies were developed
in different system tracts.
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The study interval considered deposition after the PETM, when the climate fluctuates
between drought and humidity. Laminated argillaceous dolomite lithofacies deposited in
anoxic conditions with a humid climate, and moderate salinity is more conducive to the
enrichment of organic matter, leading to relatively high TOC and S; values. The bedded or
laminated argillaceous dolomite developed in EST and EHST are the most favorable target
lithofacies for shale oil exploration.
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