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Unlike other lacustrine shale formations in which carbonate and siliceous
interlayers are intercalated, the Dongyuemiao shale is different due to its
abundant shell laminae and interlayers. Due to the lack of studies on shell
laminae and interlayers, their influence on oil accumulation is still unclear. This
study integrated total organic carbonand X-ray diffractiondata, core and thin
section observations, field-emission scanning electron microscopy, major and
trace element data, and helium porosimetry to investigate the depositional
environment and porosity structure of shell interlayers in the shale in the first
member of the Dongyuemiao shale (Dong-1 member) and their impact on
petroleum accumulation. Results show that Dong-1 member was deposited
in a sub-lacustrine fan, and shells and shell fragments were transported by
gravity flow. Shells and shell fragments were transported and broken up to under
different hydrodynamic conditions, and formed laminae, interlayers, and thick
interlayers of shell fragments. In the shell laminae (<1 cm) and thin interlayers
(1-10 cm), micro-scale dissolution pores and microfractures formed in the shell
clasts can effectively connect the dissolution pores and black shale matrix. The
thick shell interlayers (>10 cm) lack porosity networks and prevent petroleum
migration. The shell laminae and thin interlayers are the storage space and
pathway for petroleum storage and migration, while the thick shell layers are
seals that prevent petroleum leakage. This integrated study of a shell-rich shale
can provide a reference for petroleum exploration and quantitative evaluation
of the resources.

shell laminae and interlayer, sedimentary environment, pore structure, petroleum
accumulation, Dongyuemiao shale
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Introduction

Organic matter-rich shales occur in many lacustrine basins
from the Mesozoic and Cenozoic in China, and the resources within
those lacustrine basins are one of the sources of unconventional
petroleum (Bechtel et al., 2018; Jarvie et al., 2007; Jia et al,
2013; Li et al, 2020). In recent years, exploration wells drilled
in the Sichuan Basin, Bohai Bay Basin, Songliao Basin, Ordos
Basin, and Junggar Basin have produced commercial oil flows,
indicating the high petroleum potential of lacustrine basins
(Jia et al,, 2012; Li et al., 2015; Liang et al, 2017; Jin et al,,
2021; Chen et al, 2023). In lacustrine basins, sediments are
more sensitive to tectonic activities, lake-level change, paleo-
climate change, and special geological events such as volcano
eruption and gravity flow (Bohacs et al., 2000; Chamberlain et al.,
2013; Zhang et al, 2017). Many studies have shown that the
accumulation of petroleum is co-controlled by lithofacies, pore
structure, and occurrence characteristics of shale oil (Chalmers et al.,
2012; Xu et al.,, 2017; Alnahwi et al., 2018). Because lacustrine
basins are frequently small in scale and have shallow water
depths, lacustrine shales usually form different types of laminae
(thickness <1 cm) and interlayers (thickness >1 cm). Laminae
and interlayers influence petroleum accumulation, but different
lacustrine shales show different types of storage space (Milliken,
2003; Wan Hasiah et al., 2012; Huang et al,, 2017; Hua et al,
2020). In addition, lacustrine basins usually receive inputs from
multiple sources and experience lateral migration of depo-
centers so that lacustrine shales can contain multiple types of
laminae and interlayers (Desborough, 1978; Doebbert et al., 2010;
Liu et al., 2018; Ma et al., 2017).

The Ziliujing Formation in the Sichuan Basin has been reported
to have high petroleum potential, and the Dongyuemiao member
is one of the two potential targets (the other is the Lianggaoshan
member) (Qiu and He, 2021). The Dongyuemiao member can be
divided into three members (namely, Dong-1, Dong-2, and Dong-3)
(Shuetal., 2021). The black shale in the Dong-1 member is the major
petroleum production zone and has good exploration potential
in this area, which contain shell interlayers. These freshwater
shells were widely distributed across the Paleo-Asian continent
(Hu et al., 2021; Shu et al., 2021).

Laminated and interlayered shales have been suggested to be the
most favorable lithofacies in petroleum production, for example, the
carbonate interlayer in the Eagle Ford shale (Southwestern Texas,
United States), laminated carbonate shale in the Shahejie Formation
(Bohai bay Basin, China), and laminated felsic shale in the
Qingshankou Formation (Songliao Basin, China) (Hua et al., 2022;
Shi et al.,, 2022; Wang et al., 2022). In the Dongyuemiao Formation,
abundant shell laminae and interlayers occur throughout the whole
section. If it follows the previous petroleum production experience
in other laminae and interlayer shale formations, the Dongyuemiao
member will be a high-profit target. However, the production
behaviors show that the shell laminae and interlayers in the Dong-1
member cannot be simply interpreted to be the “sweet spot” and that
petroleum production is still challenging because their influence on
the petroleum accumulation, storage, migration, and preservation is
still unclear (Zou et al., 2019).

The objective of this study was to investigate the origins and
depositional processes of shell layers, the pore characteristics of
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different types of shell layers, and their effects on petroleum
accumulation in the Dong-1 member. In addition, this study can
aid in the location of high-quality Jurassic shale source rocks
and accurate evaluation of petroleum resource potential in the
Fuxing area.

Geological background

The Sichuan Basin is located on the western margin of the
Yangtze plate. It has undergone four stages of tectonic evolution:
the Caledonian, Hercynian, Indosinian, and Yanshan-Himalayan.
It is bordered by the Micangshan Uplift, Longmenshan fold belt,
Dabashan fold belt, Xuefengshan uplift, and Emeishan fold belt
(Qiu and He, 2021) (Figure 1A). In the late Triassic, the collision
of the Yangtze plate and North China plate transformed the
Sichuan Basin from a marine basin to a foreland basin. In the
early Jurassic, a set of lacustrine shales (the Dongyuemiao member
and the Daanzhai member of the Ziliujing Formation and the
Lianggaoshan Formation) were deposited (Zhang et al., 1996; Meng
and Zhang, 1999) (Figure 1B).

The Fuxing area is located in the southern part of the Chuandong
high-steep fault-fold belt in the northeast Sichuan Basin. The area
is located in a northeast strike syncline region (Bashansi syncline
and Liangping syncline), showing two uplifts sandwiched by three
sags and a set of preserved Zhendanian-Jurassic rock formations
(Figure 1B). The interval of interest is the Dongyuemiao member,
which is overlain by the Fumaanshan member and underlain by
the Zhengzhuchong member. The Dongyuemiao member can be
subdivided into three members (namely, Dong-1, Dong-2, and
Dong-3), of which the black shale in the Dong-1 member is the
major petroleum production zone, with an average thickness of
27 m. The Dong-1 member is further divided into four units,
which are Unit 1 to Unit 4 from bottom to top (Shu et al., 2021;
Peng et al., 2022) (Figure 1C).

Sample and methods
Sample collection and preparation

To study the sedimentary features of organic matter-rich shales
and shell layers of the Dong-1 member, a total of 24 samples
were collected from the Dong-1 member in the XYA well. This
well produced 55.8 x 10 cubic meters of natural gas and 17.6
cubic meters of crude oil per day during production testing. The
samples were collected over the depth range of 2,935.6-2,959.5 m
with a sampling interval of 0.5-1 m. Twenty-two samples are black
shales containing shell laminae and interlayers, whereas XYA 2939.6
and XYA 2942.5 from Unit 3 were collected from thick-layer shell
interlayers.

Samples were cut into cubes (I cm x 0.8cm x 0.5cm) for
field-emission scanning electron microscopy (FE-SEM), and rock
fragments from sample cutting were used to make petrographic
thin sections. All 24 samples were crushed into 40-60 mesh
particles for porosity analyses and into powders for X-ray diffraction
(XRD), total organic carbon (TOC), and major and minor
element analyses.
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X-ray diffraction

Powder samples were directly analyzed using Bruker D8
Advance to determine bulk mineral compositions. Clay minerals
are analyzed separately from bulk mineral, following the procedure
of decarbonization, removal of organic matter, ultrasonic shaking,
concentration, and XRD scan.

Total organic carbon

Two hundred milligrams of rock powder were first oven dried at
60°C for 12 h and then treated with 10% HCL to remove carbonate
minerals at the same temperature. After acid treatment, samples
were washed with distilled water to remove residual HCL. Samples
were dried again and analyzed using a LECO CS844 Carbon/Sulfur
determinator.

Core observation and petrophysical
microscopy

Cores samples were observed to roughly determine the lithology

and sedimentary features. The thickness and number of shale layers
in the Dong-1 member were recorded. Thin sections were made
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for a detailed investigation of sedimentary features of shale and
shell layers.

Field-emission scanning electron
microscopy

Rock samples were cut into pieces measuring 1 cm x 0.8 cm
x 0.5cm and then polished using sandpapers and an argon ion
milling machine. Polished surfaces were observed under a Zeiss
SUPPA 55 FE-SEM.

Major and trace element analyses

Fifty milligrams of crushed rock particles (75-177 um) were
weighed and placed in a beaker with a few drops of ultrapure water
and 2 mL of a mixture of HF and HNO; (1:1). The beakers (with
sealed tops) were heated for 48 h to evaporate the remaining liquid
at 115°C until dry. Then, 2 mL of 2% HNO; and 3 mL ultrapure
water were added to the beaker; the top was sealed again, and it was
heated at 135°C for 5 h. The liquid was transferred to a polyethylene
tube and diluted to 100 mL with 2% HNOj, and then analyzed
with inductively coupled plasma mass spectrometry (ICP-MS) to
determine the concentrations of major and trace elements.
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TABLE 1 TOC and porosity of 24 samples from the XYA well in the Fuxing area.

Sample ID Unit Lithofacies TOC (%) Porosity (%) Average of black shales
TOC (%) Porosity (%)
XYA 2935.6 2.6 4.5
XYA 2936.6 Shell-laminated 1.9 4.4
Unit 4 eF-aminate 2.0 41
clay-rich shale
XYA 2937.5 1.9 4.1
XYA 2938.7 1.6 3.5
XYA 2939.6 Shell limestone 0.5 0.9
XYA 2940.7 Shell rhythmic 1.7 4.7
clay-rich shale
XYA 2941.5 Silt-shell-laminated 1.8 4.6
clay-rich shale
Unit 3 1.6 (excludes two 4.4 (excludes two
i
XYA 2042.5 Shell limestone 07 09 shell limestones) shell limestones)
XYA 2943.7 1.7 4.2
XYA 20445 S11t-she11v—lam1nated 17 45
clay-rich shale
XYA 2945.6 1.0 42
XYA 2946.4 1.1 39
XYA 2947.7 13 4.0
XYA 2948.7 1.7 2.8
XYA 2949.7 Shell rhythmic 21 37
clay-rich shale
XYA 2950.7 Unit 2 24 4.8 1.6 3.7
XYA 2951.7 1.4 4.2
XYA 2952.7 1.9 4.2
XYA 2954.6 1.2 2.1
Shell rhythmic
clay-rich shale
XYA 2955.7 1.6 3.7
XYA 2956.6 2.1 25
XYA 2957.5 13 32
. Shell rhythmic
Unit 1 ) 1.6 3.1
clay-rich shale
XYA 2958.4 1.4 2.8
XYA 2959.5 1.6 4.0
Helium porosimetry Results

Samples were analyzed using an Ultrapore-300 helum  Mineral compositions and organic richness
porosimeter manufactured by Core Laboratories, Wuhan City,
Hubei Province, China. The samples were processed into the In the Dong-1 member, the black shales have a TOC of
columns and placed in an oven to be dried at 105°C to remove  1.0%-2.6%, with an average of 1.7% (Table 1). In contrast, the two
moisture within the pore spaces. Porosity was analyzed under a  thick shell interlayers exhibit lower TOC values of 0.5% and 0.7%,
helium pressure of 1.387 Mpa (200 psi). respectively (Table 1).
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TABLE 2 (Continued) Mineral compositions of 24 samples from the XYA well in the Fuxing area.
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The black shales in the Dong-1 member contain 21.5%-34.8%
siliccous minerals, 1.6%-16.7% carbonate minerals, and
48.3%-62.3% clay minerals (Table 2). The two thick shell interlayers
are composed of 10.6% and 16.0% siliceous minerals, 65.8% and
53.8% carbonate minerals, and 19.6% and 28.3% clay minerals,
respectively (Table 2).

Lithofacies and sedimentary features

Four lithofacies can be distinguished in the Dong-1 member
based on the sedimentary texture and mineral compositions. These
are shown in Figure 2: (1) shell-laminated clay-rich shale, (2) silt-
shell-laminated clay-rich shale, (3) shell rhythmic clay-rich shale,
and (4) shell limestone. The shell-laminated clay-rich shale contains
mm-thick shell laminations, with an average layer frequency of
65 shell laminations/m. This lithofacies has a clay mineral content
>50% and mainly occurs in Unit 4. The silt-shell laminated clay-
rich shale also has a clay content >50% and contains interbedded
siliceous laminae and shell laminae, with an average frequency of
110 laminations/m and 53 laminations/m, respectively. This face
occurs mainly in Unit 3 and the upper-middle part of Unit 2. The
shell rhythmic clay-rich shale occurs in Unit 1 and the lower part
of Unit 2. The frequency of the shell interlayer is variable through
the section, with an average layer density of 70 laminations/m. The
shell limestone appears from Unit 1 to Unit 3, and the shell interlayer
accounts for more than 90% of the shell limestone. It is worthwhile
noting that in Unit 3, two shell limestone layers whose thicknesses
are 80 cm and 25 cm are used as marker layers because of their
greater thickness.

A large number of shell layers (laminae and interlayers), with
thickness ranges from 1 mm to 50 cm, occur in the Dong-1 member.
The shell layers in Unit 1 show normal and reverse rhythms. The
normal rhythm shows the thicknesses of the shell layers, and the
areal ratios of shell layers/black shell matrix increase from bottom to
top, and the spacing between two shell layers decreases (Figure 3).
In the reverse rhythm, the thicknesses of the shell layers and the
areal ratios of shell layers/black shell matrix decrease from bottom
to top, and the spacing between two shell interlayers increases
(Figure 3). In Unit 2, shell layers of 1-10 cm that show sharp
boundaries with the black shale matrix were deposited. Thin-section
observations show that the voids between shell clasts are filled with
the black shale matrix (Figure 3). However, in the upper part of
Unit 2, two thick layers of shell interlayers, whose thicknesses are
80 cm and 25 cm, respectively, were deposited. In these two thick
shell interlayers, the black shale matrix does not in-fill the voids
between shell clasts (Figure 3). In Unit 4, shell laminae were mainly
deposited (Figure 3).

Classification of calcite types in shell clasts

Thin-section observations identified six types of calcite: (1) Cl1:
shell without diagenesis, (2) C2: shell with diagenesis, (3) C3: sparry
calcite growths along the edge of shell clasts, (4) C4: fibrous calcite
growths along the edge shell clasts, (5) C5: micrite, and (6) Cé:
sparry calcite in-filling the pores and fractures within the shell-rich
carbonate rock (Figure 3).
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FIGURE 2

Characteristics of shell interlayers in shale of different units in the well XYA.

FIGURE 3

Thin section photos of six calcite types in the shell interlayer of the Dong-1 member in well XYA: (A) fine to medium calcite, (B) the micro-sparry calcite
distributed along the edge of the scale limestone, (C) fibrous calcite with a vein—lens distribution along the margin of the shell interlayer, (D) clastic
particles of the shell, (E) micritic calcite, and (F) sparry calcite with late filling of pores/fractures in the shell interlayer and filling of pores/fractures in
shell limestone along the margin of shell imestone vein—lens distribution along the margin of shell limestone.

C1 is the body of the shell that has not experienced diagenesis.
However, shells are prone to break under compression. C2 is a
subangular rhomboid to irregular polygon in shape, exhibits slight
dolomitization, and appears to have been affected by the crushing
process of storms. C3 shows sharp contact surfaces with shells
and does not contain obvious dissolution pores. C4 shows dark-
colored axes in the middle of crystals, which are identified as oil
by showing blue to blue-purple color after staining. C5 is mainly
microcrystalline calcite in carbonate-rich shales. C6 is light-colored
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in-fill of fractures and pores, and can be seen in the cores. The
dark-colored axis can be seen in the minerals by the naked eye.

Major and trace elements
In the black shales, the most abundant major elements are

Al)O;, Fe,0; and K,O, with average concentrations of 19.82%,
6.98%, and 3.57%, respectively. The concentrations of CaO and MgO
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TABLE 3 Major element contents of 24 samples from the XYA well in the Fuxing area.

Sample ID Major element (%)
CaO K,O MgO Na,O TiO,
XYA 2935.6 19.42 5.14 7.53 3.65 211 0.04 0.55 075
XYA 2936.6 20.17 118 6.52 391 1.93 0.03 0.65 0.74
Unit 4
XYA 2937.5 19.19 6.98 6.30 325 1.72 0.04 0.59 0.73
XYA 2938.7 21.16 2.44 7.13 3.82 2.10 0.04 0.63 071
XYA 2939.6 6.98 37.74 3.03 1.17 0.89 0.04 0.20 0.22
XYA 2940.7 20.00 1.34 6.23 3.69 1.90 0.03 0.59 0.81
XYA 2941.5 19.60 332 6.71 3.57 2.08 0.04 0.56 0.79
XYA 2942.5 Unit 3 7.42 25.03 12.78 1.21 2.80 0.22 0.18 0.26
XYA 2943.7 20.74 1.91 7.42 3.54 2.09 0.04 0.60 0.77
XYA 2944.5 20.64 257 6.50 3.54 1.94 0.04 0.58 0.72
XYA 2945.6 20.49 3.92 7.31 3.50 1.78 0.04 0.57 0.71
XYA 2946.4 16.78 13.41 6.62 3.05 1.91 0.05 0.48 0.61
XYA 2947.7 19.76 0.45 6.41 3.57 1.98 0.03 0.64 0.92
XYA 2948.7 20.13 2.28 7.13 3.67 2.05 0.04 0.55 0.86
XYA 2949.7 19.71 0.42 7.52 3.79 2.14 0.04 0.60 0.89
Unit 2
XYA 2950.7 20.45 0.81 7.13 3.82 2.07 0.04 0.54 091
XYA 2951.7 18.98 0.38 6.45 328 1.90 0.03 0.60 1.02
XYA 2952.7 19.69 1.73 6.54 3.57 1.92 0.04 0.57 0.94
XYA 2954.6 19.32 4.58 8.10 3.58 2.04 0.06 0.52 0.80
XYA 2955.7 20.37 1.49 7.31 3.58 2.01 0.06 0.60 0.87
XYA 2956.6 20.60 1.77 7.19 371 2.02 0.04 0.57 0.90
XYA 2957.5 Unit 1 18.30 4.75 6.71 3.09 1.83 0.05 0.63 0.88
XYA 2958.4 19.97 1.22 7.62 3.63 1.97 0.04 0.50 0.89
XYA 2959.5 20.63 1.55 7.20 3.76 2.06 0.05 0.58 0.94

average 2.89% and 1.98%, respectively, whereas the concentrations
of MnO, Na, 0, and TiO, are less than 1%. In contrast, the two thick
shell interlayers have higher average CaO and Fe,O; concentrations
than the black shales (31.39% and 7.90%, respectively), but lower
concentrations of other major elements (Table 3).

The analytical data show that there are significant differences
in the concentrations of trace elements between black shales and
the two thick shell interlayers. The black shales have 1.45-3.44-
times higher average concentrations of all trace elements, except
Sr, than the two thick shell interlayers. The two thick shell
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interlayers have 5.17-times higher average Sr concentration than the
black shales (Table 4).

Porosity and pore types

The porosity of the black shale ranges from 2.1% to 4.8%, and
the porosity of two thick shale interlayers is 0.9% (Table 1). Shales
in Unit 3 have the highest average porosity of 4.4%, whereas the
shales in Unit 4 and Unit 2 have average porosities of 4.1% and
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TABLE 4 Trace element contents of 24 samples from the XYA well in the Fuxing area.

Sample ID | Unit Trace element (ug/qg)
Ni ‘ Sr ‘ \' Zn Zr La
XYA 2935.6 689.03 | 1771 | 11086 | 5683 | 66.53 | 5120 19233 | 15728 | 17535 | 137.82 | 3075 | 1454 274
XYA 2936.6 76427 | 1496 | 12233 | 5535 | 7278 | 5001 15876 19381 | 16611 | 13252 | 2504 1144 235
Unit 4
XYA 2937.5 67128 = 1491 | 10542 | 53.88 | 6882 | 3995  277.90  163.82 15635 = 13003 = 27.64 | 1357 2.6
XYA 2938.7 87842 | 1489 | 11622 | 5876 | 6641 | 4785 = 17636 16259 | 19282 | 13491 | 3137 | 1481 258
XYA 2939.6 68663 = 7.59 | 4395 | 1684 | 2219 | 2064 111494 5569 | 6199 | 4495 = 1139 | 461 | 106
XYA 2940.7 782.15 16.85 119.09 63.14 78.63 53.38 177.05 169.25 139.96 147.19 31.48 14.69 2.71
XYA 29415 77408 | 1551 | 11655 | 57.10 | 7348 | 4704 18180  163.08 13547 = 15834 = 3335 1534  3.07
XYA 2942.5 Unit 3 383.00 6.62 43.43 21.85 32.26 22.87 658.92 78.56 62.19 48.70 13.29 4.83 1.73
XYA 2943.7 78897 | 1802 | 11615 | 50.04 | 7846 | 5028 = 17072 18148 | 18486 | 13340 = 2750 | 1257 | 259
XYA 2944.5 81673 | 1661 | 11941 | 5377 | 6813 | 4447 16928 17358 | 12972 | 13098 | 27.68 | 1273 | 249
XYA 2945.6 79267 | 2005 | 11367 | 5482 | 6497 | 47.66 18401 | 18295 | 15882 | 13527 | 2942 1515 | 291
XYA 2946.4 697.09 = 1903 | 9531 | 5279 | 67.86 | 4394 30884 13418 10927 = 11836 = 3096 1512 246
XYA 2947.7 757.92 | 1769 | 12238 | 5942 | 8516 | 5119 | 12793 16659 = 16441 | 18154 | 3758 | 19.65 = 343
XYA 2948.7 82836 = 2141 | 11698 | 6693 8880 | 53.04 16617 | 16600 | 22291 | 17009 | 4895 = 22.89 | 3.91
XYA 2949.7 808.72 18.76 118.63 64.63 97.95 57.02 127.30 173.67 153.57 170.24 34.87 19.84 3.38
Unit 2
XYA 2950.7 83556 1845 | 12342 | 6140 | 9412 | 5503 12548  169.82 15468 = 17748 @ 3606 & 1742 340
XYA 2951.7 72431 | 1666 = 11721 | 7531 | 8837 | 5611 12110 15642 = 15937 = 20036 = 4108 | 23.69 | 3.77
XYA 2952.7 80393 | 1956 = 12337 | 8445 | 87.86 | 5725 16392 16866 = 208.62 = 18759 | 5167 | 2852 488
XYA 2954.6 77129 | 1569 | 11293 | 5329 | 83.35 | 4560 19702 15766 = 13425 = 15927 | 3676 | 19.50 = 3.33
XYA 2955.7 803.92 | 2155 | 12545 | 5688 | 9811 | 5854 14892 17551 | 16395 18423 | 3843 | 1801 & 3.19
XYA 2956.6 86376 | 1991 | 12299 | 6973 | 8532 | 5652 13878 | 17889 | 14255 | 180.96 | 37.09 | 20.24  3.94
XYA 2957.5 Unitl | 69423 = 1982 11366 = 6885 | 8322 | 5580 19624 15872 | 15393 | 20106 = 4261 | 2124 420
XYA 2958.4 787.94 | 1900 | 123.10 | 7869 | 10615 | 59.60 | 130.13  187.05 = 16024 | 18452 = 3870 | 1898 & 4.02
XYA 2959.5 817.20 19.97 123.74 70.98 86.64 60.11 132.05 175.39 164.40 191.83 37.51 18.00 3.46
3.7%, respectively. The shales in Unit 1 have the lowest average Discussion

porosity of 3.1% (Figure 2).

The FE-SEM data show that the porosity of the shales is
mainly composed of clay mineral intergranular pores, with a small
number of organic matter pores and microfractures (Figure 4).
However, in the shell layers, the intergranular pores dominate the
porosity. Some intergranular corrosion pores are filled with organic
matter, along with the microfractures that connect the intergranular
corrosion pores (Figure 4).
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Sedimentary environment of the Dong-1
member

Paleo-redox and paleo-salinity conditions

The paleo-redox condition has been proven to be one of the
important parameters for evaluating organic matter accumulation
(Calvert and Pedersen, 1993; Dean et al., 1997; Tribovillard et al.,
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FIGURE 4

SEM images of pores and organic matter in lacustrine shales and shell interlayers. (A) Organic pore and intergranular pores of clay minerals, (B)
intergranular pores of clay minerals, (C) microfracture, (D) organic pores, (E) microfractures, (F) organic pores.

intergranular pores of
clay minerals

N Sum,

2006). Preservation of organic matter is favored in aerobic
environments compared to oxidation environments. Previous
research has demonstrated that the elements V and Ni are more
likely to accumulate in shales deposited in a reducing environment
(Feng et al, 2011; Chen et al, 2016). In a highly reducing
environment, V has a higher enrichment factor coefficient than Ni,
whereas V and Ni show similar enrichment factor coefficients in
an oxidizing environment. The stronger the reducing conditions,
the higher will be the value of w/Wy,n;), where W is the
weight percentage. Consequently, the value is used to indicate an
anaerobic environment (>0.84), an anoxic environment (0.6-0.84),
and an aerobic environment (<0.6). (He et al., 2022a). Results show
that the Wy)/Wy,n) Value of the Dong-1 member ranges from
0.73 to 0.8 (Figure 5), indicating an anoxic environment during
deposition (Lin et al., 2008). Generally, it shows no obvious value
changes among the shales in Units 1-4, and only the two thick shell
interlayers in Unit 3 have lower values. Three types of lithofacies,
namely, shell-laminated clay-rich shale, silt-shell-laminated clay-
rich shale, and shell rhythmic clay-rich shale, are mainly deposited
in deepwater areas, whereas the lithofacies of shell limestone is
deposited in shallow-water areas.
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Lake paleo-salinity strongly influences the biochemical
processes in the water body and is an important parameter
controlling the accumulation of organic matter in shale (Wei et al.,
2018; Wei and Algeo, 2019). Usually, high-salinity lake water is
related to high productivity, and moderate salinity is beneficial
for the preservation of organic matter (Schenau et al, 2001;
Tribovillard et al., 2006; Wu et al., 2019). The Sr/Ba ratio is a key
factor in estimating the paleo-salinity of lacustrine sediments. When
the salinity increases, Ba precipitates as BaSO,. As evaporation
proceeds and water concentration increases, Sr precipitates as SrSO,.
According to the Sr/Ba ratio, water salinity can be classified to be
fresh water (<0.5), brackish water (0.5-1), and saline water (>1)
(He et al., 2022b; Wei and Algeo, 2019). Results show that the
Sr/Ba ratio during black shale deposition ranges from 0.15 to 0.44
(Figure 4). The two thick shell interlayers in Unit 3 exhibit a much
higher ratio of 1.6 and 1.7, indicating that they were deposited in an
evaporative saline water environment. After removing the two thick
shell interlayer outliers, there is no significant difference in paleo-
salinity among different lithofacies, and the average ratio is 0.21,
indicating that the lake contained fresh water during deposition.
This is consistent with the paleo-redox index (Table 4).
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Stratigraphic column with total organic content (red line), porosity (orange line), and geochemical data on redox conditions (blue line), productivity (red
line), salinity (yellow line), water-depth (brown line), CIA (light blue line), and sedimentation rate (green line) from the Well XYA.

Paleoclimate and paleo-productivity conditions

Changes in paleoclimate influence parent rock weathering,
sediment transport, and preservation conditions of organic
matter. A warm and humid climate accelerates the circulation of
atmospheric water, enhances primary productivity, and favors the
burial of organic matter. The major and trace element concentrations
can indicate the intensity of parent rock weathering in its provenance
and the changes in Paleoclimate during deposition (Nesbitt et al.,
1996; Zhang et al., 2005; Chen et al., 2011). The chemical index of
alteration (CIA) has been used to reconstruct the paleoclimate, as
shown in Equation 1 (He et al., 2022a):

CIA = AlL,O;/(AL, 05 + CaO* + Na,O + K,0) x 100, (1)

where  CaO¥is  calculated Mclennan’s  method
(McLennan, 1993; Bai et al., 2015).

A CIA larger than 85 indicates that the paleoclimate was tropical

using

and humid and the intensity of parent rock weathering. A CIA
between 65 and 85 indicates a warm and humid climate and that the
intensity of parent rock weathering was moderate. CIA values less
than 65 indicate a cold, arid climate and that the intensity of parent
rock weathering is low (Nesbitt and Young, 1989; Nesbitt et al.,
1996). The CIA values of the two thick shell interlayers in Unit
3 are very low (15.1 and 21.9), indicating a cold and arid climate
(Figure 5; Table 4). In contrast, the CIA values of remainder of the

Frontiers in Earth Science

11

Dong-1 member range from 64.0 to 81.6, indicating a warm and
humid climate with moderate rock weathering. This paleoclimate is
favorable for primary productivity and organic matter preservation.

Paleo-productivity is an important factor in controlling the
organic matter content and petroleum generation potential of
sediments. High intensity of photosynthesis increases bioactivity
and accelerates the carbon cycle, resulting in high paleo-productivity
(Livetal.,2016; Luetal., 2019; Wangetal., 2019). This study used the
Ba-bio index to evaluate the paleo-productivity (Lu et al., 2019). The
Ba element in shale usually originates from two potential sources:
(1) biogenetic Ba comes from organic matter of plankton and barite
(BaSO4) from bioclasts and (2) extrinsic Ba charge from terrestrial
sources (Katz, 1995; Ding et al., 2016). The Ba-bio index can be
calculated using Equation 2:

Babio = Bagple —Alsmple X (Ba/ADppys (2)

where Bag,,. and Al,,,. are the weight percentages in rock
samples, PAAS is post-Archean Australian shale, and (Ba/Al)py 5 is
a constant of 0.0068 (Thomson et al., 1998; Tribovillard et al., 2006).

The result of the Ba-bio calculation shows that the paleo-
productivity of the shell-laminated clay-rich shale is 97.4 ppm,
which is the highest in Unit 4 among the four lithofacies. The
silt-shell laminated clay-rich shale and the shell rhythmic clay-
rich shale have lower paleo-productivities (76.6 and 50.4 ppm,
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Stratigraphic distribution of geochemical data on S content (green line), S/TOC (blue line), and §13C (pink line) from the Well XYB.

respectively), whereas the shell limestone has the lowest paleo-
productivity (29.0 ppm) (Figure 5; Table 4).

Sedimentation rate and paleo-water depth

In this study, we reconstructed paleo-water-depth changes
during deposition processes by analyzing cobalt (Co) and rare
elements in sediments using the method proposed by Zhou et al.
(1995). The sedimentation rate was calculated with Co, and
the paleo-water depth was calculated with La and Co, using
Equations 3 and 4:

Vg=Vox ———2——, (3)
(SCo —tXx TCO)
H=3.05x L/Sz (4)
(v:")
Frontiers in Earth Science 12

where Vs is the sedimentation rate during rock deposition, V, is
the sedimentation rate of lake sediments (usually 150-300 m/Ma;
this study uses 300 m/Ma), N, is the Co concentration of
lake sediments, Si, is the Co concentration in rock samples, t
represents the influence of terrigenous Co on the sample [ratio
of La in rock: La (38.9 x 107%) in charged sediments], Te, is
a constant (4.68 x 107°), which represents the concentration of
charged sediments, and H is the deepest water depth of the
lacustrine basin.

As shown in Figure 5, the sedimentation rate and paleo-water
depth show a similar trend. The shell-laminated clay-rich shale
was deposited in the deepest water depth (average paleo-water
depth: 38.1 m; average sedimentation rate: 490 m/Ma). The silt-
shell-laminated clay-rich shale and the shell rhythmic clay-rich
shale were deposited in a shallower water depth (average paleo-
water depth: 30.4 and 29.1 m; average sedimentation rate: 450 and
566 m/Ma, respectively). The shell mudstone was deposited in the
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FIGURE 8
Sedimentary model of the Dong-1 member in the Fuxing area.

average paleo-water depth of 25.9 m, and the average sedimentation
rate is 588 m/Ma. The shell limestone was deposited in the shallowest
paleo-water depth of 23.9 m, with an average sedimentation rate of
637 m/Ma. The two shell limestones were deposited in the paleo-
water depth of 10.1 and 7.3 m, with average sedimentation rates
of 964 and 1,194 m/Ma. The results of paleo-water depth and the
sedimentation rate are well matched with paleo-redox conditions,
paleo-salinity, paleo-productivity, and the paleoclimate. There is a
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significantly higher degree of variability in every parameter of Shell-
1 and Shell-2 in Unit 3 than that of other intervals. This variability
suggests that the depositional environment changed abruptly, either
due to special geological events (such as volcano eruptions or gravity
flow) or a rapid decrease in lake levels. The Shell-1 and Shell-2
intervals deposited in shallow water were exposed to the oxidizing
environment, and the paleo-productivity was low, resulting in a low
amount of organic matter accumulation.
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Sedimentary Braided Lobes Turbidite Downcut
Channel Channel thin layer Channel
FIGURE 9
Core pictures of five sedimentary microfacies of XYA Dong-1 member (T: Transgression, R: Regression). (A) Sedimentary channel, (B) braided channel,
(C) lobes, (D) turbidite thin layer, (E) downcut channel.

Sedimentary history of the Dong-1 member

The previous sedimentary environment analyses indicate that
the Dong-1 member was deposited under a warm and humid climate
with moderate weathering, and the lake level was getting deeper,
forming an overall deepwater anoxic environment, as indicated
by the value of wt.,,/wt.;,, \; and paleo-water depth. However, the
deposition period of two thick shell interlayers in Unit 3 show
different properties, indicating that the sedimentary environment
has changed.

Special geological events such as glacial period, volcanic
eruptions, and tectonic activates make the sedimentary environment
change abruptly (Algeo et al., 2016; Langmann et al., 2010; Lu et al.,
2019). Previous research indicates that during the early Jurassic
(201-174 Ma), the violent emplacement and eruption of Central
Atlantic magmatic province (CAMP) abruptly changed the climate
and sedimentary environment. The release of volcanic greenhouse
gases from CAMP turned the water to be anoxic (Lamotte et al.,
2015; Zhang et al., 2022a; Zhang et al., 2022b). Marisa et al. (2020)
and Marco et al. (2022) investigated the continuous §13Corg and
pollen records of early Jurassic, indicating that carbon isotope
excursions toward lower values in whole-rock carbonates dated from
the Sinemurian/Pliensbachian boundary; Davoei, Margaritatus, and
Spinatum zones; and possibly from the Pliensbachian-Toarcian
boundary (Marisa et al., 2020; Marco et al., 2022). Schollhorn et al.
(2020), Lindstrom et al. (2019), and Lindstrom et al. (2021) found
that the volcanic eruption caused the carbon isotope negative offset,
which is related to the concentration of Hg (Schollhorn et al,
2020; Lindstrom et al., 2019; Lindstrom et al., 2021). Moreover,
analysis of the Dong-1 member of the XYB well (10 km away from
XYA) reveals that the changes in S/TOC and §13Corg vs depth
indicate a negative offset in §13Corg and abnormally high S/TOC
values immediately before the thicker shell interlayer deposition.
As important information retained in sedimentary records, the
composition and distribution of carbon isotopes can well reflect
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the paleo-climate, paleo-productivity, and burial rate of organic
matter (Hatch etal., 1987; Liu etal., 2021; He et al., 2021). The
carbonate isotope of kerogen §13Corg in Unit 3 shows a short
negative offset (>3%o), which was thought to be influenced by
a volcanic eruption (Figure 6). However, there is no evidence of
volcanic eruption during the deposition of the Dong-1 member.
Therefore, a possible explanation for this abrupt environmental
change is the deposition of the thick shell interlayer under
the influence of the middle and remote volcanic activities; the
greenhouse gas covered a large area, the oxygen concentration
decreased, and the shell organisms massively died and were
transported to the deposition area.

Overall, during the deposition of the Dong-1 member, climate
changes and geological events resulted in significant variations in
the depositional environments of the lacustrine basin in the Fuxing
area. From Unit 1 to the middle of Unit 3, the basin deepened slowly
and formed the lithofacies of shell-laminated clay-rich shale and silt-
shell-laminated clay-rich shale. During the deposition of the middle
section of Unit 3, this area was influenced by volcanic activities,
and the climate changed from warm and humid to dry and cold
conditions. The lake shrank rapidly, the lake level decreased, and
the water body became shallower. These events corresponded to the
first thick shell interlayer of 25 cm and thus formed the lithofacies
of the shell limestone. Subsequently, the climate returned to warm
and humid conditions, the lake expanded and deepened, and the
lithofacies reverted to shale and shell rhythmic interlayer for a short
duration, forming the lithofacies of the shell rhythmic clay-rich
shale. However, volcanic events that occurred at the top of Unit 3
led to another round of rapid lake shrinkage. The climate conditions
suddenly changed from a warm and humid climate to a dry and cold
climate, with a lack of oxygen that cannot meet the conditions for
the survival of the shell, resulting in a large number of shell deaths
and sedimentation in water bodies. The extreme climate conditions
led to a significant die-off of the bivalves, and a large amount of
shell was deposited as the second thick interlayer (80 cm). At the
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Model of sedimentary environment evolution during the Dong-1 member period in the Fuxing area. (A) Depositional scheme of the Unit 1 to the middle
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SEM images of microfractures between the shell and mudstone in the lacustrine shale and of microfractures formed inside the shell: (A) microfractures
between the shell laminae and shale, (B) enlarged image: microfractures exist between the shell lamella and shale, (C) edge of the shell recrystallized to
form microfractures, and (D) microcracks form inside the shell.
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the microfacture and isolated pores, (C) micofracture.

SEM images of the microfractures in the shell layer connect dissolution pores. (A) Microfractures and pores connected to them, (B) pores connected to
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Fuxing area, East Sichuan Basin.

Schematic diagram of differential enrichment of organic matter in different types of shells in the Dong-1 member of Jurassic Ziliujing Formation,
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start of deposition of the Unit 4 sedimentary section, the climate
turned warm and humid, and the lake expanded and deepened for
an extended period. Increasing rainfall, biological production, and a
slow deposition rate in the lake basin contributed to the deposition
of a set of organic matter-rich shell-laminated shales.

Sedimentary model of the Dong-1 member

The sedimentary model of the Dong-1 shale is still unclear,
and three sedimentary models have been proposed: (1) lake water
periodic changes sedimentary model: shale deposits in a semi-
deep to deep lake, and the shell interlayer deposits in the beach
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shore facies of the shallow lake (He et al., 2022b); (2) storm event
sedimentary model: shale deposited everywhere in the lake, while
influenced by storm events, the shell fragments were brought from
the shoal into the deep water, and the shell interlayer was deposited
in the deep lake (Zhu et al., 2016); and (3) gravity flow sedimentary
model: controlled by gravity flow, shells were transported from the
shoal to the deep lake (Peng et al., 2022). The distribution of shells
shows the normal and reverse rhythms, bottom scouring surfaces,
and slump structures in Unit 1 that are typical of deepwater gravity
flow sedimentary textures (Figure 7). In addition, the major and
trace element concentrations indicate that the shale in Units 1-4 was
deposited in a semi-deep lake with low oxygen levels. Peng et al.
(2023) studied the Dong-1 shale in the Eastern Sichuan Basin and
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found that the fine-grained sediments were deposited by gravity
flows, which is consistent with the findings of this study.

The shell distribution in the Dong-1 shale is influenced
by gravity flow in a shell-rich sub-lacustrine fan sedimentary
1978) (Figure 8). Sedimentary
lithofacies in the system can be classified into five microfacies. The

depositional system (Walker,

first microfacies is the sedimentary channel, which exhibits a normal
rhythm deposition of shell clasts. The shell clasts are broken at the
bottom, whereas the upward transition to line-to-point contacts
shows good stratification (Figure 9A). The second microfacies is
the braided channel, which shows a normal rhythm deposition of
shell clasts. The shell clasts are unbroken and make contact with
each other at the bottom to form shell laminae. The upper part
shows point contact and sporadic shells (Figure 9B). The third
microfacies occurs in the depositional lobes and shows a reserve
rhythm. Unbroken shell clasts at the bottom part have line-to-point
contacts and show good stratification, whereas at the mid-to-upper
part, the shell clasts are broken (Figure 9C). The fourth microfacies
is thinly layered turbidites. In this microfacies, dispersed shells are
laminated into mm-size laminae, and a small number of shell clasts
are irregularly distributed in the black shale matrix (Figure 9D). The
last microfacies is the down-cut channel sediments. The thickness
of this microfacies ranges from 10 cm to 1 m with layered broken
shell clasts. At the top of this microfacies, there is a sharp boundary
between the shale matrix and limestone (Figure 9E).

The soft sediments are scoured by the wave action, forming
a slump and convolution structure. The normal lacustrine wave
action has a limited ability to transport sediments, whereas storm
events have a stronger capability to scour and transport sediments.
Storm events can trigger the large-scale movement of shell clasts
from shallow water deposits to semi-deep to deep water through
gravity flow. During sediment transportation, different-sized shell
clasts are deposited sequentially and form a normal rhythm
in the sedimentary channel and braided channel (Figures 8A,B,
Figures 9A,B). However, long-distance transport deposits the shell
clasts to the distal part and sub-lacustrine fan lobes with reverse
rhythms (Figure 8C, Figure 9C). In addition, at the margin of the
gravity flow, a small amount of shell mixed with black mud-sized
sediments forms sporadic shell shale, which occurs mainly in the
deepwater area of the inner fan region of the sub-lacustrine fan
(Figure 8E, Figure 9E).

The Dong-1 member is deposited in an overall deepwater
environment. The water depth from Units 1-3 oscillated periodically
but decreased overall. The shell clast interlayers were, in general,
deposited in a sub-lacustrine fan environment with a generally stable
climate. However, the system experienced extreme climate changes
during the deposition of the two thick shell interlayers. Rapid lake
shrinkage led to a shallow water oxidizing environment and the
deposition of shoal shell interlayers. The climate turned warm and
humid in Unit 4, whereas rainfall increased the lake water depth and
led to lake expansion and transgression (Figure 10).

Densification of shell layers
Although shell layers are composed of shell clasts, they show

different petrophysical properties due to the effects of different
processes. As the deposition of shell layers was closely related to
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sedimentary environments, when volcano eruptions or gravity flow
occurred, sedimentary environments and climate changed abruptly,
resulting in a massive die-off of the bivalves. As a consequence, the
thickness of the shell interlayer increased. In addition, the shell layers
experienced multistage diagenesis processes that resulted in most of
them forming tight (i.e., low porosity) intervals. At the start, there
was significant breakage of the shells under compression during
burial (Figure 3A), followed by the dissolution of the shell fragments
and reprecipitation of calcite along the edges of the shells during
petroleum generation. Subsequently, organic acids were generated,
which dissolved the carbonate minerals, forming Ca**-rich fluids
and clay minerals, releasing Fe, Mg, and Ca ions into the fluid. The
ion saturation continued to increase, forming overpressure in the
formation fluid and resulting in the rupture of the shell wall of the
shell limestone and the formation of fibrous calcite (C3 and C6) that
grew perpendicular to the joint surface. These diagenesis processes
reduced interparticle pores and densified the shell layers. At the same
time, the dissolution of shell clasts, precipitation of fibrous calcite
along the shell edge, and cementation by ferrocalcite will also reduce
porosity and densify the shell layer (Feng et al., 2023). Overall, the
shell layers experienced the processes of densification-cementation,
As a
of these diagenesis processes, shell layers above and below

densification-accumulation, and preservation. result

the shale matrix become dense seal layers and restrict

petroleum migration.

Influence of different shell layers on shale
oil accumulation

Unlike other lacustrine shales, which contain siliceous and
carbonate interlayers, the Dong-1 member is dominated by shell
layers. During the deposition of the Dong-1 member, the water body
in the area was fresh water, and freshwater bivalves were widely
distributed across the Paleo-Asian continent. These freshwater
bivalves favor warm and humid climates and are sensitive to
the change in the environment (Cai, 1988; Deng et al., 2017).
This type of carbonate bioclast varies in form, such as intact
pieces and fragments, which originated from shallow-water shell
beaches and were transported to semi-deep to deep water through
gravity flow. The TOC concentrations of the shell interlayer are
low (0.5%-1%) (Figure 2; Table 1), and SEM images show an
absence of organic matter and only a small number of isolated
intraparticle dissolution pores. These features indicate that shell
interlayers may be sealing intervals, which have no petroleum
generation potential and contribute very little to the total porosity.
However, not all the shell interlayers are seals. A large number
of dissolution pores and microfractures appear along the contact
of shell layers and shale, and microfractures cut across the
laminated shell and the layered shell interlayers and can provide
storage space and migration pathways for petroleum (Figure
11). Consequently, these intervals are reservoirs rather than
seal intervals.

As shown in Table 1, the shell-laminated clay-rich shale and silt-
shell-laminated clay-rich shale mainly occur in Units 2-4 and have
the highest porosity (3.09%-5.42%). The shell rhythmic clay-rich
shale has a higher porosity (2.21%) than the thickly layered shell
interlayers (1.72%).
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The SEM observations show that the shale is mainly in
the form of organic pores and clay mineral intergranular pores
(Figures 4A,B). In addition, a large number of dilution pores are
found in the shell clasts, with pore size ranging from tens to
hundreds of nanometers. Organic matter and organic matter pores
also occur in the dilution pores (Figures 4C-F), providing additional
storage space for petroleum. In the laminated shell layers in shale,
the contact surface of the shell and shale is the weakest stress
surface, and microfractures can form readily. Compression can
fracture the shell clasts and generate microfractures (Figures 4C,D).
The microfracture breadth can reach 7.37 um (Figures 4A,B). In
addition, microfractures can connect previously isolated pores
and create pathways for petroleum migration (Figure 12). Shell
interlayers and organic matter-rich shales are mixed in the layered
shell interlayer. The shale matrix that overlays, underlies, and occurs
within the shell interlayer, along with the shell interlayer itself, is
classified as the second best source rock-reservoir combination
(Figure 13). For the thick shell interlayer, shell clasts are compacted
into densified tight layers, and no shale in-fill and no microfractures
between shale clasts are observed through SEM. The amount of
microfracturing within the shell clasts is less than that in the
laminated shell and the layered shell interlayers. These sporadic
microfractures cannot provide an efficient pathway for petroleum
migration (Wang et al., 2021).

Conclusions

The Jurassic Dong-1 member in the Fuxing area is subdivided
into four lithofacies. The shale of the four lithofacies is mainly
developed with inorganic pores, but three types, namely, shell-
laminated clay-rich shale, silt-shell-laminated clay-rich shale,
and shell rhythmic clay-rich shale lithofacies, developed more
microcracks, whereas the reservoir of shell limestone lithofacies
is relatively dense, with little development of microcracks. The sub-
lacustrine fan shell-rich shale of shale members was deposited in
a semi-deep lake sedimentary environment under the influence
of gravity flow. Three types of shales were deposited in a humid
and warm climate in a strong reduced environment. On the one
hand, the contact surface between the layers in the three rock
phases and shale is prone to form microcracks under external
forces, which is conducive to the storage and migration of oil
and gas. On the other hand, the edges of the shell layers are
easily dissolved by organic acids to form microcracks, which is
conducive to the permeation of oil and gas. Therefore, the layer
structure in shale is conducive to the enrichment of oil and gas.
When the paleoclimate abruptly turned cold and dry, the water
body became shallower and oxidizing, with higher salinity, and the
mass die-off of freshwater bivalves occurred. The shell limestones
were deposited in this environment and can only be sealed to
prevent petroleum leakage and migration, not conducive to oil and
gas enrichment.
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