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ABSTRACT

Diagenesis plays a crucial role in shale oil reservoir formation. However, complex organic-inorganic interactions
result in pore system formation and heterogeneity changes at the centimeter, or even micrometer scale, which
controls the evolution of shale oil reservoirs. In this paper, an integrated approach including core observation,
thin section observation, cathodoluminescence thin section observation, scanning electron microscope, p-XRF
analysis, electron microprobe analysis, AMICS analysis, LA-ICP-MS analysis, and isotope analysis was used to
clarify the laminae combination carbonate-rich shale, diagenetic alterations in different types of shale laminae
and the controls on shale oil reservoir formation. According to the lamina combination, the carbonate-rich shale
in the Permian Lucaogou Formation can be divided into three types. They are shale consists of dolomitic lamina
and terrigenous felsic lamina (Type A shale), shale consists of calcite-rich tufaceous lamina and terrigenous felsic
lamina (Type B shale) and shale consists of calcareous lamina and tufaceous lamina (Type C shale). Dolomite
cementation is the major diagenesis in terrigenous felsic lamina of Type A shale. The dolomite can be identified
as the early stage forming from recrystallization of micrite dolomite, and the late stage precipitate from adjacent
dolomitic lamina. In the terrigenous felsic lamina of Type B shale, however, the calcite cementation is the
dominated diagenesis, which was sourced from adjacent calcite-rich tufaceous lamina. Also, some feldspar
dissolutions occurred in terrigenous felsic lamina during organic matter evolution. For the Type C shale, the main
diagenetic alteration is micrite calcite recrystallization in calcareous lamina. The dissolution and precipitation of
carbonate minerals between different laminae of carbonate-rich shale reveal that the organic matter evolution
significantly influence the diagenetic alterations of inorganic minerals. Particularly, the diagenetic mass transfer
and redistribution at the micro-scale in a relatively diagenetic system were confirmed by organic-inorganic in-
teractions in laminated shale. In this process, dissolution pores and recrystallization pores have provided
considerable reservoir pores for shale oil.

1. Introduction

Xu, 2023), which are the basis of economically effective shale oil
exploration. Previous studies have shown that deposition and diagen-

With the increasing interest in unconventional oil and gas systems,
shale oil and gas have shown great potential as an important role for
future resources reserves worldwide (Zou et al., 2019; Zhao et al., 2020;
Xu et al., 2022). However, due to the extremely heterogeneities and
anisotropic nature of shale, identifying the “sweet spots” remains a
major challenge during exploration and development (Hart et al., 2013;
Hu et al., 2021). Reservoir pores formation and mechanical properties
(brittleness) variation determine the likelihood that a shale will reserve
and fracture (Yoon et al., 2020; Xu et al., 2022; Li et al., 2022; Gou and
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esis, as key controlling factors, determine the heterogeneities of the two
properties (Hart et al., 2013; Milliken et al., 2016; Yoon et al., 2020; Jin
et al., 2020). The deposition process determines the original heteroge-
neities of composition, structure, particle contact relationships, initial
porosity, and organic matter abundance (Lazar et al., 2015; Wu et al.,
2016; Zhang et al., 2022; Critelli et al., 2018; Civitelli et al., 2023; Criniti
et al., 2023). Diagenetic alterations, such as carbonate cementation,
carbonate recrystallization, silicate dissolution, clay mineral trans-
formation, and thermal maturation of organic matter, usually result in
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heterogeneity changes at the centimeter, or even micrometer scale
(Critelli and Nilsen, 1996; Liang et al., 2018; Han et al., 2020; Lin et al.,
2021; Gou and Xu, 2023), directly affecting the properties of shale.
However, shale usually present as complex components consisting of
mixed deposits from terrestrial sources, endogenous sources, volcanic
sources, and organic matter (Wu et al., 2016; Zhang et al., 2022). In
addition, due to the fine particle size, frequent structural changes, low
porosity and permeability, and complex compositions of shale, its
diagenetic process involves complicated interactions among organic
components, inorganic components, and pore systems (Schulz et al.,
2016; Wu et al., 2017; Han et al., 2020). This complexity increases the
difficulty of related studies. As a result, the evolution of shale diagenesis
is still not fully understood.

Carbonate-rich shale is widely developed in lacustrine basins, and is
one of the dominate reservoir rocks for shale oil (Liang et al., 2018; Li
et al., 2022). As important mineral components in the rocks, carbonate
minerals (calcite and dolomite) can cause changes in the micro-scale
pore structure and mechanical properties (Mathia et al., 2016; Liang
etal., 2018; Wang et al., 2021; Lin et al., 2021). The chemical properties
of carbonate are sensitive to changes of diagenetic environment (Bar-
bera et al., 2011; Caracciolo et al., 2014), which are prone to cemen-
tation, recrystallization, dissolution and metasomatism, making the
diagenesis processes in carbonate-rich shale more complicated (Li et al.,
2020). Carbonate minerals in shale present in various occurrences, such
as biogenic debris, original micritic carbonate, carbonate veins, car-
bonate cements, recrystallized carbonates, or hydrothermal
coarse-grained carbonates (Wang et al., 2018; Li et al., 2021; Dowey and
Taylor, 2020). Their origin may be related to biogenesis, burial
diagenesis, thermal evolutionary decarboxylation of organic matter, or
exogenous carbonate-rich fluids (Dowey and Taylor, 2020; Li et al.,
2020). During early diagenesis, algae, bacteria and other microbial ac-
tivities can generate carbonate mineral, while biogenic debris are also
prone to recrystallization towards carbonate minerals (Johannes and
Puhan, 1971; Machel, 2001), while in the late stage of diagenesis,
thermal decarboxylation of organic matter can release CO, and organic
acids, promoting the dissolution of carbonate minerals and unstable
Ca-rich minerals, leading to carbonate recrystallization and precipita-
tion of authigenic carbonate minerals (Liang et al., 2018; Li et al., 2020).
Thermal fluids rich in calcium can also lead to the precipitation of car-
bonate or directly carry carbonate clumps for deposition (Li et al.,
2021). Numerous studies have shown that shale mainly occur as a closed
diagenetic system (Liang et al., 2018; Lin et al., 2021; Zhang et al., 2023;
Wang et al., 2023), and the formation of authigenic minerals follows the
principle of mass balance (Cobbold et al., 2013; Milliken et al., 2016;
Liang et al., 2018). Authigenic carbonate minerals in shales are often
originated by organic-inorganic interactions at the laminated scale
(Schulz et al., 2016; Wu et al., 2017; Li et al., 2020), however, the
identification of different diagenesis and the mechanisms of mass
transfer are not well understood, and there still exists a dispute on the
mass transfer in thick shale during the diagenetic process.

The Permian Luchaogou Formation shale in the Jimusar Sag are
mainly composed of carbonate, clay and feldspar-quartz minerals, with
complex laminae combinations. The purpose of this paper is to study the
organic-inorganic interaction process based on the different diagenesis
within the laminae, and to gain insight into the mass transfer of mineral
precipitation and dissolution processes in relatively closed diagenetic
systems of shale. It is hoped that the research results can deepen the
understanding of the diagenesis of carbonate-rich shale, so as to predict
the characteristics of authigenic carbonate development and provides
important guidance to shale oil exploration and development in study
area.

2. Geological background

The Junggar Basin, located in northwestern China, is an important
petroliferous basin, which can be subdivided into 6 sub-tectonic units of
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the Luliang uplift, the Wulungu depression, the Center depression, the
West uplift, the South margin piedmont, and the East uplift (Fig. 1A). In
the southwestern margin of the Eastern Uplift lies the Jimusar Sag,
bounded by Santai fault in the south, Jimusar fault in the north, Xidi
Fault and Laozhuangwan fault in the west, and Guxi uplift in the east
(Fig. 1A), with an area of about 1278 km? (Wu et al., 2016). It is the
result of multiple tectonic movements, including Hercynian movement,
Indosinian movement, Yanshan movement, and Himalayan movement
that occurred successively (Zhou et al., 2017). The Hercynian period is
considered as the major stage for its formation, when intense tectonic
subsidence during the late Early Permian led to deposition started in the
sag as an independent unit. With the continuously intensified faulting
around the sag, Fukang fault in the south, Shaqi bludge in the north and
Guxi bludge in the east underwent different degrees of uplifting, and the
embryo of Jimusar Sag was formed in the late Permian. Influenced by
the followed Indosinian, Yanshan movement, the Jimusar Sag and its
surrounding structural units subjected to different degrees of trans-
formation. A slope higher in the east and lower in the west was formed in
the Paleogene period, when the eastern part was generally uplifted
higher than the western one. During the Himalayan period, the
continued subduction of Bogurda Mountain in the south and intense
uplifting of Fukang fault formed its present structural framework (Zhou
et al., 2017).

The whole strata from the Permian to the Quaternary period was
identified in the Jimusar Sag. However, due to the Indosinian and
Yanshan movement, the Permian, Triassic, and Jurassic, and Cretaceous
strata were eroded to different extents (Liu Y et al., 2019). The Lucaogou
Formation (P,l) widely distributed throughout the entire sag (Fig. 1B),
with a thickness of 200-350 m. The formation recorded deposits from a
saline lacustrine environment against the backdrop of intracontinental
rifts (Liu Y et al., 2019). The intense volcanic activity around the sag
provided a large amount of volcanic ash. A unique multi-component
fine-grained sediment mixed with volcanic materials, terrigenous ma-
terials and carbonates were formed (Wu et al., 2016). The P5l can be
divided into two members: Pol; and Psly. The fine-grained sedimentary
rocks include carbonate rocks, pyroclastic rocks, and terrigenous rocks
(Fig. 1B), primarily consisting of laminated shale (Lin et al., 2021). In
recent years, there has been a significant breakthrough in shale oil
exploration in the Psl of the Jimusar Sag. This has led to fine-grained
sedimentary rocks becoming important research targets in oil explora-
tion studies (Liu Y et al., 2019).

3. Databases and methods

About 300 core samples of P;l formation were collected from the
Xinjiang Oilfield Company, PetroChina. Among them, typical sample
were chosen for microscope observation, cathode luminescene analysis
(CL), scanning electron microscopy (SEM + EDS), micro X-Ray Fluo-
rescence analysis (p-XRF), AMICS analysis, EMPA analysis, microdrill
sampling and stable strontium isotope analysis.

A total of 112 thin sections were prepared for this study. A Zeiss
Axioscope Al APOL digital transmission microscope with Image-Pro
Plus software was used to analyze the lamination characteristics, the
distribution of minerals and diagenetic alteration characteristics.
Focused observations were made on the micro-morphology of grains,
authigenic minerals and feldspar dissolution features. More precise
analysis of high-resolution backscattered electron (BSE) images and
mineral identification were used a scanning electron microscope (SEM)
coupled with an energy-dispersive spectrometer (EDS) on 23 samples.
Quantitative characteristics of minerals were determined by Advanced
Mineral Identification and Characterization System (AMICS). From
AMICS analysis, two-dimensional images showing reservoir rock min-
eral compositions and their spatial distribution can be obtained. Each
image scanning was done using 20 nm resolution under the EDS probe
for about 12 h. These samples were Pt-coated and observed under an
SEM (Zeiss Crossbeam 550 FIB-SEM) at an acceleration voltage of 20 kV,
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Fig. 1. (A) Structual location of the Jimusar Sag, structure contour and major wells of Lucaogou Formation; (B) Stratigraphic column of the Lucaogou Formation

(modified from Qu et al., 2019).

with beam current of 1 nA. In addition, the element distribution char-
acteristics of samples were clarified using high-precision element line
scanning by EDS and p-XRF.

Based on result of microscope observation, a total of 8 samples
containing carbonate cement were chosen for cathode luminescene
analysis (CL) using a Cambridge CL8200 MKS5 detector equipped on the
Zeiss microscope to identify the stages of carbonate. The samples were
polished to thick sections, and CL images were collected at an acceler-
ation voltage of 10 kV, beam current of 250 mA, and exposure durations
of 10s (magnification 50-), 30s (magnification 100), and 60s (magnifi-
cation 200.), respectively.

A total of 20 carbonate-rich shale samples were chosen for the
electron probe microanalysis (EPMA) using a JXA-8230 instrument
(JEOL) at an accelerating voltage of 20 keV and a beam current of 10 nA
with a beam diameter of 1 pm. These thin-section samples were coated
with Pt, and calcite and dolomite cement in different lamina were
analyzed to identify chemical characteristics. The chemical results were
accurate to within about 1 wt% for the major elements and 3 wt% for the
trace elements.

To determine the origins of carbonate cements, 6 carbonate-rich
samples were chosen for stable strontium, carbon and oxygen isotopes
analysis. These samples were polished to thick sections first, a Micro-
drilling (Bright MS-p120wh) with 2 pm bit was used to get calcite and

dolomite cement in different lamina of shale. Carbon and oxygen isotope
analysis was performed using a MAT-251EM gas stable isotope ratio
mass spectrometer with resolution accuracies of §'C < 0.01%o and §'80
< 0.02%o. The Sr isotope test was completed using a Nulnstru men multi-
receiver inductively coupled plasma mass spectrometer (MC-ICP-MS),
with an analytical precision of >0.004%.

The microscope observation, cathode luminescene analysis (CL),
scanning electron microscopy (SEM + EDS), micro X-Ray Fluorescence
analysis (u-XRF), AMICS analysis, EMPA analysis, and microdrill sam-
pling were performed in the Reservoir Geology and Basin Analysis Key
Laboratory of the China University of Petroleum. The stable strontium,
carbon and oxygen isotope analysis were performed in Chengdu Uni-
versity of Technology.

4. Results
4.1. Petrographic features

The shale of the Lucaogou Formation is highly heterogeneous and
consists of various laminae with different compositions on the micron to
millimeter scale. Based on the lamina combination, the shale can be
classified into three types (Fig. 2A): Type A shale, which is composed of
dolomitic laminae (DL) and terrigenous felsic laminae (TFL); Type B
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Fig. 2. Types and characteristics of shale of Lucaogou Formation in Jimusar Sag. (A) Photomicrographs of thin sections under plane-polarized light showing the
characteristics of shale consisting of dolomitic lamina and terrigenous felsic lamina. (B) AMICS showing the characteristics of shale consisting of dolomitic lamina
and terrigenous felsic lamina. (C) Photomicrographs of thin sections under plane-polarized light showing the characteristics of shale consisting of calcite-rich
tufaceous lamina and terrigenous felsic lamina. (D) AMICS showing the characteristics of shale consisting of calcite-rich tufaceous lamina and terrigenous felsic
lamina. (E) Photomicrographs of thin sections under plane-polarized light showing the characteristics of shale consisting of calcareous lamina and tufaceous lamina.
(F) AMICS showing the characteristics of shale consisting of calcareous lamina and tufaceous lamina. DL = dolomitic lamina, TL = terrigenous felsic lamina, C-TFL =

calcite-rich tufaceous lamina, TFL = tufaceous lamina, CL = calcareous lamina.

shale, which is composed of calcite-rich tufaceous laminae (C-TFL) and
terrigenous felsic laminae (TL); and Type C shale, which is composed of
calcareous laminae (CL) and tufaceous laminae (TFL). In terms of
composition, all types of shales exhibit carbonate-rich characteristics.

Type A shale is primarily composed of dark dolomitic laminae and
bright-colored silt-grained clastic laminae (Fig. 2A). The dark lamina is
mainly composed of micrite spherule-like sedimentary dolomite, with a
content exceeding 60%. It also contains some illite/smectite mixed layer
(10.2%), albite (4.46%), and quartz (2.1%), etc. Some organic matter
exists in this lamina, with an average content of about 2.3% (Table 1).
The bright-colored lamina is primarily composed of minerals such as
albite, sanidine, quartz, dolomite, I/S, mica, and rutile. However, the
organic matter content is very low (Fig. 2B). Albite is the dominant
mineral, comprising an average content of 40.07%, followed by quartz
at 17.02% and sanidine at 12.8%. Dolomite is common in the lamina,
occurring as intergranular cements, with an average total content of
11.8% (Table 1). Noticed, the roundness of quartz, feldspar, or fragment
grains is mostly sub-angular to sub-rounded in the lamina, and some
terrigenous deposition features, such as sequence bedding and erosion
surface, were visible (Fig. 2A and B). Thus, the light lamina is called
terrigenous felsic lamina.

Type B shale is mainly composed of dark clay laminae and bright-
colored terrigenous felsic laminae (Fig. 2C). The dark lamina is pri-
marily composed of I/S, with an average content of 63% (Table 1).
Calcite is abundant in the lamina, appearing as lenticular or banded
fragments, with an average content of about 10.3%. Quartz and albite

Table 1
The mineral composition of the Lucaogou Formation shale.

are dispersed, comprising approximately 3.81% and 4.46% respectively.
Other minerals, such as pyrite (0.14%), chlorite (0.12%), and apatite
(0.1%), were also identified. Besides, there is abundant organic matter
present in this lamina, with a total content is up to 8.65% (Fig. 2D). In
the lamina, quartz and albite exhibit poor roundness with angular
margins. This characteristic distinguishes it from terrigenous clastic
sedimentation or the TL, but is similar to tuff or volcanic-exhalative
hydrothermal deposition (Wu et al., 2016; Li et al., 2021; Li et al.,
2023). The A1l/Ti ratios of shales and silts typically exhibit similar
values to those of their mother rock (Hayashi et al., 1997; Lin et al.,
2021). XRF element analysis indicates that the Al/Ti ratio of the lamina
(averaging 2.2) is significantly different from the shale terrigenous TL
(averaging 6.5), suggesting distinct sources for the two laminae. Studies
have shown that it is primarily derived from volcanic sources (Lin et al.,
2021). The volcanic materials are easily transformed into clay minerals
such as smectite and illite during burial processes (Campo et al., 2010),
which is consistent with the current findings (Table 1). Therefore, the
lamina is referred to as a calcite-rich tufaceous lamina. The
bright-colored terrigenous felsic lamina is mainly composed of minerals
such as albite (39.9%), sanidine (19.3%), quartz (13.4%), I/S (11.2%),
mica (0.3%), etc (Fig. 2C and D, Table 1). Moreover, calcite is highly
heterogeneous, with a content range of 0.25%-5.76%. It mostly occurs
as cement filling pores.

Type C shale is mainly composed of dark clay laminae and bright-
colored calcareous laminae (Fig. 2E). The dark clay-grained lamina is
consistent with calcite-rich tufaceous lamina, containing I/S (60.5%),

Mineral Type A shale Type B shale Type C shale
Content in TL Content in DL Content in TL Content in C-TFL Content in CL Content in TFL

Quartz 17.02 2.10 13.40 3.81 5.09 6.10
Albite 40.07 4.46 39.90 4.46 5.72 9.40
Sanidine 12.80 1.94 19.30 2.46 0.00 1.26
Dolomite 11.82 67.30 0.00 0.00 10.30 4.70
Calcite 0.01 0.00 5.30 10.30 63.55 5.20
Pyrite 0.79 0.00 0.00 0.14 7.87 0.00
Mica 2.27 0.33 1.86 0.33 0.00 0.00
Ferrokaersutite 1.52 1.87 0.05 0.00 0.65 3.13
Apatite 0.00 0.00 0.00 0.10 0.00 1.90
Chlorite 0.05 0.02 1.08 0.12 0.00 0.00
1/ 5.77 10.20 11.08 63.30 1.53 60.50
Organic matter 0.00 2.30 0.00 5.60 0.08 3.65
Others 7.88 9.48 9.56 9.71 5.21 4.16
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quartz (6.1%), albite (9.4%), dolomite (4.7%), and calcite (5.2%), etc
(Fig. 2F, Table 1). The calcareous lamina is primarily composed of
micrite calcite (more than 60%) and dolomite (10.3%). Pyrite is com-
mon, with an average content of 2.87% and a maximum content of
9.72%. Other minerals such as quartz (5.09%), albite (5.72%), and
phosphorus-rich minerals (1.9%) were also identified (Fig. 2F, Table 1).

Overall, all three types of shale show carbonate-rich characteristics.
Type A shale is rich in dolomite, mainly presenting as sedimentary
micrite dolomite in the DL, and dolomite cement in the TL. Type B shale
is rich in calcite, which occurs as calcareous fragments in the C-TFL, and
as calcite cement in the TL. Type C shale is also rich in calcite, and are
composed of sedimentary micrite calcite and authigenic sparry calcite,
primarily found in the CL.

4.2. Dolomite authigenesis

Authigenic dolomite is the main diagenetic mineral in Type A shale.
Two types of authigenic dolomite were identified, occurring as dolomite
cement and recrystallized dolomite (Fig. 3A). The dolomite cements
generally develop in the TL, with an average content of 7.33% (Fig. 3A
and B). SEM analysis shows that the crystal of dolomite cement is more
euhedral than micrite dolomite in the shale, being irregularly angular to
sub-round (Fig. 3C). Furthermore, the dolomite cements were primarily
distributed in intergranular pores, with smaller amount filling the
feldspar dissolution pores (Fig. 3C). Under cathodoluminescence, the
dolomite cements can be clearly divided into two stages. The inner core
(stage I) exhibits non-luminescence or dark orange luminescent colors,
and the outer rims (stage II) display bright yellow luminescent colors
(Fig. 3D). BSE analysis shows a clear boundary between the two stages of
dolomite. The stage I dolomite is generally brighter without intergran-
ular pores, while the stage II dolomite is darker and has a significant
number of intergranular pores developing along the boundary (Fig. 3C).
Elemental analysis shows that the concentrations of Na, K, Si, Al, and Fe
are higher in stage Il dolomite, while the concentrations of Sr and Mg are
significantly higher in stage I dolomite (Fig. 4A). The isotope ratio of

1132,3729.0m
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865r/87sr is lower, with a value of 0.7053. For the recrystallized dolo-
mites, they mainly developed adjacent to organic matter in DL of Type A
shale (Fig. 3E). Their characteristics are similar to dolomite cements in
TL, however, the difference is that recrystallized dolomites are more
homogeneous without outer rims (Fig. 3E). In addition, it was also
observed that some recrystallized dolomite, which developed adjacent
to micrite dolomite, occurred in TL (Fig. 3C).

4.3. Calcite precipitation

Authigenic calcites, which is observed as calcite cement and silty-
crystal calcite (Fig. 5), are common in Type B shale. Calcite cements
generally developed in TL, primarily in feldspar dissolution pores, and
rarely filling intergranular pores (Fig. 5A-C). The content of calcite ce-
ments is heterogeneous in different TL, with a distribution ranging from
0.25% to 5.76%. Notably, calcite cements are more enriched in prox-
imity to the C-TFL, which is richer in calcareous fragments. Under
cathodoluminescence, the calcite cements exhibit only a bright yellow
color (Fig. 5D), and appear to be more concentrated near the interface of
two laminae in certain thicker TL (Fig. 5D). Elemental analysis shows
calcite cements are rich in FeO, MgO, and contain many impurity ele-
ments such as K0 and SiO, (Fig. 4B). Moreover, they exhibit a higher
86gr/87Sr, with a value of 0.7097. In the C-TFL, a large amount of silty-
crystal calcite was observed. The silty-crystal calcites are irregular in
morphology, banded or lenticular, and often surrounded by organic
matter (Fig. 5E). Obvious dissolution has developed in these calcites,
which contain numerous intergranular pores (Fig. 5E). Elemental anal-
ysis shows that silty-crystal calcites contain lower levels of SiO3, MgO,
SrO, and K20 compared to calcite cements (Fig. 4B). However, they also
exhibit a higher ratio of 8°Sr/%7Sr, with a value of 0.70869.

4.4. Calcite recrystallization

In Type C shale, calcite recrystallization commonly occurred near
two types of laminae interfaces, resulting in silty-crystal calcites (Fig. 6A

10pm |
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Fig. 3. Types and characteristics of diagenesis in the shale consisting of dolomitic lamina (DL) and terrigenous felsic lamina (TL). (A) Photomicrographs of thin
sections showing Type A shale. (B) Photomicrographs of thin sections under orthogonal light showing dolomite cement and recrystallized dolomite in type A shale.
(C) BSE image showing the dolomite cements were mainly distributed in intergranular pores of TL laminae, and a clear boundary occurred between the two stages of
dolomite; (D) Cathode luminescence (CL) photomicrographs demonstrating that dolomite cement can be obviously divided into two stages, with the inner core (stage
1) being non-luminesence or dark orange luminescence colors, the outer rims (stage II) being bright yellow luminescence colors; (E) BSE image showing recrystallized
dolomite developed near organic matter in dolomitic lamina. DL = dolomitic lamina, TL = terrigenous felsic lamina, OM = organic matter, Rdol = recrystallized
dolomite, Mdol = micrite dolomite, DP = dissolution pore, Dol-I = = stage I dolomite, Dol-II = stage II dolomite.
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Fig. 4. (A) Elemental geochemistry of the two types of dolomites in Type A shale; (B) Elemental geochemistry of the two types of calcites in Type B shale.
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Fig. 5. Types and characteristics of diagenesis in the shale consisting of calcite-rich tufaceous lamina (C-TFL) and terrigenous felsic lamina (TL). (A) Photomi-
crographs of thin sections showing Type B shale. (B) Photomicrographs of thin sections under orthogonal light showing calcite cements in terrigenous felsic lamina.
(C) BSE image showing calcite cements, authigenic albites, authigenic quartz, some illite and chlorite developed in the dissolution pores of Sanidine. (D) CL pho-
tomicrographs demonstrating that calcite cements have bright yellow luminescent color. (E) BSE image showing a large amount of silty-crystal calcite developed near
organic matter in calcite-rich tufaceous lamina and obvious dissolution pore developed in silty-crystal calcite. TL = terrigenous felsic lamina, C-TFL = calcite-rich
tufaceous lamina, Ca = calcite cements, Alb = authigenic albites, AQ = authigenic quartz, DP = dissolution pores, Alb = authigenic albites, I/S = Illite/Smectite, Sa

= Sanidine, SCa = silty-crystal calcite.

and B). The silty-crystal calcites are more euhedral than micrite sedi-
mentary calcite, with irregularly angular to rhombic grain morphology
(Fig. 6B). In addition, aggregates composed of multiple recrystallized
calcites were observed near the boundaries of two laminae. These ag-
gregates were associated with pyrite and organic matter, forming a
coexisting combination (Fig. 6C). The intercrystalline pores in the ag-
gregates are abundant and are commonly filled with bitumen (Fig. 6C).
In addition, numerous pyrite aggregates and minerals enriched in P
(mainly composed of calcium phosphate) were found near the silty-
crystal calcites (Fig. 6D). The morphology and size of the pyrite vary,
with a content ranging from 1.25% to 12.7% and an average content of
5.05%. The individual crystals of P-enriched minerals are extremely
small hexagonal prisms, with some crystals having a perfect hexagonal
cross-section (Fig. 6D and E). Similar features were observed near the
organic matter in the TFL (Fig. 6E). Recrystallized calcites also devel-
oped near organic matter in the TFL (Fig. 6E). Elemental analysis shows
that silty-crystal calcites have lower Si, Al, Na, K, and Mg contents than
micrite calcites (Fig. 7A). However, the REE analysis results show that
the two types of calcite have similar characteristics. They exhibit a
rightward trend, indicating light rare earth enrichment distribution

patterns (Fig. 7B). Moreover, two types of calcite also show a lower
865r/878r ratio, with a value of 0.7058.

5. Discussions
5.1. Lamina-scale diagenetic mass transfer and the related diagenesis

5.1.1. The diffusion of calcium and magnesium rich fluid resulted in
dolomite precipitation

Dolomite cements are the dominant diagenetic minerals in type A
shales, generally developing in the TL. Two stages of dolomite cements
are identified, with Stage I (inner core) exhibiting non-luminescence or
dark orange luminescent colors, while Stage II (outer rims) occurs as
bright yellow luminescent colors (Fig. 3). Based on BSE analysis, dolo-
mite cements mostly fill the intergranular pores and rarely fill feldspar
dissolution pores (Fig. 3C). This indicates that they were primarily
formed before feldspar dissolution. EDS scanning analysis shows that
dolomite cements were commonly adjacent to micritic dolomite in the
TL (Fig. 8A and B). The micrite dolomites are homogeneously distrib-
uted in intergranular pores and have similar characteristics to micrite
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Fig. 6. Types and characteristics of diagenesis in the shale consisting of calcareous lamina (CL) and tufaceous lamina (TFL). (A) Photomicrographs of thin sections
showing Type B shale. (B) Photomicrographs of thin sections under orthogonal light showing silty-crystal calcites near the laminae interface and massive pyrite. (C)
BSE image showing aggregates composed of multiple recrystallized calcites, massive pyrite and organic matter; (D) BSE image showing minerals enriched in P,
organic matter, and pyrite aggregates adjacent to the silty-crystal calcites, and the silty-crystal calcites were replaced by pyrite in some place; (E) BSE image showing
minerals enriched in P and silty-crystal calcites adjacent to the organic matter. TFL = tufaceous lamina, CL = calcareous lamina, Py = pyrite, OM = organic matter,

SCa = silty-crystal calcites, MP = minerals enriched in P.
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Fig. 7. Elemental geochemistry of the two types of calcite in Type C shale. (A) Rare earth enrichment distribution patterns of two types of calcites; (B) Element

characteristics of the two types of calcites.

dolomite in the DL (Fig. 3A). Many sparry dolomites are observed in the
micrite dolomites (Fig. 8C), and their characteristics are similar to Stage
I dolomite. In the DL, some similar recrystallized dolomites developed
adjacent to organic matter (Fig. 3E). Elemental analysis shows that the
compositions of Stage I dolomites are similar to those of recrystallized
dolomites. They are relatively richer in Mg and Sr, and have lower ratios
of Ca/Mg, Fe/Mg, and Fe/Mn (Fig. 9). Therefore, Stage I dolomites are
interpreted as originating from the recrystallization of micritic dolomite
in the TL. Previous studies have shown that the reaction of micritic
dolomite with organic acids and CO5 only results in a dissolution-
reprecipitation reaction (Edery et al., 2011; Wu et al., 2017; Li et al.,
2019). This reaction transforms micritic dolomite into stable and larger
sparry crystal dolomite, without any precipitation of other minerals
occurring (Wu et al., 2017). The reaction equation of interest can be
expressed as:

CO,+H,0=H"+ HCO3

CaMg(CO3), + 2HT  Ca®* + Mg*" + 2HCO3

Stage II dolomites occur as rims of Stage I dolomite (Fig. 3C and D).
In some TL, similar dolomite rims were observed on the outside of
carbonate fragments (Fig. 8D). EMPA analysis shows that the elements
of stage II dolomites are also consistent with those of the carbonate
fragment rims (Fig. 9). It is suggested that Stage II dolomites were
formed through the continued precipitation of dolomite around stage I
dolomite. Unlike Stage I dolomites, Stage II dolomites are significantly
more enriched in K, Si, Al, and Fe (Fig. 9). This indicates that the pore
fluid was rich in these elements during Stage II dolomite precipitation.
According to BSE and EDS analysis, a significant quantity of Ca-rich
sanidines is in the TL (Fig. 8E), and these sanidines typically exhibit
weak dissolution. The dissolution of feldspar can provide sources such as
Ca, K, Al, Si for the precipitation of Stage II dolomite. However, the weak
dissolution of feldspar is unlikely to yield a sufficient concentration of
relevant ions. High-precision element line scanning results show that the
concentrations of Ca and Mg ions in the DL decrease as the distance from
the interface of the two laminae (Fig. 10). This indicates that these ions
diffused from the DL to the TL. A lot of illite or I/S were observed in the
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Fig. 8. Characteristics of dolomite cements and calcite cements in type A and type B shale. (A) Backscattered electron (BSE) image showing dolomite cements were
mostly filled in the intergranular pores and commonly developed adjacent to micritic dolomite. (B) EDS scanning showing that dolomite cements commonly
developed adjacent to micritic dolomite. (C) BSE image showing sparry dolomites developed in the micrite dolomites of TL. (D) Photomicrographs of thin sections
under plane-polarized light showing dolomite rims developed on the outside of carbonate fragments. (E) BSE image showing weak dissolution of Ca-rich sanidines,
and authigenic albites developed in the dissolution pores. (F) BSE image showing some authigenic micro-quartz filled in the intercrystal pore of I/S, indicating
illitization occurred in CL of type A shale. (G) Photomicrographs of thin sections under plane-polarized light showing calcite developed in the micro-fracture
connecting the two types of laminae, and stronger calcite cementation occurred in the TL near the microcracks in type B shale. (H) Photomicrographs of thin
sections under orthogonal light showing the same areas with (H). (I) BSE image showing some authigenic micro-quartz filled in the intercrystal pore of I/S, indicating
illitization occurred in C-TFL of type B shale. DL = dolomitic lamina, TL = terrigenous felsic lamina, C-TFL = calcite-rich tufaceous lamina, TFL = tufaceous lamina,

Alb = albite, AQ = authigenic quartz.
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Fig. 9. Elemental geochemistry of the two types of dolomite in the shale consisting of dolomitic lamina (DL) and terrigenous felsic lamina (TL).

DL (Fig. 8F), and some authigenic micro-quartz developed in the inter-
crystalline pores of clay minerals (Fig. 8F), suggesting that illitization
commonly occurred (Yang et al., 2018; Jin et al., 2020; Lin et al., 2021).
During this process, certain ions such as Si**, AI**, Mg?*, and Fe?* can
be released into the pore water, serving as a source of materials for the
formation of stage II dolomites (Wu et al., 2017; Sun et al., 2020). In
summary, the micrite dolomite in the TL is of sedimentary origin, while
the dolomite cement was formed during diagenesis. Dolomite cement is

believed to undergo two stages. During the thermal evolution of organic
matter, the organic acids and CO; generated by the organic matter were
released from the DL into the TL. The micritic dolomite of sedimentary
origin in the TL preferentially underwent dissolution-reprecipitation
reactions (Wu et al., 2017) and transformed into Stage I dolomite. As
the organic matter continued to mature, a large amount of organic acids,
along with Ca and Mg rich fluid, infiltrated the TL. The excessive organic
acids started dissolving the feldspar, and the smectite transformed into
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Fig. 10. Distribution characteristics of elements in the shale consisting of
dolomitic lamina (DL) and terrigenous felsic lamina (TL) by line scanning.

illite, providing a source of material for the precipitation of stage II
dolomite.

5.1.2. The diffusion of calcium-rich fluid resulted in calcite precipitation

Calcite cements primarily occurred in the TL of type B shales, and
cathodoluminescence analysis reveals that there is only one stage of
calcite cements (Fig. 5). In the adjacent C-TFL, abundant silty-crystal
calcites were identified near the organic matter (Fig. 5E). AMICS anal-
ysis shows that the content of calcite cements increases with silty-crystal
calcites in adjacent C-TFL laminae (Fig. 11A). Moreover, p-XRF analysis
also show that the Ca concentrations of the TL are more enriched near
the C-TFL (Fig. 12). In some TL, there is a trend where calcites decrease
away from the interface between two laminae (Figs. 5D and 12).
Authigenic calcites were also observed in the micro-fracture connecting
the two types of laminae, and stronger calcite cementation occurred in
the TL laminae near the microcracks (Fig. 8G-H). These phenomena
indicate that the calcite cements in TL originated from silty-crystal
calcites in adjacent C-TFL.

According to elemental analysis, calcite cements have similar
chemical compositions to the silty-crystal calcites (Fig. 4B). Their
873r/863r isotopic values also show similarities, ranging between 0.7085
and 0.7010 (Fig. 11B). These values are clearly distinct from other types
of carbonates found in the Lucaogou formation shale (Li et al., 2021).
The 8'3C isotope of calcite cements shows extremely high positive values
ranging from 2.8%o to 3.1%., indicating an inorganic source of carbon
(Tobia, 2018; Xi et al., 2019). This supports the idea that the calcite
cements originated from early carbonate. High-precision element line
scanning results show the concentration of Ca ions in the C-TFL
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Fig. 11. (A) Content of calcite cements in different TL of shale consisting of
calcite-rich tufaceous lamina (C-TFL) and terrigenous felsic lamina (TL); (B)
8731/808r isotopic characteristics of carbonates.
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decreases as the distance from the interface of the two laminae decreases
(Fig. 13). This also indicates Ca ions were diffused from the C-TFL to the
TL. During this process, by-products of the thermal conversion of
organic matter in the C-TFL may promote calcium carbonate precipita-
tion (Mathia et al., 2016; Liang et al., 2018; Dowey and Taylor, 2020).

However, the calcite cement has higher concentrations of K, Si, Fe,
Mg, and Sr compared to the silty-crystal calcites (Fig. 4A). Previous
studies have shown that the composition of carbonate cements is
influenced by changes in diagenetic fluids (Parcerisa et al., 2006; Car-
acciolo et al., 2014; Li et al., 2020). Therefore, calcite forms when the
pore water environment contains higher concentrations of these ele-
ments. In the TL, the dissolution of sanidines was common, and the
resulting products, including albite, quartz, and I/S, precipitated nearby
within the lamina (Fig. 5C). There is only one stage of calcite cements,
which mostly filled in feldspar dissolution pores (Fig. 5C). This indicates
that they were formed after the dissolution of sanidines. During the
dissolution process of sanidines, cations such as K and Si** were able to
be released into the pore fluid (Thyne et al., 2001; Yuan et al., 2019; Lin
et al., 2021). These cations can serve as a source for the formation of
later calcite cements. This is supported by the correlation that the K5O
content increases with the increasing SiO2 content of calcite cements
(Fig. 14A). In addition, there are positive correlations between the
contents of FeO, MgO, and SrO (Fig. 14B-D). In the C-TFL, a significant
transformation of smectite to illite occurred (Fig. 8I). This process will
result in the release of more Fe, Mg, and Sr into the pore water (Stroker
etal., 2013; Sun et al., 2020; Lin et al., 2021). These ions can accompany
organic acids and carbonate-rich fluid discharging from the C-TFL to the
TL (Fig. 11), providing a source of the material for the precipitation of
calcite cements (Dowey and Taylor, 2020). This opinion was supported
by similar chemical composition characteristics in calcite cements and
calcite in micro-fractures, showing higher concentrations of Mg, Fe, and
Srions (Fig. 11). In summary, the organic matter in the C-TFL matured
as the temperature increased, leading to the release of organic acids
during the burial process (Liang et al., 2018; Liu H et al., 2019; Lin et al.,
2021). These organic acids then dissolved the sedimentary calcites,
resulting in the formation of pore fluids rich in carbonate. Simulta-
neously, the transformation of smectite to illite in the C-TFL provided a
large number of ions. The pore fluids rich in carbonate were released
into the adjacent TL through micro-fractures, resulting in the formation
of calcite cements. Moreover, the dissolution of sanidines in TL provided
a material source. The potassium ions generated from the dissolution of
sanidines diffused into the surroundings, facilitating the conversion of
smectite into illite (Fig. 81), and providing some ions for the formation of
calcite cement, authigenic albite, and quartz (Fig. 5C).

5.1.3. The diffusion of organic acids resulted in calcite recrystallization
Calcite recrystallization is common in the shales of the Luchaogou
Formation. It mainly occurred near organic matter or the organic-rich
lamina, especially in type C shale. In type C shale, the TFL are rich in
organic matter, and the micrite calcite of the CL near the laminae
interface underwent widespread recrystallization (Fig. 6). The calcites
near the organic matter within the TFL laminae also show a similar
phenomenon (Fig. 6E). Element analysis shows that the micrite calcites
and silty-crystal calcites in the CL have similar REE distribution patterns
(Fig. 7A), indicating a common origin (Li et al.,, 2021). Under
high-precision SEM, it was observed that silty-crystal calcites are
composed of multiple micrite calcite (Fig. 15A), and dark areas con-
taining impurity minerals with higher content of Si, Na, Al, and other
elements were also present (Fig. 15B). Large amounts of related ions are
also found in the micrite calcite (Fig. 15C), indicating that silty-crystal
calcites were formed through the recrystallization of micrite calcites in
the CL (Liang et al., 2018; Liu H et al., 2019). Furthermore, the con-
centrations of Mg, Al, Si, and other elements in the micrite calcite are
significantly higher than those in silty-crystal calcites (Fig. 7B). This
suggests that the silty-crystal calcites became more pure during the
recrystallization process. Elemental analysis of individual silty-crystal
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Fig. 12. Distribution characteristics of calcium in the shale consisting of calcite-rich tufaceous lamina (C-TFL) and terrigenous felsic lamina (TL).
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Fig. 13. Distribution characteristics of elements in the shale consistings of
calcite-rich tufaceous lamina (C-TFL) and terrigenous felsic lamina (TL) by
line scanning.

calcite also shows that the content of Mg decreases from the inside out,
and the Ca/Mg ratio increases (Fig. 16). This indicates that Mg gradually
decreased in the pore fluid during recrystallization. Mg, Al, and Si are
easily incorporated into the calcite lattice, hindering the growth of
calcite crystals (Reddy, 2012; Liang et al., 2018). Studies have shown
that during the recrystallization of calcite, organic fluids can remove
toxic or impure ions from calcite, thereby facilitating the growth of
calcite (Reddy, 2012; Liang et al., 2018). Therefore, Mg ions continu-
ously migrate out from the CL, causing the transformation of micrite
calcite into silty-crystal calcite, and the organic acids generated by
organic matter evolution in the TFL trigger this process. High-precision
element line scanning results show that the concentration of Mg de-
creases as the distance from the calcite lamina decreases (Fig. 17),
confirming the loss of ions.

10

Moreover, numerous pyrite aggregates were found near the silty-
crystal calcites (Fig. 6B and C). Massive pyrite is another common
mineral in type C shale and often coexists with P-rich minerals (Fig. 15D
and E). It is typically surrounded by organic matter (Fig. 15D and E). P is
a common constituent of biological materials (Xiong et al., 2019), and
the abundance of P-bearing bioclasts near organic matter suggests that
massive pyrite may be related to the evolution of organic matter
(Fig. 6E). The organic matter of type C shale is enriched in S (0.184%),
which could provide a source for pyrite. The TFL adjacent to the CL
likely acted as a source of pyrite, as the conversion of smectite to illite
produced ample sources of iron that migrated towards the pyrite near
the interfaces (Fig. 15F). High-precision element line scanning results
indicate that the Fe content in the TFL increases as the distance from the
interface increases (Fig. 17), supporting the migration of Fe. It’s worth
noting that the formation of pyrites appears to facilitate the recrystal-
lization of micrite calcite into silty-crystal calcites. Evidence includes the
observation of silty-crystal calcites adjacent to the massive pyrites in the
CL, as well as clusters of multiple recrystallized calcites associated with
pyrites and organic matter near the interface of two laminae (Fig. 6B-D).
Pyrites promote the degradation of organic matter and the generation of
CO; (Lai et al., 2016; Lin et al., 2021), thereby facilitating the recrys-
tallization of micrite calcite into larger calcite crystals. With increased
burial depth, the thermal maturation of organic matter in the TFL will
generate acidic fluids such as COy and HS™, which resulted in the
dissolution-precipitation of micrite calcite (Liang et al., 2018; Liu H
et al., 2019). Furthermore, the illitization of smectite in the TFL resulted
in the generation of numerous ions (Stroker et al., 2013; Sun et al.,
2020). This diluted the concentration of Mg ions, which in turn facili-
tated the recrystallization of micrite calcites into silty-crystal calcites
(Reddy, 2012). Simultaneously, the high HS™ content in the degradation
of sulfur-rich organic matter promoted the formation of massive pyrites
(Khan et al., 2022). Thus, the formation of massive pyrite and recrys-
tallized calcites was mutually complementary, resulting in the presence
of pyrite and recrystallized calcite associated with organic matter.

5.2. Impacts on shale oil reservoir formation

Shale mainly occurs as a closed diagenetic system, in which organic
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Fig. 14. Element correlation characteristics of calcite cements in the shale consisting of calcite-rich tufaceous lamina (C-TFL) and terrigenous felsic lamina (TL). (A)
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Fig. 15. Characteristics of calcite and silty-crystal calcites and massive pyrites in the shale consisting of calcareous lamina (CL) and tufaceous lamina (TFL). (A) BSE
image showing silty-crystal calcites are composed of multiple micrite calcite; (B) SEM image showing dark parts of impurity minerals containing higher Si, Na, Al in
silty-crystal calcites; (C) BSE image showing micrite dolomite are rich in elements of Mg, Si, Na, Al; (D) BSE image showing massive pyrites frequently coexists with
P-rich minerals and are surrounded by organic matter; (E) EDS scanning showing the same area with (D); (F) BSE image showing P-bearing bioclasts. TFL = tufaceous
lamina, CL = calcareous lamina, SCa = silty-crystal calcites, OM = organic matter, Py = pyrite, AQ = authigenic quartz.

and inorganic components generally coexist, resulting in complex
organic-inorganic interactions during the diagenetic process (Cobbold
et al., 2013; Milliken et al., 2016; Jin et al., 2020; Liu H et al., 2019).
Fluid activities and mass transfer at the micro-scale cause mineral
dissolution-precipitation and other diagenetic responses, which are of
great significance to the formation of shale reservoirs (Mathia et al.,
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2016; Liang et al., 2018; Wang et al., 2019, 2023). The research results
of the Lucaogou Formation shale indicate that there are diagenetic dif-
ferences among three types of shales with different laminae combina-
tions. For example, Type A shale is characterized by two-stage dolomite
cementation (Fig. 3). Type B shale is characterized by strong calcite
cementation (Fig. 5), and Type C shale is characterized by calcite
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Fig. 16. Elemental geochemistry of the silty-crystal calcites in the shale consisting of calcareous lamina (CL) and tufaceous lamina (TFL).

Fig. 17. Distribution characteristics of elements in the shale consisting of
calcareous lamina (CL) and tufaceous lamina (TFL) by line scanning.

recrystallization (Fig. 6). The organic-inorganic interactions between
different laminae are the key reason for the diagenetic variations (Schulz
etal., 2016; Wu et al., 2017; Liang et al., 2018; Liu Het al., 2019; Han Y
et al.,, 2019; Lin et al., 2021). In Type A shale, the organic acids gener-
ated by early maturation of the organic matter in the DL diffuse outward,
causing recrystallization of micrite dolomite within the laminae and
dolomite recrystallization in the TL to form I-stage dolomite (Fig. 18). As
the organic matter further matures in the DL, sufficient organic acid and
Ca and Mg rich fluid diffused into the TL. The surplus organic acids start
dissolving the calcium-bearing feldspar, and the smectite undergoes
transformation into illite (Fig. 8). These transformations provided a
material source for the precipitation of stage II dolomite (Fig. 18). In
Type B shale, the organic matter in the C-TFL released organic acids
during early maturation. This leads to the dissolution of calcite frag-
ments within the C-TFL and their diffusion to the adjacent TL, resulting
in the dissolution of potassium feldspar (Lin et al., 2021). Subsequently,
calcite-rich fluids in the C-TFL were gradually released to the adjacent
TL. At the same time, the transformation of smectite to illite provided
abundant ions (Stroker et al., 2013; Sun et al., 2020), leading to the
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Fig. 18. The model of organic-inorganic interaction and shale oil reservoir formation in the Lucaogou formation shales.
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formation of calcite cements in the TL (Fig. 18). In Type C shale, the
thermal evolution of sulfur-bearing organic matter in the TFL produced
acidic fluid. The acidic fluid caused the dissolution of micrite calcite in
the CL near the laminae interface, removing toxic ions and impurities
(Liang et al., 2018). Subsequently, the micrite calcite transformed into
larger particles through recrystallization. Meanwhile, the sulfur-rich
organic matter also drives the formation of massive pyrite (Khan
et al., 2022), leading to the presence of pyrite and recrystallized calcite
associated with organic matter (Fig. 18).

The dissolution and precipitation of carbonate minerals in the
Lucaogou Formation shale indicate that the products of organic evolu-
tion play a role in the diagenesis of inorganic minerals. Additionally, the
transfer and redistribution of diagenetic mass occur between adjacent
laminae or within a lamina in a relatively closed diagenetic system
(Fig. 18). The fluid originated from organic-rich laminae can remove
toxic ions and impurities, promoting carbonate mineral recrystallization
(Reddy, 2012; Liang et al., 2018), or diffuse into adjacent laminae,
causing strong cementation (Fig. 18). In this process, the dissolution
pores of feldspar and the recrystallization pores of carbonate, which are
related to organic evolution, have provided a key space for shale oil in
the Lucaogou formation shale (Fig. 18). However, carbonate minerals
can also cause changes in the micro-scale pore structure and mechanical
properties (Mathia et al., 2016; Liang et al., 2018; Wang et al., 2021). In
type A shale, the content of dissolution pores was determined by the
amount of micrite dolomite in the TL. In type B shale, the content of
calcite fragments in adjacent C-TFL controls the degree of calcite ce-
ments in the TL, and therefore controls the content of residual dissolved
pores of feldspar. In type C shale, the degree of calcite recrystallization
affects the development of pores. In addition, the production of car-
bonate cements might make the shale more brittle, which is conducive
to economically effective shale oil exploration (Han et al., 2019; Liu
et al., 2020; Jin et al., 2020; Gou and Xu, 2023). To summarize, the
redistribution of diagenetic materials through the organic-inorganic
interaction between different component laminae within the enclosed
shale is crucial for the formation of productive reservoirs.

6. Conclusions

The fine-grained sedimentary rocks of the Luchaogou Formation are
complex. Three types of shale were observed: shale consist of dolomitic
lamina and terrigenous felsic lamina (Type A shale), shale consist of
calcite-rich tufaceous lamina and terrigenous felsic lamina (Type B
shale), and shale consist of calcareous lamina and tufaceous lamina
(Type C shale).

There are significant diagenetic differences among three types of
shale. Type A shale is characterized by strong dolomite cementation,
while type B shale is characterized by intense calcite cementation. Type
C shale, on the other hand, is characterized by calcite recrystallization.
Dolomite cements can be identified as Stage I dolomite, formed through
the recrystallization of micrite dolomite, and Stage II dolomite, precip-
itated from adjacent dolomitic lamina. Calcite cements primarily origi-
nated from calcite fragments in adjacent calcite-rich tufaceous lamina.
These processes are initiated by organic acids and carbonic acid.
Moreover, the silty-crystal calcites mainly originated from the recrys-
tallization of micrite calcite. This process involves the separation of toxic
ions and impurities under the influence of organic acids from the adja-
cent TFL. Meanwhile, the formation of massive pyrite promoted this
process.

The products of organic evolution in shale include hydrocarbons,
acids, and COo, all of which contribute to the diagenesis of inorganic
minerals. These organic-rich fluids promote the recrystallization of
carbonate minerals within laminae or diffuse along the boundaries of
laminae into adjacent layers, resulting in dense cementation. In the
process, dissolution pores and intercrystalline pores created through
recrystallization related to organic evolution, have played a crucial role
in providing the necessary space for shale oil in the Lucaogou Formation
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shale. Therefore, the redistribution of diagenetic materials through the
organic-inorganic interaction between adjacent laminae within the
enclosed shale is crucial for reservoir formation.
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