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Black shales are important products of material cycling and energy exchange among the lithosphere,
atmosphere, hydrosphere, and biosphere. They are widely distributed throughout geological history and
provide essential energy and mineral resources for the development of human society. They also record
the evolution process of the earth and improve the understanding of the earth. This review focuses on the
diagenesis and formation mechanisms of black shales sedimentation, composition, evolution, and
reconstruction, which have had a significant impact on the formation and enrichment of shale oil and gas.
In terms of sedimentary environment, black shales can be classified into three types: Marine, terrestrial,
and marine-terrestrial transitional facies. The formation processes include mechanisms such as eolian
input, hypopycnal flow, gravity-driven and offshore bottom currents. From a geological perspective, the
formation of black shales is often closely related to global or regional major geological events. The
enrichment of organic matter is generally the result of the interaction and coupling of several factors such
as primary productivity, water redox condition, and sedimentation rate. In terms of evolution, black shales
have undergone diagenetic evolution of inorganic minerals, thermal evolution of organic matter and
hydrocarbon generation, interactions between organic matter and inorganic minerals, and pore evolution.
In terms of reconstruction, the effects of fold deformation, uplift and erosion, and fracturing have changed
the stress state of black shale reservoirs, thereby having a significant impact on the pore structure. Fluid
activity promotes the formation of veins, and have changed the material composition, stress structure, and
reservoir properties of black shales. Regarding resource effects, the deposition of black shales is
fundamental for shale oil and gas resources, the evolution of black shales promotes the shale oil and gas
formation and storage, and the reconstruction of black shales would have caused the heterogeneous
distribution of oil and gas in shales. Exploring the formation mechanisms and interactions of black shales
at different scales is a key to in-depth research on shale formation and evolution, as well as the key to
revealing the mechanism controlling shale oil and gas accumulation. The present records can reveal how
these processes worked in geological history, and improve our understanding of the coupling mechanisms
among regional geological events, black shales evolution, and shale oil and gas formation and enrichment.
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1. Introduction

Black shales are extensively distributed throughout
geological history and are significantly influenced by
physical, chemical, and biological processes. They are
essential products of material cycling and energy exchange
between the lithosphere, atmosphere, hydrosphere, and
biosphere. Until now, there is no unified and clear
classification or definition of black shales, which are
generally considered to be fine-grained sedimentary rocks
containing a certain amount of organic matter (TOC > 0.5%),
primarily composed of particles smaller than 0.0625 mm in
diameter (Aplin AC and Macquaker JHS, 2011; Jiang ZX et
al., 2013; Guo YH et al., 2021; Cao YC et al., 2023). The
main components of black shales include clay minerals,
quartz, carbonate minerals, organic matter, saline minerals,
and volcaniclastic materials (Shao LY and Zhang TC, 2023;
Jiang ZX et al, 2023a). Typically formed in reducing
environments, black shales exhibit characteristics of mixed
sedimentation. Although black shales appear very similar at
the outcrop scale, they are complex in mineral composition
and structure, diverse in sedimentary facies, intricate in
depositional patterns, highly heterogeneous, fine-grained, and
hard to be observed (Ilgen AG et al., 2017; Peng J et al.,
2022). Black shales also act important record of the earth’s
evolution processes and enhancing our understanding of the
earth. They also supply indispensable energy and mineral
resources for human societal development, making them a
long-standing focus of geological research.

Black shales were distributed worldwide during
geological history, usually accounting for about 70% of basin
fill (Aplin AC and Macquaker JHS, 2011). They act as a thick
geological history book, faithfully recording the evolution of
ancient marine environments, changes in paleogeography, and
the occurrence and development of significant geological
events. The aggregation and fragmentation of supercontinents,
changes in earth’s orbit, global sea-level fluctuations,
alterations in ocean current circulation patterns, ice ages, and
large-scale volcanic activities leading to oceanic anoxic
events, as well as biological evolution, may have significantly
influenced the large-scale formation of black shales on a plate
scale or within specific sedimentary basins (Li MW et al.,
2020; Pan SQ et al., 2021; Jin ZJ et al., 2023; Wen HJ et al.,
2024). By studying the existing black shale fabric and
geochemical characteristics in detail, it is possible to trace
back the magnificent geological events of geological history
and the formation and evolution of shales. It is noteworthy
that the mineral, elemental, and isotopic abundances of black
shales today are controlled by physical, chemical, and
biological processes, which are facilitated by specific
conditions at different times during the formation and
evolution history of black shales (Rimstidt JD et al., 2017;
Lev SM et al., 2008).

Black shales contain a variety of abundant mineral
resources and trace elements, making them significant for

economic utilization, elemental cycling, and environmental
protection (Piper DZ and Calvert SE, 2009). In terms of
mineral resources, some black shales are rich in Mn, Fe, Co,
Ni, Cu, Zn, Mo, U, platinum group elements, or Au
(Parviainen A and Loukola-Ruskeeniemi K, 2019; Jin ZJ et
al., 2023; Wen HJ et al., 2024), and even contain He resources
in shale gas (Nie HK et al., 2023; Wang XF et al., 2023), and
have potential economic value. In terms of elemental cycling,
the formation and erosion of shale would continuously
sequestrate or release C, S, and some trace elements, affecting
global biogeochemical cycling, and are products of material
and energy exchange between different reservoirs of the Earth
(Rimstidt JD et al., 2017; Jin ZJ et al., 2023). In terms of
environmental protection, due to the abundance of various
harmful elements in black shales, including radioactive
nuclides, sulfides are highly susceptible to oxidation and
dissolution, releasing protons and trace metals, becoming
potential sources of pollution for soil, groundwater, and
surface water, which have raised widespread concern for
human health issues (Parviainen A and Loukola-Ruskeeniemi
K, 2019; Zhang D et al., 2021; Wei W et al., 2024).

Black shales serve both as source rocks for conventional
oil and gas and as reservoirs for unconventional oil and gas
such as shale oil and gas (Aplin AC and Macquaker JHS,
2011; Bilgen S and Sarikaya I, 2016; Ilgen AG et al., 2017).
According to a report by the U.S. Energy Information
Administration (EIA, 2015), the technically recoverable shale
gas resources in 46 countries worldwide amount to
21.45x10'"* m’, with shale oil at 57.39x10” t. Since the 21
century, shale oil and gas have achieved a series of significant
exploration and development breakthroughs in the United
States, helping the country become a net exporter of oil and
gas, achieve “energy independence”, and profoundly
influence the global energy landscape (Li SZ, 2022; Zou CN
et al., 2023). China has also made significant breakthroughs in
the geological theory research and exploration and
development of shale oil and gas. In 2023, the annual
production of shale gas was about 25x10° m?, accounting for
more than 10% of the total natural gas output, and the
production of shale oil exceeded 4x10° t, showing a rapidly
increasing trend. From the exploration and development
situation of shale oil and gas in China and the United States, it
can be inferred that shale oil and gas will further play an
important role in meeting global energy demands and will
become an important part of the energy structure of most
countries in the world. The exploration and development of
shale oil and gas have not only promoted people’s high
attention to black shales but have also greatly promoted in-
depth research on black shales. However, few literatures
systematically elaborate on the series of mechanisms that
occur throughout the life cycle of shale from formation to
evolution and finally to reconstruction, as well as the effects
of these mechanisms on the formation and enrichment of
shale oil and gas, which is also the purpose of this paper.

This paper first reviews the main distribution
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characteristics of black shales worldwide in the geological
history, then summarizes the current research hotspots and the
latest progress in understanding from four aspects: Formation,
composition, evolution, and reconstruction of black shales,
and finally discusses the relationship between the formation,
evolution, reconstruction of black shales and the generation
and enrichment of shale oil and gas. This study is based on
petroleum geology, with the causes and mechanisms in the
processes of sedimentation, composition, diagenesis, and
reconstruction of black shales as the main line, striving to
reveal the macro and micro mechanisms in the life history of
shale, aiming to improve the overall understanding of black
shales from a new perspective.

2. Distribution of black shales in geological history

From a temporal perspective, the earliest black shales are
believed to have formed during the Archean Eon, exemplified
by the Duffer Formation, Nullagine Group, Hardey Formation
in the Pilbara, Western Australia, dating back approximately
346 Ga to 2.76 Ga (Wille M et al., 2013). During the
Proterozoic Eon, the evolution of life in the marine chemical
environment, particularly represented by the emergence and
development of oxygenic photosynthetic organisms such as
cyanobacteria (Fig. 1b), significantly enhanced marine
primary productivity. Consequently, the distribution of black
shales expanded, with some, like the Xiamaling Formation
and Hongshuizhuang Formation black shales in China and the
Velkerri Formation black shales in Australia, possessing
industrial hydrocarbon source rock potential (Zhao WZ et al.,
2019).

Compared to the Precambrian, the distribution of black
shales during the Phanerozoic Eon is considerably more
extensive (Fig. 1). It is estimated that over 90% of
hydrocarbon source rocks were formed after the Ediacaran
(Klemme HD and Ulmishek GF, 1991). Several factors may
contribute to this phenomenon: (1) The enhanced preservation
condition of younger shales by overlying sediments, resulting
in less intense subsequent alteration or recycling compared to
the older Precambrian black shales (Cawood PA, et al., 2022).
(2) The rapid evolution of metazoans and the increasing
complexity of biological systems during the Phanerozoic
provided a diverse organic matter foundation. (3) The
heterogenization of marine chemical structures promoted the
geographically differentiated distribution of black shales.

Klemme HD and Ulmishek GF (1991) conducted a
comprehensive study on the temporal and spatial distribution
of the world’s hydrocarbon source rocks, summarizing six
major global depositional sequences of source rocks: (1) The
Silurian (Llandovery-Pridoli), (2) the Upper Devonian-
Carboniferous (Frasnian-Tournaisian), (3) the Carboniferous-
Lower Permian (Bashkirian-Kungurian), (4) the Upper
Jurassic (Callovian-Tithonian), (5) the Cretaceous (Aptian-
Turonian), and (6) the Paleocene-Eocene. These strata, which
only account for 35% of the Phanerozoic Eon, contribute to
91.5% of the world’s original reserves of oil and natural gas.
The Silurian, Upper Devonian, Upper Jurassic, and middle

Cretaceous source rocks were deposited during transgressive
periods, while the Carboniferous-Lower Permian and
Paleocene-Eocene source rocks were deposited during
regressive periods. From a tectonic perspective, these six
shale sequences were primarily deposited in passive
continental margin basins and rift basins formed under
extensional tectonics (Wen ZX et al., 2014; Zhu RX, 2024).
Particularly within the Tethyan and Laurasian tectonic
domains, the continuous and stable subsidence under
extensional environments, coupled with the control of global
sea-level changes, led to the formation of black shale
segments primarily within the condensed section (CS) at the
top of the transgressive systems tract (TST), where the TOC
content is relatively high. During the deposition of the Upper
Jurassic, Paleocene-Eocene, Cretaceous, and Upper Devonian
shale sequences, global temperatures and humidity were high,
favoring the formation and preservation of Type I and II
organic matter, making these sequences the main enriched
layers of global shale oil, accounting for 87.83% of the total
resource volume (Zou CN et al., 2023).

The  geochemical,  physical, and  petrological
characteristics of black shales exhibit spatial and temporal
variability, manifesting as regional distribution in different
strata over geological time and local deposition under specific
tectonic patterns. The factors controlling the formation of
black shales also vary by stratum and region, and it is clear
that they are not the result of a single mechanism. The main
factors controlling shale deposition may be influenced by a
variety of processes, including tectonics, climate, hydrology,
biology, and sea level (Klemme HD and Ulmishek GF, 1991;
Li MW et al., 2020; Jin ZJ et al., 2023). These factors have
interacted in complex ways across different periods and
regions, resulting in the heterogeneous distribution of black
shales temporally and regionally.

3. Formation of black shales
3.1. Sedimentary environment

The sedimentary environment of black shales can be
divided into three facies: Marine, terrestrial, and marine-
terrestrial transitional.

3.1.1. Marine

Marine is the most important sedimentary environment for
the formation of high-quality fine-grained sedimentary rocks,
and the deposition of black shale is mostly controlled by
autogenesis. A reducing sedimentary environment is
conducive to the preservation of organic matter, especially in
marine shelf, continental slope-basin, and enclosed basin,
which are the most favorable sedimentary environments for
the formation of thick black shales (Trabucho Alexandre J,
2015).

The marine shelf is located between the outer edge of the
continental shelf and the slope break zone, with an upper limit
near the wave base and a lower limit of about 200 m in water
depth, with a width ranging from several kilometers to
hundreds of kilometers (Jiang ZX, 2003). Due to surface


https://doi.org/10.31035/cg2024060
https://doi.org/10.31035/cg2024060
https://doi.org/10.31035/cg2024060
https://doi.org/10.31035/cg2024060
https://doi.org/10.31035/cg2024060
https://doi.org/10.31035/cg2024060
https://doi.org/10.31035/cg2024060
https://doi.org/10.31035/cg2024060
https://doi.org/10.31035/cg2024060
https://doi.org/10.31035/cg2024060
https://doi.org/10.31035/cg2024060

W
vy
'S

Li et al. / China Geology 7 (2024) 551-585

g (1) Great Ordovician Age of Early mammal
Cambrian Biodiversification Fishes evolution

7 explosion o Event o begins

Atmospheric O,/
(% atm)
20 30 40

Vegetation
collapse

10
L

80

¥~ Permo-Triassic End-Cretaceous

mass extinction mass extinction N\
Triassic-Jurassic
mass extinction

(h) Y Late Ordovician Guadalupian-Lopingian
mass extinction N extinction
Late Devonian

mass extinction

Extinction
rate/(genus %)

0

2
mm Tight oil

tional
hydrocarbon

Shale gas

Coalbed
methane |_| H

Unconven-
sources

black shales)

Source rocks
(mostly

Permo-Triassic thermal maximum Mid-Cretaceous hothouse

Cambrian-Ordovician Late Devonian o
hothousk hothouse Trizssic hofhouse
. Late Paleozoic fechouse

Permo-Carboniferous
ice age

Earl.y- Jurassic
cool interval

Global average
temperature

12°C 16 20 24 28 32
1 1
§5
2
B
g
2
B

Hirnantian' glaciation

5
|

(e

CAMP

T

[ ml N\

Cambrian |Ordovician| Silurianl Devonian |CaIb0niferous Permian Triassic Jurassic Cretaceous
Paleozoic Mesozoic C.

5410 ========rd85:4 mmm=add3.8.0419.5 338.¢ 298.9 251.9 201.3 145.0 66{(2 58.0 Ma
~

() E

uropean
Siberian
Kerguelen

Plgnn
Oslo-Jutland
-NE Germany

production
4
|
East

Karoo-Ferrer
Ontong~¥aya

NAVP
LIP areal extent

Oceanic crust
= Kalkarindji

3km*a’!
[
0 10°km?

~

Shallow

Paleomarine Black shale
Environment distribution

Deep

(b) Terrestrialiplant
I Photosynthesizer Metazoa

Eukaryotic algae
Acritarchs

Bio-evolution

Cyanobacteria

1@

1

[l

L

1

1

L

— 1
1

— 1
_,__N_,WJKenorlﬁa Columbia Rodinia G‘(';Aﬁ(/i:gv—a‘na Pangea |

T T

T

:

Archaean Proterozoic l Phanerozoic
T T T 1 1

3.8 32 2.5 1.8 0.8 0.5 Ga

1000 2000

Zircon record
(grain number)

0

Fig. 1. Paleoecological changes of the deep-time Earth, major biological and geological events, and distribution of black shales. a—tectonic
evolution phases and zircon record (Cawood PA et al., 2022); b—biological evolution timescale; c—oceanic redox conditions, with pink and light
blue representing the transition between iron-rich (Fe?") and oxygenated (O,) conditions, as well as sulfidic waters (H,S) (Planavsky NJ et al.,
2011); d-stratigraphic distribution of black shales, with black bar codes indicating the global distribution of black shales, and grey intervals rep-
resenting local development (Jin ZJ et al., 2023); e-volume of new oceanic crust (Stanley SM, 2015) and the extent of large igneous province
areas (Kidder DL and Worsley TR, 2010); f-global average temperature (Scotese CR et al., 2021); g—unconventional oil and gas resource
volumes and the distribution of major black shale formations (Pan SQ et al., 2021); h—extinction rate of Genus-level (Sepkoski JJ, 1984);
i—changes in atmospheric oxygen content (Mills BJW et al., 2023).
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runoff and upwelling, water column is rich in nutrients and
have high productivity. The deposition pathway of organic
matter is shorter, the deposition rate is higher, and it is not
easy to be oxidized during transportation and deposition,
which helps to preserve organic matter (Fig. 2a). The shale in
the continental slope-basin is mainly formed by deep-sea
sedimentation, and the high yield of planktonic organisms in
surface water, reducing sedimentary bottom water
environment, and relative lack of terrestrial debris are
necessary conditions for the formation of black shales (Fig. 2b;
Guo W et al., 2022; Trabucho Alexandre J, 2015). The
enclosed basin is surrounded by continents and islands, but
there are narrow waterways or straits that connect with the
ocean, resulting in poor water exchange and renewal
capabilities, leading to water stratification and widespread
anoxic bottom water (Fig. 2c; Arthur MA and Sageman BB,
1994).

3.1.2. Terrestrial

The terrestrial shale is mainly formed in large and
medium-sized inland lakes, and the massive organic matter
provides a basis for the formation of high-quality source
rocks. However, due to the complexity of terrigenous detrital
and organic matter input, the diversity and heterogeneity of
terrestrial shale are distinct (Li MW et al., 2020; Wang EZ et
al., 2022).

The terrestrial black shales mainly develop in the semi-
deep lake to deep lake facies (Guo XS et al., 2023), where
wave action is no longer involved and the water is quiet.
Under the combination factors of suitable biological yield,
redox environment, and terrestrial input (Tyson RV and
Pearson TH, 1991), it forms in two modes: Lake transgression
and water stratification. The lake transgression leads to a rise
in lake level, resulting in extensive hypoxia in the area where
organic matter was originally developed, forming a reducing
environment and enhanced preservation conditions (Fig. 2d).
The water stratification is caused by rapid alteration of
chemocline and thermocline, which make it difficult for the

Shore - shallow

upper and lower water bodies to circulate and exchange.
Bottom water stagnancy creates an anoxic environment, and
organic matter can be buried and preserved (Fig. 2d; Guan QZ
etal., 2016).

3.1.3. Marine-terrestrial transitional

The marine-terrestrial transitional shale is influenced by
both marine and terrestrial processes, and is sensitive to
climate and environmental changes. Therefore, it has a small
scale, frequent changes in lithology, strong heterogeneity, and
is usually interbedded with coal seams, tight sandstone layers,
etc. It is rich in organic matter, has moderate maturity, and
has good resource prospects (Luo W et al., 2018; Liang JT et
al, 2020).

The marine-terrestrial transitional shale is mainly
deposited in shallow water environments, including swamp in
river delta systems, and lagoons in barrier systems (Luo W et
al.,, 2018; Liang JT et al, 2020). Delta is formed at the
intersection of marine and land, and swamps are low-lying
areas of delta plains that are periodically submerged
underwater and in a reducing environment. Under the
influence of warm and humid climate and sufficient
vegetation, black shales interbedded with coal seams can be
deposited (Fig. 2e; Jasper K et al, 2010). A lagoon is a
shallow water basin enclosed by coastlines and barrier islands,
connected to or semi-isolated from the open sea by a
waterway. The water body is in a low-energy state, and
anaerobic bacteria often breed in the lower part, forming a
reducing environment (McLaughlin MR et al., 2009), which is
conducive to the preservation of organic matter (Fig. 2f). The
two systems have high similarities in lithology, sedimentary
structures, paleontological associations, trace fossils,
geochemical parameters, etc. (Dong DZ et al., 2021).

3.2. Sedimentary processes

3.2.1. Eolian input
Aeolian inputs primarily include dust and volcanic ash.
Dust deposits into offshore oceans due to dust storms, such as

Fig. 2. Sedimentary schematic diagram of black shales in different sedimentary environments (modified from Arthur MA and Sageman BB,
1994; Trabucho Alexandre J, 2015). a—marine shelf; b—slope basin; c—enclosed basin; d—lake; e-swamp; f-lagoon.
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aeolian sediments from the Sahara Desert found in the central
Atlantic (Middleton NJ and Goudie AS, 2001). Intense
volcanic eruptions produce vast amounts of volcanic ash,
drifting to the open sea and depositing to form layers of
volcanic ash (K-Bentonite layer) (Rose WI and Durant AJ,
2009). Volcanic ash layers in fine-grained sedimentary rocks
serve as excellent chronostratigraphic markers, such as those
found in the Wufeng-Longmaxi formations in the Upper
Yangtze region and the Upper Cretaceous shales in Utah,
USA, which are valuable for stratigraphic correlation (Su WB
et al., 2007; Zelt FB, 1985). Generally, the deposition of dust
and volcanic ash would preserve the original sedimentary
features; however, some may be reworked by bottom currents
during deposition, exhibiting certain bedding characteristics.

3.2.2. Hypopycnal flow

Hypopycnal plumes primarily consist of mud-rich
suspended sediments from river inputs, floating over saline
and denser seawater at shallow depths ( Fig. 3a) . Their
floating range generally extends several tens of kilometers
offshore (Warrick JA et al., 2007; Falcieri FM et al., 2014),
and under the influence of coastal currents, can even reach
several hundred kilometers offshore (Weight RWR et al.,
2011). Hypopycnal plumes, not impacted by other
hydrodynamic conditions (like waves, bottom currents), settle
as suspended sediments, forming laminated bedding (Fig. 3i).
Characteristics of laminated bedding include no grain-size
grading internally, weak sorting, and blurry bedding
boundaries with gradual transitions, indicating a passive
deposition process under weak hydrodynamic conditions.
Horizontal laminations are commonly observed in shale
deposition spanning from the Wufeng-Longmaxi, Niutitang
Formations (or Qiongzhusi Formation), to Dalong organic
rich shales in the Upper Yangtze region (Fig. 3j).

3.2.3. Gravity-driven

(i) Delta front turbidity current

When rivers form deltas and enter the sea, relatively steep
slopes are created in the delta front regions, leading to surge-
type turbidity currents caused by slope failures (Pattison SAJ,
2005). As the energy of the turbidity current diminishes, its
dominant sediment transport mechanism transfers from
sediment gravity flow to traction and finally to suspension,
resulting in a typical vertical variation sequence. Key
sedimentary features include bioturbation at the top with
relatively integrated contacts. Internally, a general coarsening
upward sequence divided into five lamina groups, with the
finest grains at the bottom transitioning to coarser grains
towards the top; and erosional bases often featuring channels
and tool marks (Lazar OR et al., 2015; Fig. 3c—d).

(i1) Density flow

Density flows refer to high-density fluid inputs from
rivers, denser than seawater, thus moving as bottom currents
from the delta front slopes towards the offshore (Mulder T
and Alexander J, 2001). These flows, generated by high-
density river waters, can result from extreme floods or in

mountainous rivers in humid environments (Mulder T and
Syvitski JPM, 1995). The formation of density flows is
influenced by seawater salinity, climate changes, and the
degree of weathering (Schieber J, 2016). A complete density
flow deposit shows symmetrical grain-size variations, with
the lower part displaying inverse grading and the upper part
showing normal grading, reflecting the transport capacity
cycle of density flows from weak to strong and then back to
weak. However, due to intense erosion during peak flood
periods, the upper part of density flow deposits often exhibits
an incomplete depositional sequence dominated by inverse
grading features (Mulder T and Alexander J, 2001).

(i) Wave-influenced sediment gravity flow

Wave-influenced sediment gravity flows result from the
secondary transport and deposition of sediments settled from
hyperpycnal or density flows (near delta regions) under the
action of waves and bottom currents (Bhattacharya JP and
MacEachern JA, 2009; Friedrichs CT and Scully ME, 2007,
Bentley SJ, 2003). The deposition and transport mechanism of
wave-influenced sediment gravity flows is characterized by a
large number of fine-grained sediments being suspended to
form high-density flows under the agitation of storm waves or
bottom currents, maintaining suspension due to wave action,
and the slope-induced gravity causing the sediments to be
advected offshore, showing a vertical transition from traction,
to sediment gravity flow, to suspension. Hence, their overall
deposition also presents a set of normal grading sequences
(Bhattacharya JP and MacEachern JA, 2009; Martin DP et al.,
2008) (Fig. 3e—f). Sedimentary features include bioturbation
on the top. Internally, clay-rich laminae with normal grading
changes, extremely thin curved or wavy laminae transitioning
from silt to clay with gradual contacts at the top, and rich silt,
homogeneous laminae with vague grading features at the top
with gradual contacts; and erosional bases, curved interfaces
with low relief (Fig. 3e—f; Macquaker JHS et al., 2010).

(iv) Storm flow

Storm flows refer to bottom currents moving offshore
under the influence of storm waves, mainly depositing fine-
grained sediments in offshore regions (Aigner T and Reineck
HE, 1982). Unlike the sediment gravity flows mentioned
above, the transport dynamics of storm flows are primarily
driven by coastal downwelling, with gravity playing a
relatively minor role. However, as these flows move away
from the shoreline, their transport capacity gradually
decreases, and the sediment transport mechanism transitions
from mixed flow erosion and traction to suspension, thus, the
depositional exhibits normal grading
characteristics. Sedimentary features include bioturbation on
the top with signs of wave modification. Internally, the
sequence gradually fines upward, with laminae curving at the
bottom and becoming straighter upwards; bottom laminae
overlying erosional surfaces and filling depressions; and
upper laminae with more obscure layering; and erosional
bases, curved to wavy, with high relief and common small
channels (Fig. 3g—h).

sequence also


https://doi.org/10.31035/cg2024060
https://doi.org/10.31035/cg2024060
https://doi.org/10.31035/cg2024060
https://doi.org/10.31035/cg2024060
https://doi.org/10.31035/cg2024060
https://doi.org/10.31035/cg2024060
https://doi.org/10.31035/cg2024060
https://doi.org/10.31035/cg2024060
https://doi.org/10.31035/cg2024060

Li et al. / China Geology 7 (2024) 551-585 557

Turbidite

©

Wave enhanced sediment-gravity-flow bed
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Fig. 3. Schematic model of sedimentary processes and sedimentary characteristics of mudstones and shales. a—schematic model of sub-
aqueous sedimentary density flows (modified from Schieber J, 2016); b—schematic model of offshore flowing bottom currents due to wind-set
up in the coast (modified from Schieber J, 2016); c—schematic illustration of a turbidite (Lazar OR et al., 2015); d—turbidite example in the
Sonyea Group of New York, U.S. (Lazar OR et al., 2015); e—schematic illustration of a wave-enhanced sediment-gravity-flow bed (Lazar OR et
al., 2015); f—a wave-enhanced sediment-gravity-flow bed in the Mowry Shale of Wyoming, U.S. (Macquaker JHS et al., 2010); g—schematic
model of a mud tempestite (Lazar OR et al., 2015); h-multiple tempestite layers in the Qiongzhusi Formation of Jingyan, Sichuan (Li XS et al.,
2021); i—conceptual view of hypopycnal flow; j-horizontal bedding in the Qiongzhusi Formation, Jingyan, Sichuan (Li XS et al., 2021);
k—schematic model of offshore bottom current ripples (modified from Yawar Z and Schieber J, 2017); l—current ripples in the Longmaxi Forma-
tion (marked by yellow dashed lines), Xishui, Guizhou (Li YF et al., 2017).
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3.2.4. Offshore bottom currents

Recent studies suggest that the mechanism for
transporting fine-grained sediments in large epicontinental sea
areas mainly involves offshore bottom currents formed under
tidal or monsoonal influences (Li YF et al., 2017; Fig. 3b).
Flume experiments have shown that under the influence of
bottom currents, fine-grained sediments can form flocculate-
sized particles, transporting forward as bed load and forming
current ripples (Yawar Z and Schieber J, 2017; Fig. 3k).
Sedimentary features of current ripples include asymmetric
crests with overcutting or truncation. Internally, the foreset at
certain angles (<27°) overlying the bottom interface, with a
clear distinction between coarser and finer laminae; and
erosional or abrupt bases, curved to straight shape. However,
the typical features of current ripple layering are not apparent
in ancient marine mudstones. These features often appear in
relatively coarser silty segments, whereas flume experiments
reveal more evident current ripple (Yawar Z and Schieber J,
2017). This contrast mainly arises because fine-grained
sediments have a high-water content, exceeding 80%, and
early-formed current ripples may develop into “parallel”
laminations or low-angle cross-bedding under later
compaction. The “paralle]” laminations or low-angle cross-
bedding widely distributed in ancient continental shelf shales,
such as the Wufeng-Longmaxi formations in the Upper
Yangtze region of China (Li YF et al., 2017; Fig. 31), could be
indicative of current ripples formed under the influence of
bottom currents. Recent flume experiments show that the
morphology differences of current ripples (layer thickness and
the foreset angles) are mainly controlled by fluid velocity and
sedimentation rate (Yawar Z and Schieber J, 2017).

3.3. Geological events and black shales formation

Major geological events in geological history usually
include volcanic eruptions, tectonics, sea level changes,
climate changes, and biological extinction and evolution.
These major geological events often affect a wide range, and
do not exist in isolation but interact with each other, and leave
conspicuous records in the strata, providing important
information to interpret the earth’s past.

The extension, rupture and uplift of the lithosphere
promoted the formation of the deep water basin. Volcanic
eruption, hydrothermal activity and continental glaciation
would have brought abundant nutrients to the water; suitable
climate and the development of ocean currents promoted the
flourishing of organisms, all of which provided favorable
conditions for the formation of black shales (Fig. 4). At the
same time, the large-scale carbon sequestration into black
shales would also affect the CO, concentration in the
atmosphere and the O, content in the ocean, which will
promote climate change and biological evolution.

Black shales, as rock sequence with high organic matter
content, is mainly formed under anoxic conditions, and its
deposition is thought to be the result of the interaction of
crustal evolution, orbital change, weathering, photosynthesis

and organic matter degradation. They are often closely related
to some key global geological events (such as large-scale
volcanic activity, widespread oceanic anoxia, and mass
extinctions), so they have extremely important implications
for the interpretation of paleoenvironment, tectonics, and
paleontological evolution (Ernst RE and Youbi N et al., 2017;
Liu R etal., 2021; Jin ZJ et al., 2023). The earliest black shale
appeared about 3.5 Ga ago (Fig. 1d). During this period,
frequent global volcanic activity brought about extensive
hydrothermal circulation in the lithosphere, resulting in the
collapse of craters and the formation of a series of basins with
limited seawater circulation. Provided suitable habitat for
early life (Van Kranendonk MJ, 2006). Between 2.2 Ga and
1.8 Ga, the famous Great Oxidation Event (GOE) occurred on
Earth, the concentration of oxygen in the atmosphere
increased significantly, and multiple periods of comparable
carbon isotope migration events occurred around the world.
The rise of oxidizing photosynthetic organisms such as
cyanobacteria (Fig. 1b), which produce large amounts of
organic matter through photosynthesis, has resulted in the
development of black shale deposits in major blocks around
the world (Chi FE et al., 2016; Asael D et al., 2018).
Similarly, plate movement has had a significant impact on the
formation of black shales, such as with the formation of the
Rodinia supercontinent about 1 Ga ago (Fig. 1a), which led to
the reorganization of the crust and accelerated nutrient
circulation. As a result, black shales were widely deposited in
Siberia, the Baltic Sea, India, and West Africa (Zhao WZ et
al., 2019).

Interestingly, the formation of large-scale black shales in
the Phanerozoic is often closely related to major biological
evolution events. After the Cambrian explosion of life 500 Ma
ago, a geological event, the record of black shales became
more extensive, with significant increases in TOC content
compared to older shales (Jin JZ et al., 2023). Studies have
shown that in geological history, the Cambrian life explosion
and major biological events at the end of the Ordovician, Late
Devonian, Late Permian, Late Triassic and Late Cretaceous
correspond to the formation of a wide range of black shale
formations around the world (Pan SQ et al., 2021; Fig. 1h).
For example, the black shale of the Cambrian Niutitang
Formation in South China roughly corresponding to the
Cambrian life explosion (Zhang GJ et al., 2021), the Wufeng-
Longmaxi Formation in China at the turn of the Ordovician-
Silurian period, and the Hot Shale in North Africa and the
Middle East (Li SZ et al., 2023b), the widespread Bakken and
Woodford shale of North America during the Late Devonian
(Liu M and Philp RP, 2023), the Dalong Formation at the end
of the Permian (Ge XT et al., 2022), and the widespread black
shales in the west coast of the Tethys Ocean during the Late
Triassic and Late Cretaceous (El-Shafeiy M et al., 2024). In
addition, several global Oceanic Anoxic Events (OAEs)
occurred frequently during the Jurassic and Cretaceous
periods, due to abnormal perturbations in the carbon cycle,
changes in ocean productivity, and expansion of anoxic
environments. It also promoted the preservation of organic
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Fig. 4. Schematic diagram of sedimentary route of black shales (Zou CN et al., 2022). The nutrients provided by three sources - rivers, wind
and upwelling - are key determinants of surface water primary productivity. Volcanic and hydrothermal activity can promote the flow of nutri-
ents into oceans and lakes. Suboxic and anoxic bottom water is conducive to the preservation of organic matter.

matter and the formation of black shales to varying degrees
(Jenkyns HC, 2010; Liu W et al., 2022; Chen X et al., 2022).
The driving mechanisms of these major evolutionary and
extinction events may vary, but the end result is often
dramatic changes in Marine and terrestrial ecosystems, which
may include mass extinctions, niche iterations, and shifts in
the Marine environment (Rong JY and Huang B, 2014; Shen
SZ and Zhang H, 2017). Such ecosystem turbulence provided
the material basis for organic matter. In particular, biological
pumping in the ocean promoted Marine carbon sink and
organic carbon into sediments, while the formation of anoxic
environment provided conditions for the preservation of
organic matter, and with appropriate sedimentation rate,
further promoted the formation of black shales at the same
time (Xie SC et al., 2022).

3.4. Mechanisms of organic matter accumulation

Organic matter (OM) accumulation is a complex physical
and chemical process. More and more scholars have realized
that the enhanced accumulation of organic matter is not
determined by a single factor, but is the result of the mutual
coupling interactions of multiple factors such as biological
productivity, paleoredox condition of bottom water, and
sedimentation rate (Qiu Z and Zou CN, 2020; Ding JH et al.,
2021; Li SZ et al., 2023a; Zhang SC et al., 2023).

The level of biological productivity is closely related to
the nutrient degree of the water body. The more abundant the
nutrient supply, the more prosperous the biological life
activities, the stronger the ability to fix carbon through

photosynthesis, and the greater the biological productivity.
Volcanic eruption, submarine hydrothermal, terrestrial clastic
input, and upwelling ocean currents often carry or decompose
and release large amounts of nutrient elements such as N, P,
Fe, Cu, and Zn (Fig. 4), which can provide abundant nutrients
for the bloom of low aquatic organisms such as algae and
contribute to improving the biological productivity. Some
scholars represented by Pedersen TF and Calvert SE (1990),
Sageman BB et al. (2003), and Gallego-Torres D et al. (2007)
believed that organic matter enrichment is mainly controlled
by the primary productivity of the ocean surface, and the
impact of paleoredox condition is limited, with typical
examples of rising ocean currents on the continental margin.
High biological productivity can provide sufficient material
basis for organic matter accumulation, and the anoxic
environment formed by the early oxidation of organic matter
is a necessary condition for the effective preservation of the
original sedimentary organic matter (Chen DZ et al., 2011;
Liu QY etal., 2022; Li SZ et al., 2023b).

The paleoredox condition of water column is also a key
factor controlling the preservation of organic matter. The
oxygen content determines the distribution of anaerobic
microbial communities and the type of benthic organisms
(Woulds C et al., 2007). The formation and preservation of
organic matter refer to a complicated process, during which it
is further degraded by both aerobic and anaerobic
microorganisms, resulting in only about 1% of the original
biogenic organic matter being preserved (Middelburg JJ and
Meysman FJR, 2007). Some scholars demonstrated that the
low biological productivity at the ocean surface in anoxic
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environments, especially in euxinic environments, can also
form the black shales, with modern anoxic basins such as the
Black Sea and the Cretaceous Oceanic Anoxic Event (OAE)
as typical representatives (Arthur MA and Sageman BB,
1994; Mort H et al., 2007). Overall, anoxic environments are
commonly favorable for organic matter preservation, which
may be caused by consumption of dissolved oxygen due to
biological blooms in the water, massive degradation of
organic matter, water column stratification caused by closed
environments, a decrease in dissolved oxygen caused by
rising ocean temperatures, and changes in salinity or pH
values of seawater.

The sedimentary rate (SR) has a significant influence on
organic matter enrichment and preservation (Ding JH et al.,
2021). Several studies (e.g., Ibach LEJ, 1982; Murphy AE et
al., 2000) demonstrated that a low sedimentary rate causes
organic matter to suffer oxidation decomposition and benthic
consumption under an oxic environment, while a high
sedimentary rate tends to enhance the dilution of organic
matter by minerals, so the appropriate sedimentary rate is a
key factor causing the enrichment of organic matter. When
SR < Scm/ky, TOC increases with the increase of sedimentary
rate, thus indicating that a relatively high deposition rate in a
certain range is conducive to the preservation of organic
matter. When SR > Scm/ky, TOC decreases with the increase
of deposition rate, deciphering that the excessive deposition
rate is unfavorable for organic matter preservation in a
reducing environment since sufficient sedimentary materials
would result in organic matter dilution (Ibach LEJ, 1982). The
influence of sedimentary rate on organic matter is mainly
determined by sea level fluctuation, distance from terrigenous
source, input of riverine runoffs, and so on.

4. Composition of black shales
4.1. Mineral composition

Black shales mainly contain clay minerals (such as illite,
illite smectite mixed layer, kaolinite, chlorite), quartz,
feldspar, carbonate minerals (such as calcite, dolomite,
siderite), sulfides (mainly pyrite), and organic matter, etc.
(Aplin AC and Macquaker JHS, 2011). Chemical and
mineralogical variability manifests itself in terms of silt/clay
ratios and also the proportions of materials derived from
different source regions, from biologic production in the water
column and from diagenetic reactions.

Minerals are the most basic components of black shales,
and its composition affect many properties such as the
structure and texture, pore structure characteristics, physical
properties, and fracturing ability of the shales. When studying
shale as an unconventional reservoir, scholars often classify
the mineralogical composition of shales into three major
categories: Clay minerals, felsic minerals, and carbonate
minerals (Borcovsky D et al., 2017; Milliken KL and Olson
T, 2017; Wu P et al., 2021; He WY et al., 2024; Liu HM,
2018; Li SZ et al., 2023b). The distribution of mineralogical
composition in the three terminal elements (Fig. 5) shows

strong heterogeneity in different shales and within the same
set of shales. For example, the quartz content in some sections
of the Wufeng-Longmaxi Formation shale can reach up to
68.34% (Li SZ et al., 2023b), commonly referred to as
siliceous shale; The shale of the Shahejie Formation in the
Jiyang Depression of the Bohai Bay Basin is mainly
composed of carbonate minerals, mainly including calcite and
a small amount of dolomite, accounting for 45% to 55% of
the total mineral content (Liu HM et al., 2018), commonly
referred to as calcareous shale; while the Shanxi Formation
shale in the eastern Ordos Basin have the highest clay mineral
content, which can reach up to 90% (Wu P et al., 2021),
commonly referred to as argillaceous shale.

4.2. Mineral sources

4.2.1. Detrital (allochthonous) components

From the perspective of composition sources, the
components in black shales can be divided into detrital
(allochthonous)  components and  production-derived
(autochthonous) components (Aplin AC and Macquaker JHS,
2011; Jiang ZX et al., 2023a; Cao YC et al., 2023). Detrital
(allochthonous) components originate from outside the
sedimentary basin, including terrigenous clastic materials
formed by the weathering of parent rocks, volcaniclastic
materials formed by volcanic eruptions, and terrestrial organic
matter (the organic matter will be discussed in detail in
Section 4.3). The weathered terrestrial debris material of the
parent rock is transported to the basin through rivers, winds,
and other means. Among them, fine-grained debris material
(mainly silt and mud) can remain suspended in the water for a
long time and gradually deposit in deep water areas (Jiang ZX
et al.,, 2023a). Almost all shales in the basin contains
terrestrial debris material. Compared to the marine shale,
terrestrial sediments are more sensitive to climate, detrital
inputs, and the physical and chemical properties of the water
body, showing greater variability in detrital (allochthonous)
components in its spatial and temporal dimensions (Li MW et
al., 2022; Cao YC et al., 2023). In terms of shale mineral
composition, detrital components mainly include -clay
minerals, quartz, feldspar, etc. Volcanic eruptions produce
volcanic debris, which can be divided into volcanic bombs,
volcanic blocks, volcanic gravel, and volcanic ash according
to their particle size.

The main factors controlling the content of detrital
components in black shales mainly include the supply of
detrital in the source area and the distance from the source
area. The material composition, physical and chemical
weathering intensity of the source area determine the supply
of detrital components, while the hydrodynamic conditions
and monsoon intensity of runoff determine the transportation
distance of detrital components. Generally, the closer to the
source area, the higher the content of detrital components.

4.2.2. Production-derived (autochthonous) components
Production-derived (autochthonous) components are the
products of chemical or biochemical precipitation of dissolved
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Fig. 5. Lithofacies classification of black shales. a—main shales in the United States (Borcovsky D et al., 2017); b—main shales in China (Wu P

etal., 2021; He WY et al., 2024; Liu HM, 2018; Li SZ et al., 2023b).

substances in sedimentary basins. The main minerals include
carbonate minerals, phosphate minerals, gypsum, and opal,
among others. Under specific physical, chemical, and
biochemical conditions, microbial metabolism can typically
produce various authigenic minerals such as carbonates,
pyrite, quartz, etc. The degree of their development is related
to periodic climate changes and changes in water media
(temperature, salinity, nutrients) (Jiang ZX et al., 2023a).
Among them, in deep-water environments, organisms such as
planktonic, microalgae, radiolarians, foraminifera, diatoms,
and dinoflagellates, whose shells and skeletons can dissolve
or form debris in seawater (lake water), and then precipitate to
form sediment. Some biological debris directly forms
complexes with clay and other organisms (Macquaker JHS et
al., 2010). Biogenic quartz is one of the most important
autochthonous minerals in marine black shales. Given the
diversity of quartz sources, this paper specifically discusses it
in section 4.2.3. In addition, there are also some biogenic
substances, namely organisms formed in the basin and
organic-inorganic complexes related to organisms. Taking the
Wufeng Longmaxi Formation as an example, a large number
of graptolite fossils developed within shale are a type of
biogenic debris, belonging to the organic-siliceous complex
(Liu GH et al., 2021; Fig. 6).

The main factors controlling the content of autochthonous
components in black shales are the reduction of detrital input
and the bloom of organisms in the water. In environments
where the detrital input is limited, the supply of
autochthonous components exceeds that of detrital
components, which is more common in marine black shale. In
lacustrine black shale, there is also a high proportion of
autochthonous components, such as in the black shale of the
Shahejie Formation (Sha-4 upper to Sha-3 lower) in the

Jiyang Depression of the Bohai Bay Basin, where the highest
amount of chemical precipitates in the basin can reach over
60% (Cao YC et al., 2023). The blooming of organisms in the
water provides a large amount of calcareous or siliceous
skeletal, providing an important material basis for the
dissolution and reprecipitation of seawater to form
autochthonous minerals.

4.2.3. Quartz types

Quartz is one of the main minerals in black shales, and its
content, type, and morphology are considered to be of great
significance for interpreting the source of sediments. As a
research hotspot, it is attracting extensive research by
numerous geologists (Peng JW et al., 2024; Gao P et al.,
2024). Given that quartz is the most dominant mineral in
black shales and its sources are diverse, this section focuses
on discussing its characteristics and origins separately.

In the classification of genetic types, quartz mainly
includes detrital quartz, biogenic quartz, and diagenetic
authigenic quartz. Detrital quartz is primarily the product of
weathering of source area parent rocks, transported into the
sedimentary basin by wind, water, and other agents, and then
accumulated and buried, with particles ranging from clay (<4
pum) to sand (>62.5 pm) distributed in shales. Biogenic quartz,
also known as silica sponge needles, radiolarians, and other
organisms, absorbs Si*" from water during their growth.
During burial, the silica in the organisms undergoes a series of
transformations from unstable opal-A to more stable opal-CT,
ultimately forming stable quartz (Schieber J et al., 2000);
Zhao JH et al, 2017). Some studies suggest that the
transformation of Opal-A to Opal-CT (transformation
temperature: 33°C—45°C) was completed in the early
diagenetic stage A, while the transformation of Opal CT to
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Fig. 6. Scanning electron microscopy image of shale samples in the LM1-4 graptolite belt of the Longmaxi Formation (after Liu GH et al.,
2021). a—g—Sample 1, LGH-1, 2851.00 m, LM4. a—c and d—g correspond to the same graptolite body, respectively. The white arrow indicates
the graptolite body, and the yellow arrow indicates quartz. The blue arrow indicates the positive cell tube of the graptolite, and the yellow curve
marks the outline of the graptolite body. h-Fig. (b) energy spectrum analysis at the red box position; i-Fig. (¢) energy spectrum analysis at the

red box position.

quartz was completed in the early diagenetic stage B (Ishii E
et al., 2011; Zhao JH et al., 2017). Biogenic quartz is often
widely distributed throughout the shale matrix as microquartz
and nanoquartz, and appears in large volume fractions (Peng
JW et al., 2024). Diagenetic authigenic quartz is formed
during the diagenetic process by the transformation of clay
minerals, dissolution of detrital quartz, dissolution of feldspar,
devitrification of volcanic ash, and precipitation of SiO,
generated by hydrothermal activity (Bjerlykke K, 2011;
Yasser MM and Evgeni MC, 2012; Liu GH et al., 2019a; Liu
GH et al., 2023).

Quartz of different types has different morphologies and
occurrence characteristics in shale (Fig. 7), and there are also
differences in element geochemistry, such as particle size,

cathodoluminescence intensity, and Si, Al and other element
contents. In research, techniques such as field emission
scanning electron microscopy, energy spectrum analysis, and
cathodoluminescence are often used to distinguish quartz
types, combined with element geochemical characteristics
(Mei JF et al., 2024; Gao P et al., 2024).

4.3. Organic matter and its sources

One of the most typical characteristics of black shales is
that it contains a certain amount of organic matter (Tissot BP
and Welte DH, 1984; Jiang ZX et al., 2023b; Cai C et al.,
2023). Compared to the mineral components in shales,
although the organic matter content is generally not high, the
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TOC content of a few types of samples can even be as low as
0.5%. However, the types and sources of organic matter in
shale are crucial for oil and gas resource exploration (Taylor
GH et al., 1998; Mastalerz M et al., 2018; Liu B et al.,
2022)

There are various classification schemes for the organic
matter in black shales, but the earliest research scheme relied
on coal petrology. In the field of coal rock research, organic
macerals are classified into four major categories based on
reflection  color, morphology, structure, elemental
composition, and fluorescence characteristics: Vitrinite,
Inertinite, Humite, and Lipinite (ICCP, 1998, 2001; Pickel W
et al.,, 2017; Dai SF et al.,, 2021a, 2021b, 2021c, 2021d).
However, unlike coal rock, which is dominated by a large
accumulation of Vitrinite and Inertinite, the organic
composition of black shales, although also containing a
certain amount of vitrinite and inertinite, is often dominated
by dispersed particles (Liu B, 2023). In the field of organic
geochemistry, organic components in black shales are divided
into soluble and insoluble organic components based on the
compositional characteristics of shale organic matter. The
former is mainly composed of chloroform extracts and is
often divided into four groups of components: Saturated
hydrocarbons, arene, non-hydrocarbons, and bitumen, used to
evaluate the organic matter abundance and hydrocarbon
generation ability of shale (Durand B, 1980). The latter

mainly refers to kerogen, which are insoluble in non-oxidizing
acids, bases, and organic solvents. Based on the composition
and proportion of C, H, and O elements, kerogen is often
divided into Type I (sapropel-type), Type II (humic-sapropel
type), and Type III (humic-type).

To explore the origins of organic matter, the classification
of organic matter types in shales also often draws on
palynology and modern oceanography. In palynological
morphological studies, the organic matter in mud shales is
divided into amorphous organic matter (AOM), structured
organic matter (STOM), and palynomorph organic matter,
which are used to determine the sedimentary environment of
the organic matter (Tyson RV, 2001; Li JG and Batten DJ,
2005). In the field of oceanography, organic matter is
physically classified based on whether it can pass through a
filter membrane, divided into dissolved organic matter
(DOM) that can pass through a 0.45 pm filter pore, particulate
organic matter (POM) that cannot pass through a 0.45 pm
filter pore, and colloidal organic matter (COM) that
transforms between the former two (Rimmer SM, 2004; Guo
S and Sun J, 2020). Obviously, according to this standard,
most of the aforementioned organic matter types belong to
particulate organic matter (POM). Although a large amount of
dissolved organic matter and colloidal organic matter may
aggregate into fixed forms and be classified as such, dissolved
organic matter, which accounts for the majority of organic

Fig. 7. Scanning electron microscopy image of quartz in black shales. a—detrital quartz in the shale of the Permian Gufeng Formation (red ar-
row); b—energy spectrum scanning of (a); c—microquartz (yellow arrow) in the shale of the Permian Gufeng Formation, biogenic quartz; d—en-
ergy spectrum scanning of (c); e—foraminiferal framework in the shale of the Permian Dalong Formation, replaced by quartz during diagenesis
(yellow arrow); f-energy spectrum scanning of (e); g-SEM-based EDS map showing chambers of a bioclast filled with euhedral quartz cement
(red). Pennsylvanian cline shale, Midland Basin, U.S (Peng JW et al., 2024). h—-SEM-based cathodoluminescence (CL) image of the same area
in (g). Intragranular quartz cement (yellow arrow) exhibits dark greyish CL color that is similar to the silicified biosiliceous allochems. Note
that silt- to clay-sized detrital quartz in the matrix (red arrows) exhibits variable CL color (from reddish to light blue) (Peng JW et al., 2024);
i~biogenic quartz (red arrow) and detrital quartz (yellow arrow) from the Wufeng Formation- Longmaxi Formation (Liu GH, 2021); j—Permian
Lucaogou Formation shale contains authigenic quartz (red arrow), which is of volcanic ash devolatification origin and has a good crystal struc-
ture(Liu GH, 2017); k—amorphous quartz of the Lucaogou Formation (red arrow) is caused by volcanic ash devitrification(Liu GH, 2017);
l-quartz in the shale of the Yanchang Formation, formed by the transformation of clay minerals(Liu GH, 2017).
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matter in seawater, is mostly deposited and stored in ultrafine
and dispersed forms, such as within minerals or pores, and is
often overlooked in shale.

In general, shale organic matter can be divided into five
categories based on its source and genesis: Vitrinite,
inertinite, liptinite, zooclasts, and secondary organic matter
(Mastalerz M et al., 2018; Liu B et al., 2022; Liu B, 2023).
Among them, the definitions of vitrinite and inertinite are
basically consistent with coal petrology, including multiple
subcategories, mostly derived from lignin and cellulose rich in
higher plants (Fig. 8a—d), and are the main hydrogen deficient
components, mainly contributing to terrestrial higher plants
(ICCP, 1998, 2001; Dai SF et al., 2021a, 2021b). Liptinite
mainly refer to hydrogen rich components such as alginite,
bituminite, and liptodetrinite, etc. which are not only the main
organic components of shale, but also the main hydrocarbon
generating components (Fig. 8e, f; Hackley PC et al., 2017;
Pickel W et al., 2017; Dai SF et al., 2021d). Alginite are the
foundation of high-quality marine hydrocarbon source rocks
and an important source material for marine oil generation
(Tissot BP and Welte DH, 1984; Xie XM et al., 2015; Brocks
JJ et al., 2017). Bituminite, also known as amorphous bodies,
refers to microscopic components without a fixed structure,
which is different from both secondary bitumen and organic

geochemical bitumen (Kus J et al., 2017; Teng J et al., 2021).
Zooclasts is also an important component of shale organic
matter, which is the body or organ fragments of planktonic or
benthic organisms (Fig. 8g), including graptolites, chitins,
foraminifera, and trilobites, with low hydrocarbon generation
potential. The characteristics observed under the microscope
of zooclasts are similar to those of vitrinite. When vitrinite is
not developed, reflectance of zooclasts is often used as a
substitute for vitrinite reflectance for maturity characterization
(Goodarzi F and Norford BS, 1989; Petersen HI et al., 2013).
Secondary organic matter mainly refers to the solid bitumen,
pyrobitumen, and petroleum formed by the thermal evolution
of shale organic matter during oil generation (Fig. 8h, 1). After
the peak of oil generation (R, 0.8%—1.0%), they gradually
become the main types of shale organic matter and develop
organic matter pore (Mastalerz M et al., 2018; Liu B et al.,
2022).

5. Evolution of black shales
5.1. Diagenetic evolution of inorganic minerals

After deposition, with changes in burial depth, formation
temperature, fluid conditions, and other environmental

1 pm 0 500 nm

—

Signal A= SE2
Mg 1000KX

Sample ID = YWD1-531

ENT= 200KV SignalA= fiensDuo  Dele & Mer2017
WD=38mm  Mag= 839KX TmeA3si0r  MERUNGCOMPACT

Fig. 8. Scanning electron microscopy and optical microscopy images of different types of organic matter in black shales. a—vitrinite structure
in Daye Formation; b—vitrinite structure in Dalong Formation; c—inertinite fragments in Longtan Formation; d—inertinite fragments in Longtan
Formation, reflected light; e-liptinite (telalginite), Chang 7 unit of Yanchang Formation, fluorescent light (Chen G et al., 2020); f-liptinite (cu-
tinite), Chang 7 unit of Yanchang Formation, fluorescent light (Chen G et al., 2020); g—zooclasts in Gufeng Formation; h-secondary bitumen in
Dalong Formation; i—secondary bitumen in Longmaxi Formation (Li SZ et al., 2022).
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factors, loose sediments consolidate to form rocks,
accompanied by a series of physical and chemical changes
(Ehrenberg SN, 1997; Bjerlykke K, 2014). The diagenetic
evolution process is complex and prolonged, playing a
decisive role in the formation, loss, and preservation of post-
sedimentary reservoir spaces (Dutton SP and Loucks RG,
2010; Ma BB et al, 2015), and significantly impacting
changes in reservoir performance.

5.1.1. Diagenetic fluids and environments

Diagenetic fluids are shale pore fluids, and their
compositional characteristics, properties, and sources are of
great significance for the study of diagenesis. The
composition of diagenetic fluids and their changing patterns
help to further infer the timing of diagenetic events, as well as
the openness/closedness and acidity/alkalinity of the fluid
system during the formation and evolution of shale (Bjorlykke
K and Jahren J, 2012; Ma BB et al., 2015). Diagenetic fluids
include hydrocarbons (oil and gas) and ion-rich pore water
can fill the pores. There are five main sources of diagenetic
fluids: original sedimentary water of strata, meteoritic water,
crystal water from mineral transformation or chemical
transformation related fluids (Worden RH et al., 2018), deep
thermal fluids, and hydrocarbons formed by the thermal
evolution of organic matter. Diagenetic fluid interacts with
(aluminum) silicate minerals and carbonate minerals in rocks,
resulting in dissolution or precipitation, which is the key to
influencing diagenetic evolution. In particular, acidic fluid
dissolution is an important factor in forming effective
reservoir space. This includes atmospheric freshwater
leaching, organic acids and CO, from organic matter thermal
evolution, bacterial sulfate reduction (BSR), thermochemical
sulfate reduction (TSR), clay mineral transformations such as
illitization acid dissolution, and deep hydrothermal dissolution
(Machel HG, 2001; Bjerlykke K and Jahren J, 2012; Liu QY
etal., 2019).

5.1.2. Diagenesis and diagenetic evolution

Shale diagenesis can be divided into mechanical
diagenesis and chemical diagenesis. Mechanical diagenesis
mainly includes compaction, which is manifested as pore
water removal, rock volume reduction, porosity and
permeability variation, and mineral orientation arrangement.
This mainly occurs in the early diagenesis stage and has a
significant effect on pore reduction. Chemical diagenesis
includes cementation, dissolution, recrystallization,
metasomatism, and clay mineral transformation (Mastalerz M
et al., 2013; Liu GH et al., 2019b). Among these, clay mineral
transformation and unstable mineral dissolution are relatively
important positive diagenetic processes. The temperature and
pressure increase caused by the increase in burial depth, as
well as the resulting discharge of interlayer water and
interlayer cations of clay minerals, lead to conversions
between clay minerals, thus causing rock volume shrinkage.
Additionally, the conversion of clay minerals can produce a
large amount of silica (Thyberg B et al., 2010), and the

secondary increase of quartz produced has a positive effect on
the preservation of primary pores. Recrystallization and
mineral metasomatism, accompanied by the exchange of
materials between minerals, follow the law of conservation of
materials and have no obvious effects on the reservoir.

The diagenetic evolution process of shale can be divided
into early diagenetic stage (A, B), middle diagenetic stage (A,
B), and late diagenetic stages (Fig. 9) by referring to the
criteria of diagenetic stages of clastic rocks in China. The
indexes of diagenetic stages are R,, Tmax, clay mineral types
and their combination characteristics, carbonate mineral
crystallization degree, authigenic mineral types, and oxygen
isotope values.

5.2. Thermal evolution of organic matter (hydrocarbon
generation)

The thermal evolution of organic matter in black shales,
also known as hydrocarbon generation evolution, refers to the
biological, physical, and chemical changes of sedimentary
organic matter during diagenesis and metamorphism as burial
depth, temperature, duration, and pressure increase (Tissot BP
and Welte DH, 1984; Taylor GH et al., 1998).

In this process, although the five major types of organic
matter in shales gradually change from biological organic
matter to geological organic matter and oil and gas, different
types of organic matter behave differently. In black shales,
type I kerogen has the strongest hydrocarbon generation
capacity, type II has a medium hydrocarbon generation
capacity, and type III has the worst hydrocarbon generation
capacity (Fig. 10). Inertinite comes from higher terrestrial
plants and Dbasically does not undergo significant
morphological changes and hydrocarbon formation evolution
during thermal evolution (ICCP, 1998; Dai SF et al., 2021a).
The vitrinite increases with the degree of metamorphism,
gradually darkens in color, and increases in reflectance in the
process of thermal evolution, which is the most prominent
feature. With the intensified metamorphism, the reflection
color of the vitrinite gradually becomes lighter, and the
reflectance gradually increases from <0.5% to >2.0% or even
higher. Based on this, the vitrinite reflectance is often used as
an important indicator of the maturity of organic matter in
coal petrology and organic petrology studies (ICCP, 2001;
Dai SF et al., 2021b). Liptinite, as the main hydrocarbon-
bearing component and hydrocarbon-generating body, exhibit
more  significant changes in  microscopic  optical
characteristics during thermal evolution compared to the
vitrinite. With the enhancement of thermal evolution, the
fluorescence characteristics of liptinite gradually weaken, the
reflection color becomes lighter, and the reflectance gradually
increases, eventually approaching the level of the associated
vitrinite components. Animal detritus is similar to those of
vitrinite and the reflectance gradually increases during the
thermal evolution process (Pickel W et al., 2017; Dai SF et
al., 2021c). Therefore, the reflectance of animal detritus is
often used to characterize maturity when vitrinite is absent
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Fig. 9. Evolution of minerals, organic matter, and pores during shale diagenetic evolution (modified from Mastalerz M et al., 2013; Pollastro
RM, 1993; Zou CN et al., 2022). vol.—volatile; bit.—bituminous; Opal-A—amorphous opal; Opal-CT—crystalline opal.
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Fig. 10. Hydrocarbon generation models of different types of kerogen (modified from Qin JZ and Liu BQ, 2003; Qin JZ and Liu BQ, 2005).
a—marine type I kerogen; b—marine type II kerogen; c—lacustrine type III kerogen.

(Goodarzi F and Norford BS, 1989; Petersen HI et al., 2013).
Secondary organic matter, no matter solid bitumen,
pyrobitumen, or petroleum, represents the product of thermal
evolution of original organic matter, and gradually evolves
into the main body of shale organic matter in the later stage of
thermal evolution (Mastalerz M et al., 2018; Liu B et al.,
2022).

The thermal evolution of organic matter in black shales is
not only manifested in microscopic morphology but also in
chemical composition. According to the theory of organic
hydrocarbon generation, the hydrocarbon evolution of organic
matter is mainly manifested in component condensation,
polymerization, aromatization, loss of Nitrogen-Sulfur-

Oxygen (NSO) functional groups, increase of carbon content,
and decrease of moisture and volatile content (Tissot BP and
Welte DH, 1984; Taylor GH et al, 1998). The
characterization of hydrocarbon generation evolution of black
shales is often characterized by vitrinite reflectance (R,) or
bitumen reflectance, and can also be defined by biomarker
parameters.

In 1970s, Tissot B et al. (1974) summarized the process of
hydrocarbon generation of organic matter and put forward the
theory of late hydrocarbon generation of kerogen. This theory
is the classic theory of hydrocarbon generation to guide oil
and gas exploration at present, which can be roughly divided
into four main evolutionary stages: Immature stage, mature
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stage, high mature stage, and over-mature stage (Figs. 9, 10).
In recent years, the discovery of immature crude oil and early
mature oil has challenged the classic Tissot hydrocarbon
generation model (Huang DF, 1996; Liu WH et al., 1999). In
order to investigate this issue, scholars have proposed
different hypotheses or models, such as early hydrocarbon
generation of resinite, early hydrocarbon generation of
suberinite, early hydrocarbon generation of alginite, early
hydrocarbon generation of kerogen degradation, and bacterial
activities. Studies have found that resinite and suberinite
contributed by higher plants have the characteristics of low
polymerization degree and long chain liptinite, and can act as
chemical reactants with low activation energy under low
thermodynamic conditions to generate hydrocarbons with
mainly chain structures (Liu WH et al., 1999). In addition,
bacterial action will degrade and transform terrestrial organic
matter, and the addition of metabolites such as liptodetrinite
will increase its H/C atomic ratio, increase the degree of
hydrogen enrichment and sapropelization, and reduce the
activation energy of organic matter, resulting in the generation
of low-mature oil and gas (Huang DF, 1996).

In addition, the hydrocarbon generation evolution process
is not only affected by the types and biological processes of
organic matter, but also goes through multi-stage thermal
evolution and secondary hydrocarbon generation with tectonic
uplift and subsidence and magmatic intrusion (Wang WY et
al., 2022). Second hydrocarbon generation refers to the
process of source rock entering the threshold of hydrocarbon
generation in geological history, experiencing the initial
process of hydrocarbon generation, and then heating up again
after stopping hydrocarbon generation due to low temperature
reduction (Xiong YQ et al., 2001; Hackley PC and Cardott
BJ, 2016). The evolution process of secondary hydrocarbon
generation of organic matter is the superposition of the
pyrolysis evolution of residual kerogen and the thermal
pyrolysis transformation of residual oil, which are both
interrelated and completely different physicochemical
processes.

5.3. Interaction between organic matter and inorganic
minerals

The study of interaction between organic matter and
inorganic minerals has a long history. Grim RE (1947) had
long noticed that clay minerals had a catalytic effect on
hydrocarbon generation from organic matter when studying
petroleum generation. Curtis CD (1978) and Surdam RC et al.

(1989) proposed when studying conventional oil and gas
reservoirs in sandstone and carbonate rocks that organic acids
formed by organic matter can dissolve inorganic minerals
(Fig. 11). In different stages of diagenetic evolution in
geological environments, the magnitude of their interaction is
different. With the development of shale oil and gas
exploration, the organic-inorganic mechanism in the source
rocks has once again attracted the attention and discussion
from unconventional oil and gas geologists.

Regarding the catalytic effect of inorganic minerals on
hydrocarbon generation of organic matter, Johns WD and
Shimoyama A (1972), Horsfield B and Douglas AG (1980)
carried out a series of thermal simulation experiments on clay
minerals such as montmorillonite and illite and model
compounds such as source rocks, kerogen, and fatty acids. In
the experiment, it was observed that the presence of minerals
such as montmorillonite would have shortened the formation
duration of long-chain alkanes and the duration for further
cracking to produce short-chain alkanes, and the distribution
of the generated long and short-chain alkanes was very similar
to the composition of petroleum. Clay minerals are widely
existing in shales, and the catalytic principle of clay minerals
for decarboxylation of organic matter is different from that for
thermal cracking of organic matter (Wang XX et al., 2006;
Zhang P, 2020). During the decarboxylation of organic
matter, clay minerals participate in the decarboxylation of
organic matter as oxidants. Fe*" in clay minerals is reduced to
Fe**, organic matter is oxidized, and free hydrocarbons with
shorter chain lengths are formed. During the thermal cracking
of organic matter, clay minerals provide H' to organic matter
to the reaction. The catalytic activity of clay minerals in the
reaction is not affected by the medium conditions, and acid
catalytic activity is still present on the surface of clay minerals
in alkaline formation water (Wang XX et al., 2006). Lewan
MD (1997) believed that formation water promoted the
hydrocarbon generation and expulsion process of organic
matter by providing H" and increased hydrocarbon
production, while dehydration in the conversion process of
clay minerals may have acted as source of formation water as
well.

Thermal evolution of organic matter is a unique type of
diagenesis in black shales, which is different from other
sedimentary rocks, and is an important promoter of various
diagenetic processes (Wang Y, 2020). Organic acids are
products in the evolution of organic matter. With the increase
of burial depth and the thermal evolution of organic matter,
organic acids will be formed during the deoxidation process
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Fig. 11. Mechanism model of interaction between organic matter and inorganic minerals.
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of kerogen, and organic acids will be released when
hydrocarbons are generated (Xu HM et al., 2000). Corrosion
in shale reservoirs is mostly related to organic acids produced
by organic matter (Zhang P, 2020). These acids would
dissolve aluminosilicate and carbonate minerals vigorously,
often promoting the dissolution of feldspar, calcite, dolomite,
and other minerals, generating secondary pores. When organic
matter evolves into a mature stage, the decarboxylation of
organic acids will release CO,. At this time, the content of
CO; in the reservoir increases, which leads to the weakening
of the dissolution reaction of organic acids on carbonate
minerals. Additionally, the pH of pore water continues to rise,
and the acidic environment weakens. The Ca’", Mg®’, and
HCO® released during the illitization of montmorillonite will
precipitate and recrystallize carbonate minerals, thus
increasing the content of carbonate minerals in shale (Xue LH
et al.,, 1996; Zhang P, 2020). This cycle of organic acid
formation (weakening) drives the dissolution (precipitation)
of minerals, further redistributing mineral composition
(Rimstidt JD et al., 2017). Studies have shown that changes in
ambient temperature, pressure, and pH have a certain control
effect on the dissolution rate of minerals. An increase in
temperature and pressure would enhance the dissolution effect
of alkaline feldspar (Li T et al., 2018; Gudbrandsson S et al.,
2014), while an increase in pH value will promote the
recrystallization of carbonate minerals (Zhang P, 2020).

5.4. Pore evolution

The pore development of black shales is different from
that of conventional oil and gas reservoirs. The fine-grained
composition and structure of shale determine the pore body of
black shales is dominated by nano-sized pores (Guo XW et
al., 2019; Zhao JH et al., 2017; Yu BS, 2013). In addition to a
small number of intergranular pores, shale pores are mostly
found in common matrix minerals such as quartz, feldspar,
calcite, pyrite, and clay minerals, and are also heavily
enriched in organic matter. Therefore, the diagenesis of shale
matrix minerals and hydrocarbon generation of organic matter
are closely related to the formation and evolution of the shale
pore system (Zheng Y et al., 2024; Lin W et al., 2024; Wan
XF et al., 2023). However, due to differences in sedimentary
and tectonic environments and material sources, the mineral
composition and organic matter characteristics of black shales
differ across regions and times are different, leading to
distinct formation and evolution of pore systems.

The shale pore system is mainly composed of organic and
inorganic pores, and the complex pore network system is the
result of the dynamic evolution of black shales under various
geological processes during their formation and evolution
(Liu WP et al., 2017; Sun LN et al., 2019; Xu LW et al.,
2019). Among the influencing factors, sedimentary and
structural settings determine the material basis of shale pore
development, including mineral components and sources of
organic matter. The hydrocarbon generation and diagenesis of
organic matter are the primary driving mechanisms of pore

evolution. The evolution of hydrocarbon generation from
organic matter does not simply affect the development of
organic pores. Organic acids generated in the process of
hydrocarbon generation are one of the important conditions
for the occurrence of corrosion (Ji LM et al., 2016), and the
solid bitumen generated in the process of hydrocarbon
generation can easily block the inorganic pores (Mastalerz M
et al., 2013). Diagenesis is not limited to inorganic minerals,
among which compaction is an important mechanism leading
to the reduction of organic pores and inorganic pores in shale.
Rigid minerals can prevent both organic and inorganic pores
from being destroyed by compaction (Zhao JH et al., 2017).
In summary, the relationship between hydrocarbon generation
and diagenesis of organic matter is complex, with pore
evolution from multiple interrelated mechanisms.

Throughout geological history, organic pores do not
simply increase with maturity (Guo SB and Mao W1J, 2019).
Thermal simulation experiments of shale indicate that
secondary organic pores begin to develop in the low-mature to
mature stage (Fig. 12b). However, during the oil-generating
stage, asphaltane filling is prone to cover up part of the pores,
which is especially obvious in marine shale rich in oil content
(Fig. 12c). As maturity continues to increase, hydrocarbon
generation shows a good correlation with the evolution of
organic matter pores. After the oil peak generation, the
secondary cracking of hydrocarbons or bitumen occurs, and
the development of organic matter pores becomes more
pronounced (Figs. 12a, b). During this process, organic matter
forms numerous micropores with hydrocarbon generation and
expulsion, while also decreasing in volume and generating
shrinkage cracks that form a significant number of macro
pores. The organic pores show polarized characteristics (Figs.
12b, d). However, when entering the overmature stage (R, >
3.0%), the organic porosity tends to decrease, which is mainly
related to late thermal alteration and compaction (Loucks RG
etal., 2012).

The evolution of inorganic pores in shale is mainly
controlled by diagenesis, and the difference in components
and diagenetic paths is the main factor of the evolution
difference of inorganic pores (Zhao JH et al., 2017; Liu WP et
al., 2017). Current studies have shown that the diagenesis
types of shale reservoirs are similar to conventional
reservoirs, including compaction, cementation,
metasomatism, dissolution, and clay mineral transformation.
Among which compaction and cementation are the two
primary porosity reduction processes, while dissolution is the
main porosity increase process (Zhang YF et al., 2017). In
general, the inorganic pores of shale gradually decrease with
the increase of burial depth, but the compaction effect
gradually weakens with the increase of burial depth and shale
densification. In the deep high-over-maturity stage, the
illitization and recrystallization of clay minerals increase the
volume of mesopores (Fig. 12¢). The dissolution of organic
acids made the secondary inorganic pores grow in stages.

Based on the results of previous studies, the evolution
models of shale pore systems established at present are mainly
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Fig. 12. Hydrocarbon generation and pore co-evolution process in marine, terrestrial, and transitional black shales thermal simulation experi-
ments, R, estimated according to thermal simulation heating flow (modified from Guo SB et al., 2019; Yang XG et al., 2020; Wang ZL et al.,
2024). a—change of normalized liquid hydrocarbon yield with simulated temperature (liquid hydrocarbon yield at the peak of normalized hydro-
carbon generation =1); b—change of pore volume of 0-2 nm with simulated temperature; c—change of pore volume of 2—50 nm with simulated
temperature; d—change of pore volume > 50 nm with simulated temperature.
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based on maturity (Liu WP et al., 2017; Sun LN et al., 2019;
Xu LW etal., 2019; Ji LM et al., 2016; Guo SB and Mao WJ,
2019; Huang WK et al, 2023). Under the complete
evolutionary sequence, the total pore size of shale is affected
by the evolution of organic and inorganic pores, and the
overall evolution trend is first decreasing, then increasing, and
finally decreasing (Xu L et al., 2022; Mastalerz M et al.,
2013; Ji LM et al., 2016; Guo SB and Mao WI, 2019; Huang
WK et al., 2023). Before the shale reaches the hydrocarbon
generation threshold, the pores are predominantly inorganic
pores and are rapidly reduced by the compaction. During the
oil-gas generation stage, the organic pores of shale gradually
develop, and the inorganic pores increase due to the
hydrocarbon generation of organic matter and the dissolution
of organic acids, correspondingly. It is noteworthy that in the
early stage of this process, the pores of shale may be blocked
by solid bitumen, resulting in phased reduction of shale pores.
In the over-mature stage, hydrocarbon generation ceases, and
processes such as shale graphitization and strong compaction
cause pores to collapse and shrink, leading to further
reduction of pores and their size (Fig. 9).

6. Reconstruction of black shales
6.1. Tectonic reconstruction

Tectonic action controls the burial and uplift of shale
reservoirs, as well as horizontal compression and extension,
through stress actions (Emmanuel S and Day-Stirrat RJ,
2012). By forming various structural patterns (folds, faults,
etc.), they alter the stress structure of the reservoir,
significantly modifying the pore structure of the shale (Guo
TL, 2016).

6.1.1. Compressional deformation and uplift erosion

The compressional deformation caused by structural
compression typically enhances both the horizontal and
vertical permeability of the shale. The degree of
compressional deformation also affects the scale and size of
tensile fractures. Influenced by primary sedimentation, the
shale develops internal laminae, and the pressure relief from
subsequent structural uplift leads to the development of
tensile fractures along these laminae. During deformation, all
pore types become interconnected, forming microfractures
ranging from a few nanometers to several tens of
micrometers. This connectivity enhancement due to
deformation significantly increases the lateral permeability of
the shale compared to its vertical permeability. Generally,
structural locations with higher layer curvature, such as the
axial and hinge zones of folds, have a higher degree of
fracture development, whereas areas with lower layer
curvature, like the limbs, show less fracture development
(Zeng LB et al., 2023). In the absence of vertical fractures,
natural gas migrates along the shale laminae, resulting in
variations in gas content across different parts of the folds.
Typically, the broad anticlinal axes and the cores of residual
synclines exhibit better gas content compared to the limbs

(Cui Y et al., 2023). Under the same porosity conditions, the
permeability of deformed shale is significantly higher than
that of undeformed shale, with stronger deformation
correlating to higher permeability (Li XS et al., 2021).

Uplift and erosion reduce the overburden and regional
caprock thickness above the shale layers, decreasing vertical
stress and disrupting the original formation pressure
equilibrium. This results in elastic strain relaxation
proportional to the Young’s modulus, causing vertical
expansion that reopens closed fractures, thereby increasing
horizontal permeability (Rimstidt JD et al., 2017; Gale JEW,
2014; He ZL et al., 2020; Feng QQ et al., 2022). Due to the
Poisson effect, the rock contracts horizontally, creating new
joints and reactivating pre-existing fractures, which increases
vertical permeability and reduces sealing capacity (Gale JEW
et al., 2014). The tendency for shale to fracture depends on its
mineral composition; thus, shale with high quartz, feldspar,
and carbonate content is more brittle and prone to fracturing
compared to clay-rich shale (Bourg IC, 2015). Fractures
resulting from uplift and erosion increase both horizontal and
vertical macroscopic permeability, transforming the shale
from a nearly closed system to an open system, leading to the
loss of shale oil and gas and a decrease in formation pressure
coefficients (Gao J et al., 2022). In this scenario, it is also
possible for brine from surrounding formations or meteoric
water to infiltrate the shale (Engle MA et al., 2016), or for
hydrothermal fluids to enter the shale, depositing sulfide
minerals or carrying away metals to form mineral deposits
elsewhere.

6.1.2. Faults and fractures

Faulting is a common structural deformation in shale
development areas, typically accompanied by numerous
fractures that significantly enhance the permeability of the
shale. These fractures allow shale oil and gas to escape
through the fracture-fault system until they are dissipated (Li
WP et al., 2017; Xiang J et al., 2021). The development of
fractures is closely related to the presence of faults. Faults
represent the macroscopic manifestation of fractures, with the
relationship between faults and fractures characterized by two
aspects: (1) The development of faults originates from
structural fractures, which act as precursors to fault formation.
(2) During the formation and development of faults, relative
movement between the fault blocks generates local stress
fields, leading to the creation of new fracture systems. During
fault formation, secondary structures or induced fractures
develop within a certain range on either side of the main fault.
These fracture zones are directly influenced by the main fault
and are also referred to as induced fracture zones. The rock
masses within fault influence zones exhibit distinct physical
and mechanical characteristics compared to the surrounding
normal rock, featuring lower strength, greater deformation,
and higher permeability. Structural processes significantly
impact the pore types and pore structure evolution in black
shales (Zhu HJ et al., 2018). The total pore volume in shale
within fault zones increases with the degree of deformation,
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characterized by a notable decrease in organic pores and the
significant development of larger intergranular pores,
microfractures, and microchannels. This greatly enhances the
storage capacity and permeability of the shale reservoir
(Liang ML et al., 2020; Shang FH et al., 2023). Compared to
shale in structurally stable zones, shale in deformation zones
exhibits higher average pore size, total pore volume, and the
proportion of medium to large pores (Sun WJB et al., 2020;
Sun WIB et al., 2023; Zhu HJ et al., 2019).

Natural fractures represent a unique type of storage space
in black shales, exhibiting strong heterogeneity in their
macroscopic to microscopic multi-scale distribution and
arrangement. This variability is dictated by the depositional,
diagenetic, and structural environments that control the
interfaces and mechanical properties (Gale JEW et al., 2014).
Fracture growth may result from one or more mechanisms,
including differential compaction, local and regional stress
changes related to structural events, strain adjustment around
large structures, secondary processes, and tectonic uplift
(Ding WL et al., 2011; Ding WL et al., 2012; Gale JFW et al.,
2014; Zeng LB et al., 2023). Structural fractures, the most
common type, are often filled with calcite and may intersect
different generations of fractures, forming complex fracture
networks with observable features such as folding and
microfaulting, indicating multiple phases of tectonic activity
(Ma J et al., 2022). The degree of development and scale of
structural fractures are greater in areas with concentrated
tectonic stress. Statistical analysis of fractures in different
parts of faults shows that the upper fault block has a higher
degree and width of fracture development than the lower fault
block, with fracture density highest near the fault plane and
gradually decreasing with distance from it (Zeng LB et al.,
2023). Microfractures have a dual impact on shale reservoirs:
they can enhance local connectivity, facilitating shale gas
accumulation, but if they penetrate the layers extensively and
connect to the surface, they may lower reservoir pressure and
lead to significant gas dissipation, thus hindering gas
accumulation (Ding WL et al., 2012; Zeng LB et al., 2023).

6.2. Fluid-induced reconstruction

After diagenesis, shales continue to experience multiple
phases of fluid activity. The interactions between water and
rock, as well as the fluid content, significantly modify the
mineral composition, pore structure, and permeability of black
shales. The main types of diagenetic fluids include seawater,
formation water, hydrothermal fluids, and meteoric freshwater
(Wu AB et al., 2020). Seawater influences rock primarily
during the early diagenetic stage, and it does not appear in
highly mature hydrocarbon-bearing black shales. Formation
water refers to atmospheric freshwater and seawater that have
been trapped within sediments. As burial continues, under
gradually changing temperature and pressure conditions, these
waters undergo long-term water-rock interactions, resulting in
basin brines which are complex chemically. Hydrothermal
fluids are defined as fluids with temperatures higher than the

formation temperature sourced from deep brines or magmatic
origins (Xie XN et al., 2009). Meteoric freshwater infiltrates
into formations from surface outcrops through precipitation
and is typically found in shallow strata. Fluid-induced
reconstruction in shales is characterized by various type of
fluid and the depth and structural position within the
formation (Fig. 13).

Research on ancient fluid activities primarily based on the
petrographic and geochemical characteristics of fracture veins
to reconstruct ancient fluid temperature, salinity, isotopic
composition, and potential existence of hydrocarbons.
Determining the formation ages of fracture veins in shales is
crucial for understanding the processes of ancient fluid
activities, identifying the origins of ancient fluids, and
elucidating the fluid reconstruction effects on shale.

6.2.1. Mechanisms of vein formation

Veins are aggregates of minerals precipitated from fluids
in rock expansion areas, typically consisting of one or more
mineral types and usually taking on tabular or lenticular
shapes. During the formation of veins, fluid flow and
diffusion are the two fundamental mechanisms of material
transport (Okamoto A and Sekine K, 2011).

Fluid flow is a more effective mean of material transport
than diffusion, capable of moving materials over long
distances at the crustal scale (Bons PD et al., 2012). There are
three basic types of fluid flow (Oliver NH and Bons PD,
2001): (1) Percolation through rock pore media: This type of
fluid flow follows Darcy law. Due to the extensive contact
interface between the pore fluid and the rock, there is strong
water-rock interaction. (2) Fluid flow through pre-existing
fractures or faults: This flow type is faster and more effective
than percolation, but the interaction between fluid and rock is
very limited. (3) Fluid flow in hydraulically induced fractures:
In this case, the flow rate of the fluid is approximately the
same as the rate of fracture propagation (Bons PD, 2001). The
presence of numerous crack-seal structures in veins indicates
that episodic or cyclic fluid flow is common (Cox SF, 1995).
High fluid pressure can generate hydraulic fractures,
suggesting that under certain pressures, fluid pathways are
ubiquitous in the sediments. Fluid flow is generally controlled
by fluid potential, flowing from regions of high fluid potential
to regions of low fluid potential (Chi GX and Xue CJ, 2011).
Numerically, fluid potential is equivalent to fluid
overpressure, meaning that fluid typically flows from high
overpressure areas to low overpressure areas.

Diffusion is another crucial mechanism of material
transport in the formation of veins, though the amount of
material transported by diffusion is much smaller compared to
fluid flow (Parnell J et al., 2000). Consequently, veins formed
by diffusion are usually smaller, with lengths typically
ranging from 0 to 10 cm (Fisher DM et al., 1995). The direct
driving force for diffusion transport is the chemical potential
gradient, primarily related to concentration. Diffusion always
occurs spontaneously from areas of high concentration to
areas of low concentration. Due to the diffusion between the
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vein and the surrounding rock, elements are notably depleted
in the rock surrounding the vein (Elburg MA et al., 2002).
Additionally, diffusion is influenced by pressure, temperature,
and crystal structure conditions (Bons PD et al., 2012). For
instance, pressure significantly impacts the solubility of
quartz. When a fracture occurs, fluid pressure is released, and
the pressure differential between the fluid in the vein and the
surrounding rock can cause chemical disequilibrium, leading
to material transport from the wall rock to the vein by
diffusion (Fisher DM et al., 1995).

Mineral precipitation initially occurs at fluid flow sites,
where crystals fill the fractures. As the fractures are gradually
filled with crystals, further fluid flow is impeded, making it
difficult to completely fill the vein through fluid flow alone
(Hilgers C and Urai JL, 2002). Therefore, to fully fill the vein,
diffusion transport may occur simultaneously with fluid flow
or in alternating phases.

6.2.2. Reconstructive impact of fluid activity on shales

Fluids act as a medium for interactions between minerals
and organic matter within shale, with frequent fluid activity
promoting  organic-inorganic  interactions and  the
redistribution of substances within the shale (Dehghanpour H
et al., 2013; Zhao JZ et al., 2017). During the maturation of
organic matter, a large amount of hydrocarbon and organic
acids are generated. Excessive hydrocarbons and high
pressure can inhibit further degradation of organic matter,
while organic acids increase the solubility of minerals in
formation water. These substances, released under high-
pressure conditions, precipitate during fluid environment
changes, forming hydrocarbon reservoirs or metal deposits.

Fluid activity affects the physical properties and
heterogeneity of shale in various complex ways. When
substances like water and oil come into contact with shale,
they are absorbed and alter the shale’s composition and
structure (Dehghanpour H et al., 2013). Without the creation
of new fractures, an increase in non-hydrocarbon fluids and
the intrusion of external fluids typically have a negative
impact on quality of shale reservoirs. The clay minerals in
shale are hydrophilic, and the ingress of water causes these
minerals to swell (Geng LK et al., 2022), leading to throat
blockage and a significant reduction in permeability. Under
high-temperature and high-pressure conditions, the solubility
of minerals increases, causing more calcium and silica to
dissolve in hydrothermal fluids. Excessive minerals
precipitate as cementation, secondary overgrowths, and
recrystallized minerals within the pores or fractures of the
shale (Fig. 14), would significantly reduce porosity and
permeability. Additionally, an increase in the proportion of
aqueous phase occupies limited space within the shale,
resulting in multiphase fluids with oil and gas, thereby
decreasing the single-phase permeability of hydrocarbons
(Zou C et al., 2023).

In another scenario, fluid activity induces the formation of
new microfractures in shale, improving the reservoir quality
(Shen YH et al., 2017). Shale often experiences abnormal

overpressure during its evolution, primarily due to
hydrocarbon generation, clay mineral dehydration, and
tectonic activities. Veins in mature shale often capture
hydrocarbon-bearing fluid inclusions, indicating that fracture
formation is related to hydrocarbon generation. During uplift,
the associated pressure release causes the internal fluid
potential of the shale to exceed that of the external
environment. If the matrix permeability is poor or highly
heterogeneous, this forces the shale to develop microfractures.
Some studies also suggest that the dehydration of
montmorillonite coincides with the thermal evolution of
source rocks in terms of temperature, time, and depth (Wang
M et al., 2018). Combined with tectonic forces altering the
stress state of shale, this composite mechanism is likely a
common cause of shale overpressure and fracture formation
(Zhao JZ et al., 2017).

7. Shale oil and gas resource effects in the formation,
evolution and reconstruction of black shales

7.1. Depositional scale and quality of black shales determine
shale oil and gas resources

One of the most critical factors determining the shale oil
and gas content in black shales is the Total Organic Carbon
(TOC). Regardless of facies, high production of a single well
requires a considerable thickness of organic-rich (TOC > 2%)
shale (Curtis JB, 2002; Ross DJK and Bustin R, 2008; Hao F
et al.,, 2013). The duration of favorable conditions and the
extent of low-oxygen zones during the formation of black
shales determine the thickness and extent of high-quality
shale (Li SZ et al.,, 2022). This forms a solid geological
foundation for shale oil and gas formation and directly
influences their resource potential.

During deposition, fine-grained materials form through
biological, biochemical, and mechanical processes. These
materials, including individual particles, flocculated particles,
clasts within the shale, rock fragments, organic-mineral
aggregates (“marine snow”), and zooplankton fecal pellets,
are transported to the ocean by wind, low-density flows,
gravity flows, and bottom currents. They eventually settle
vertically and/or laterally (Shi ZS et al., 2021). Although the
deposition process of mudstone and shale is complex,
relatively stable hydrodynamic conditions, especially
suspension deposition (hypopycnal flow), facilitate the
formation of extensive, organic-rich black shales during
geological history.

Different depositional facies may result in shales with
similarities in hydrocarbon content but significant differences
in formation environment, thickness, distribution, and
lithological characteristics (Table 1). Marine shales dominate
the shale oil and gas production layers worldwide (Dong DZ
et al. 2021). Deepwater shelf-deposited black shales include
the Woodford Shale, Marcellus Shale, Fayetteville Shale, and
Eagle Ford Shale in North America and the Wufeng-
Longmaxi formations in southern China. The Barnett Shale
and Haynesville Shale are thought to have been deposited in
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Fig. 13. Modes of diagenetic fluid activity in shale during tectonic reconstruction.
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Fig. 14. Characteristics of veins in structurally altered black shales, Hedi-1 Well, Dalong Formation, 1288.2 m. a—photograph of core speci-
men, showing veins filled in horizontal and high-angle fractures; b—thin section overview under plane-polarized light, with horizontal veins ap-
pearing as tabular and stable in thickness, while high-angle veins appear triangular or semi-lenticular, decreasing in thickness towards the hori-
zontal veins; c—thin section overview under cross-polarized light, with the periphery of the veins filled with calcite and the thicker central parts
filled with quartz; d—elongated blocky quartz veins, with quartz grains elongated towards both sides, indicating the opening direction of the
veins. The central part of the quartz grains is penetrated by fine calcite veins, representing multiple phases of tectonic-fluid activity; e—fibrous
calcite and blocky quartz veins in horizontal veins, with coarser calcite and quartz grains; f~blocky quartz and fibrous calcite veins, with finer
calcite veins and quartz grains. The quartz grains are later cracked and refilled with calcite.
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deepwater slope-basin environments (Slatt MR and Rodriguez
ND, 2012; Guo W et al., 2022). The Carboniferous Dawuba
Formation shale in the Dianqiangui region and the Permian
Dalong Formation shale in the western Hubei trough are
formed in more enclosed bay environments (Yuan K et al.,
2023; Li SZ et al., 2024). Terrestrial black shales, major
hydrocarbon source rocks in China’s oil and gas basins,
include the Upper Cretaceous Qingshankou Formation shale
in the Songliao Basin, the Paleogene Shahejie Formation
shale in the Bohai Bay Basin, and the Upper Triassic
Yanchang Formation shale in the Ordos Basin (Ju YW et al.,
2016; Li QQ and Xu S, 2022). Transitional facies shales from
the Mesozoic era include the Upper Cretaceous Lewis Shale
in the Powder River Basin, the Mungaroo Formation in the
Upper Triassic of the North Carnarvon Basin in Australia, and
the Bonaparte Basin’s Middle Jurassic Elang and Upper
Jurassic Frigate formations. In China, transitional facies
shales are primarily developed in the Late Paleozoic in the
Ordos and Sichuan basins (Dong DZ et al., 2021). Significant
amount of shale oil and gas resources have been discovered in
these areas and formations.

7.2. Diagenesis and thermal evolution of black shales
promote shale oil and gas formation and storage

The organic matter in black shales gradually converts to
oil and gas with increasing burial depth, influenced by
temperature, duration, and pressure. In source-reservoir
symbiotic shale reservoirs, the reservoir comprises inorganic
minerals and a significant amount of organic matter. The
interactions between pore fluids, minerals, and organic matter
evolution products are relatively complex, and they play a
decisive role in the formation and evolution of organic-
inorganic pores (Yang T et al., 2018).

High-quality reservoirs and favorable shale oil and gas
storage require the spatial arrangement and temporal co-
evolution of organic and inorganic components (Nie HK et
al., 2020a; Zhao JH and Jin ZJ, 2021). During the diagenesis

and pore evolution of shale, inorganic mineral diagenesis and
organic hydrocarbon generation coexist in micro-nanoscale
spaces, necessitating the study of diagenesis and hydrocarbon
generation within a unified spatial and temporal framework
(Hu ZQ et al., 2021). If hydrocarbon generation occurs earlier
than reservoir formation, the oil expulsion would be
extensive, leading to low present-day oil and gas content.
Conversely, if high-porosity-permeability reservoirs form first
and are later filled with hydrocarbons, the shale oil and gas
content will be high.

The main terrestrial shale formations in China are mainly
in the middle diagenetic stage A, such as the Qingshankou
Formation in the Songliao Basin (Feng ZH et al., 2020) and
the Shahejie Formation in the Bohai Bay Basin (Hu WX et al.,
2019). These stages, with paleotemperatures ranging from
85°C-140°C and R, values between 0.5%—1.3%, allow the
organic matter to enter the “oil window”. Significant amount
of organic acid was released from kerogen catalyzed by
temperature and clay minerals, leading to substantial
dissolution of unstable minerals like feldspar, forming
secondary dissolution pores. Marine shale formations in
China are mainly in the middle diagenetic stage B to late
diagenetic stage, such as the Wufeng-Longmaxi formations in
the Sichuan Basin (Wang RY et al, 2022), with
paleotemperatures over 140°C and R, values above 1.3%,
where the organic matter reaches a mature to over mature
stage. The secondary cracking of kerogen and bitumen leads
to significant development of organic pore, dominating the
storage space (Mastalerz M et al., 2013).

7.3. Tectonic and fluid-induced reconstruction on black shales
lead to differential enrichment and dissipation of shale oil and
gas

Tectonic reconstruction impact shale oil and gas migration
and preservation through four main aspects. (1) Improving
shale reservoir quality: Regions with large stress gradient
changes are likely to develop microfractures, increasing shale

Table 1. Characteristics of black shales in different depositional facies.

Depositional facies

Marine facies

Terrestrial facies

Transitional facies

Age
Depositional environment

Lithological characteristics

Thickness

Distribution size
Organic matter type

Shale oil and gas
characteristics

Typical shales

Paleozoic - Mesozoic

Marine shelf, slope-basin, enclosed
basin

Shale with thin carbonate
interlayers, low clay mineral
content

Single layer > 10 m

Extensive, stable

Mainly type I kerogen, some type
11

High thermal maturity, oil cracked
to gas

Woodford shale, Marcellus shale,
in North America; and Wufeng -
Longmaxi shale in China, etc.

Mesozoic - Cenozoic
Semi-deep lake, deep lake

Variable lithology, clay mineral
content between marine and
transitional facies

Thin single layers with clear
interbeds <3 m

Small scale

Mainly type II kerogen, some type
1

Moderate thermal maturity, mainly
oil generation

Qingshankou shale in Songliao
Basin, China; Shahejie Formation
in Bohai Bay Basin, China

Late Paleozoic - Early Cenozoic
Swamp, barrier-lagoon

Interbedded with limestone, coal, and sandstone,
frequent changes, high clay mineral content with
kaolinite dominance

Thin single layers with clear interbeds, large
cumulative thickness

Small scale

Mainly type III and type II
Mainly gas generated from Type III kerogen

Lewis shale in San Juan, America; Mungaroo
Formation of Upper Triassic in North Carnarvon,
Australia; Shanxi Formation of Permian in Ordos
Basin; Longtan Formation of Permian in Sichuan
Basin, etc.
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porosity and enhancing multiphase fluid storage and
migration (Feng QQ et al., 2022). (2) Forming more sealed
systems: Structural activities may create sealed structures,
such as uplift converting mudstone to brittle over consolidated
material, enhancing shale seal properties and aiding long-term
oil and gas preservation (Nygard R et al., 2006). (3) Damage
and refracturing:  Structural activities cause rock
fragmentation and deformation, forming new or reopening old
fractures, promoting shale oil and gas dissipation. Exploration
practice shows that shorter and smaller fractures favor
preservation, whereas intense deformation with large faults
and high-angle fractures is detrimental (He ZL et al., 2020;
Wei XF et al., 2017). (4) Altering oil and gas migration paths:
Structural deformation may change migration paths and
directions, significantly impacting oil and gas preservation in
shale. For example, structural stress can compress rigid
minerals into adjacent pores, altering migration paths and
affecting oil-gas-water distribution and storage (Gou QY et
al., 2021).

Fluid-induced reconstruction has dual effects on shale oil
and gas migration. (1) Reducing shale porosity and
permeability: Increased non-hydrocarbon fluids and external
fluid invasion cause pore throat blockage and a significant
drop in permeability. (2) Improving shale porosity and
permeability: Fluid activities create new microfractures,
enhancing reservoir quality and facilitating oil and gas
migration and accumulation or dissipation.

Geological history shows that almost all black shales have
undergone tectonic and fluid-induced reconstruction. For
example, the main Cambrian and Silurian shales in southern
China experienced multiple tectonic activities during the
Caledonian, Hercynian, Indosinian, Yanshanian, and
Himalayan periods, leading to wuplift, erosion, and
deformation, along with fluid activity evidence. The major
shale layers reached maximum burial depths during the late
Yanshanian period, generating significant gas, followed by
folding and faulting that caused differential enrichment in the
Sichuan Basin’s shale layers. Intense later tectonic activities
can make organic-rich shales more open, leading to the
complete loss of free gas, which is a primary risk in marine
shale gas exploration in China (Hao F et al., 2013; Guo TL,
2016; Ma YS et al., 2018; Chen L et al., 2019; Li SJ et al.,
2020; Yu GC et al., 2020). Nie HK et al. (2020b) studied vein
types and formation times in the Wufeng-Longmaxi
formations, finding that earlier and deeper veins favor shale
gas preservation, while multiple late-stage veins with a wide
temperature range and lower temperatures indicate significant
deep shale gas reservoir damage. Therefore, stable, weakly
deformed shale preservation areas would be the ideal
exploration targets.

8. Perspectives

The variable shales exhibit spatiotemporal heterogeneity
from the nanoscale to the basin scale, due to each set of shale
or different parts of the same shale undergoing unique and

complicated formation and evolutionary processes.
Investigating the formation mechanisms at different scales is
key to in-depth study of shale formation and evolution, and
crucial for revealing the patterns of shale oil and gas
formation and enrichment.

Looking ahead, the research focus in macroscopic
mechanisms will include: (1) How the interaction of earth’s
multiple spheres further controls the formation of black
shales; (2) the coupling depositional process of black shales
and drastic environmental changes under the drive of global
or regional significant geological events ( such as large-scale
volcanic activity, widespread ocean anoxic, and mass
extinction events) ; (3) the feedback of black shale formation
on climate, environment, and organic carbon cycles; (4) the
internal material and structural changes of shale after
formation due to tectonic alteration.

In terms of micro-scale mechanisms, the research focus
including the following points are strongly encouraged: (1) The
typical physical-chemical-biological action processes during
the formation of black shale; (2) the synergistic evolution of
organic-inorganic components within the life cycle of black
shale and their impact on structure and composition; (3) the
competitive coexistence mechanisms and changes of various
fluids in shale reservoirs, etc.

In terms of mineral resources, shale oil and gas will still
be a long-term research focus, including: (1) The dynamic
evolution process and controlling factors of oil and gas in
black shale; (2) differential enrichment mechanism of shale
oil and gas. In addition, as various mineral resources in shale
are increasingly valued, the occurrence state, enrichment
mechanism, and relationship with biological activities of
important metal elements will be further studied. Importantly,
macro- and micro- scale investigation should all be included
relying on the development and improvement of
microanalysis techniques, as well as the continuous
enrichment of big data for statistical analysis and simulation,
striving for a more comprehensive, systematic, and in-depth
understanding of black shales.

9. Conclusions

This study extensively reviewed the literatures on black
shales, including the progress in their distribution throughout
geological history, depositional environments, material
composition, evolution, alteration, and the impact on shale oil
and gas resources. The following conclusions have been
drawn:

(i) The distribution of black shales exhibits diversity and
heterogeneity in geological time and space. Black shales first
formed approximately 3.46 Ga to 2.76 Ga ago in the Archean.
However, compared to the Proterozoic, the distribution of
black shales in the Phanerozoic is more extensive. Six major
sets of hydrocarbon source rocks widely deposited during the
Phanerozoic have contributed over 90% of the world’s
original reserves of oil and natural gas.

(i1) Black shales are formed in marine, terrestrial, and
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marine-terrestrial depositional environments. Marine shelves,
continental slope-basin, and enclosed basin being the most
favorable settings for the formation of thick black shales. The
depositional process of black shales is a complexation
involving eolian input, hypopycnal currents, gravity-driven,
and offshore bottom currents. Global or regional significant
geological events have driven the formation of black shales,
and the enhanced accumulation of organic matter is the result
of the interactions and coupling of multiple factors such as
primary productivity, the redox of bottom water, and
sedimentation rate.

(iii) The material composition of black shales can be
classified as allochthonous components, autochthonous
components, and organic matter. Quartz, as one of the most
important mineral components in black shales, includes types
such as terrigenous quartz, biogenic quartz, and diagenetic
authigenic quartz, each with different morphologies,
characteristics, and elemental composition. The sources of
organic matter are even more variable, with different types of
organic matter exhibiting significantly different oil and gas
generation capabilities.

(iv) After deposition, black shales undergo complex
physical and chemical processes, including diagenetic
evolution, thermal evolution of organic matter, and
hydrocarbon generation, as well as complex organic-inorganic
interactions. As these processes proceed, the shales’ organic
and inorganic pore networks also undergo complex dynamic
evolution, typically showing a trend of first decreasing, then
increasing, and then decreasing again during the complete
evolutionary process.

(v) Post-deposition, black shales generally experience
compressional deformation and uplift, erosion, fracturing, and
alteration, which all increase shale permeability. Frequent
fluid activity can promote organic-inorganic interactions and
redistribution of materials within the shale, affecting the
shales’ properties and heterogeneity in various complex ways.
Fluids can both plug pore throats, reducing porosity and
permeability, and generate micro-fractures to improve
reservoir quality.

(vi) The formation, evolution and reconstruction of black
shales have substantial impacts on the shale oil and gas
resources. The depositional scale and quality of black shales
lay the foundation for shale oil and gas resources, while the
diagenetic and thermal evolution of black shales promote
shale oil and gas generation and storage. Tectonic and fluid-
induced reconstruction on black shales lead to differential
enrichment and dissipation of shale oil and gas.
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