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Abstract: By performing scanning electron microscopy,
microscopic observations, whole-rock X-ray diffraction
analysis, organic geochemistry analysis, and elemental
analysis on drill core specimens and thin sections, in
this study, we classified the shale types of the Wufeng
Formation-Member 1 of the Longmaxi Formation in wes-
tern Hubei, southern China, and explored the develop-
ment characteristics and formation environments of the
different shale types. The results show that (1) the shales
of the Wufeng Formation-Member 1 of the Longmaxi
Formation are composed of three types of shale: siliceous
shale, mixed clay-siliceous shale, and clay shale. The
siliceous shale is a type of shale unique to deep-water
environments; clay shale is the main type of shale formed
in shallow-water environments; and mixed clay-siliceous
shale falls between the two. (2) The changes in shale
type are characterized by multiple depositional cycles
in the vertical direction with strong heterogeneity and
an obvious tripartite character, and the siliceous shales
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gradually thicken as they laterally extend northwest-
ward, with their last depositional cycle gradually ending
at a later time. (3) The Late Ordovician-Early Silurian
paleoenvironment can be divided into six evolutionary
stages (A, B, C, D, E, and F) from early to late. In partic-
ular, the sea level was relatively lower in stages A and F
when the bottom water was mainly oxygen rich with
higher terrigenous inputs and a lower paleoproductivity,
which led to the formation of clay shales poor in organic
matter but rich in terrigenous quartz clasts. The sea level
was higher in stages B, C, and D when the bottom water
was anoxic with lower terrigenous inputs and a higher
paleoproductivity, which led to the formation of siliceous
shales rich in organic matter and biogenic silica. The total
organic carbon (TOC) contents of siliceous shales decrease
in the order of stage C > stage D > stage B, which is mainly
attributed to the different degrees of water restriction in
the three stages and the consequently different paleopro-
ductivities. Stage E corresponds to the mixed clay-silic-
eous shales, the depositional environment of which is
between those of the siliceous shales and the clay shales,
thereby resulting in the mineral composition and TOC con-
tent of the mixed clay-siliceous shales being between
those of the other two shale types.

Keywords: Middle Yangtze, black shale, organic matter,
paleoenvironment, depositional model

1 Introduction

Earlier studies have suggested that shale formed in a
specific environment is homogeneous without obvious
structures, but shales with heterogeneous characteristics
have been widely reported with the advancement of fine-
grained sedimentology [1-3], and thus, it has been accepted
that shale is composed of different types of rocks that are
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rich in organic matter [4]. Given that shale lithofacies con-
tain macroscopic and microscopic information such as
color, sedimentary structure, and groundmass structure,
as well as the inorganic and organic mineral compositions
[5-7], shale lithofacies classification has become a basic
geological tool in shale gas exploration. Furthermore, given
the notion that “a depositional environment is the cause
and a sedimentary rock is the result” [8], studies on the
formation environments and development patterns of shales
have also focused on the types of shale lithofacies [3]. Earlier
studies have discovered that the differences in the mineral
compositions, sedimentary structures, organic matter con-
tents, and paleontological types and abundances of different
types of rocks are the result of the combined action of the
basin structure, water environment, terrigenous supply, cli-
mate change, and sea-level rise and fall during shale deposi-
tion [9-11]. Therefore, the classification of shale lithofacies
and the research on shale depositional environments pro-
vide important guidance for determining the depositional
conditions of black shales and for finding sweet spots in
shale gas exploration.

The Wufeng Formation—-Longmaxi Formation in wes-
tern Hubei is characterized by a large thickness of organic-
rich shale, with a high organic carbon content and high
organic maturity, which serves as an important replace-
ment area for shale gas exploration in southern China after
the Sichuan Basin [12-14]. Earlier studies of this area have
mainly focused on the tectonic background and shale gas
preservation conditions [15,16], biostratigraphic classifica-
tion and comparison [17,18], lithofacies paleogeography
[19-21], and organic geochemistry [22], whereas relatively
little research has been conducted on the characterization
of the rock types. Moreover, the classification criteria for
rock types has not been unified [14,23], and no systematic
study has been conducted on the formation environments
and development patterns of the different types of shales.
Earlier studies have identified paleoproductivity and redox
conditions as the key factors controlling the formation of
different types of shales, but few have explored the impact
of water restriction on shale formation, and much remains
unknown about the correlation between environmental
factors [10,13,14,24], thereby preventing the development
of satisfactory shale deposition models for different shale
types.

Given these issues, the black shales of the Upper
Ordovician Wufeng Formation-Lower Silurian Longmaxi
Formation in the western part of Hubei Province were
selected as the research objects of this study. Scanning
electron microscopy, thin section microscopic observations,
whole-rock X-ray diffraction analysis, organic geochemistry
analysis, and elemental analysis were performed to enable
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the detailed classification of the various types of marine
shales. Based on the classification results, we clarified the
development characteristics and temporal-spatial patterns
of the different shale types, explored the formation environ-
ments of different shale types in terms of sea level variations,
terrestrial inputs, redox conditions, paleoproductivity, and
water restriction and established depositional evolution
models. These findings deepen our understanding of the
deposition and development mechanisms of marine shales
and provide a theoretical basis for the identification of sweet
spot layers in shale gas exploration in western Hubei.

2 Regional geologic background

The study area is geographically located in the western
part of Hubei Province (Figure la), covering Yichang,
Jingmen, and Nanzhang (Figure 1b). Since the Middle
Ordovician, the Yangtze Plate ended its development as
a passive continental margin and evolved into a foreland
basin due to its convergence with the Cathaysia Block
[25-27]. In the Late Ordovician—Early Silurian, as the col-
lision and compression of the Cathaysia Block with the
Yangtze Plate strengthened, the Jiangnan-Xuefeng uplift,
the Central Guizhou uplift, the Kangdian uplift, and the
Central Sichuan uplifts on the margin of the Yangtze
Plate rapidly exposed the strata making it an ancient
land. Meanwhile, underwater highlands were formed in
some areas, thereby partially transforming the Yangtze
region from an open sea into a confined sea in the Middle
Ordovician, which created a large-area, low-energy, under-
compensated, anoxic depositional environment [26—29].
The strata of the Wufeng Formation—Longmaxi Formation
in the study area are fully developed, and no units are missing
[17,18]. Among them, the strata of the Wufeng Formation are
relatively thin (about 7 m; Figure 2), and they can be
divided into three lithologic members from bottom to
top. Lithologic member W1 is mainly composed of gray
clay shale. Both lithologic members W2 and W3 are mainly
composed of gray-black siliceous shale, and the top
Guanyingiao (GYQ) bed (generally less than 0.2m thick),
which is the boundary between the Wufeng Formation and
the Longmaxi Formation, is mainly composed of deep-
water siliceous shales and a small amount of calcareous
biological debris [30] (Figure 4). The Longmaxi Formation
can be divided into three lithologic members from bottom
to top. Lithologic member L1 is composed of black-dark
gray siliceous and gray clay shales, with bottom is rich in
organic matter and total organic carbon (TOC) contents
that are generally greater than 0.5%. Lithologic member
L2 is composed of light gray-grayish green clay shale or
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Figure 1: (a) Geographical location of the study area; (b) the regional distribution of the siliceous shale thickness (adapted from ref. [14]).
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Figure 2: Stratigraphic column of the Wufeng Formation-Longmaxi Formation in well YT3. GR — natural gamma ray. API — American
Petroleum Institute.
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Figure 3: Ternary diagram for classifying the types of shale in the Wufeng Formation-Member L1 in the study area.

mudstone interbedded with thin layers of silty mudstone,
with TOCs that are generally less than 0.5%. Lithologic
member L3 is composed of grayish green-light gray silty
mudstone or mudstone interbedded with thin layers of
gray muddy siltstone, with TOCs that are generally less
than or equal to 0.5% (Figure 2). This study focuses on
the Wufeng Formation-Member 1 of the Longmaxi Forma-
tion (hereinafter referred to as L1 Member), which can be
divided into four submembers from bottom to top (herein-
after referred to as L1, L1%, L1, and L1%) according to the
morphological characteristics of the natural gamma ray
(GR) curve (Figure 4). From the north to the south, the
thickness of each submember decreases (Figure 8).

3 Sampling and analytical methods

The 257 specimens in this study were all collected from
the black graptolite shales at the bottom of the Wufeng
Formation-Longmaxi Formation in the shale gas explora-
tion wells in western Hubei, of which 48 were from well
YT1, 73 were from well YT2, 56 were from well YT3, 36
were from well J101, and 44 were from well J102. All of
the specimens were identified through conventional thin
section observations under a microscope to ensure the
reliability of the specimen classification. Based on this,
the specimens were selected for organic carbon analysis,
X-diffraction analysis, focused ion beam-scanning electron
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Figure 4: Comprehensive stratigraphic column of the Wufeng Formation-Member L1 in well YT3. GR - natural gamma ray. APl — American
Petroleum Institute. Hir. — Hirnantian. GYQ — Guanyingiao, corresponding to Hirnantia. The graptolite zonation is from Chen et al. (2018b).
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microscopy (FIB-SEM), and elemental analysis. In partic-
ular, the shale specimens selected for the FIB-SEM analysis
were milled using an argon ion beam, and then, they were
coated with a carbon film. The distribution of the sampling
wells is shown in Figure 1b.

The analysis and testing of all of the shale specimens
were performed in the geological laboratory of the Exploration
and Development Research Institute of PetroChina Southwest
Oil and Gas Field Company. The conventional thin section
observations were performed using a LEICA DM2700P polar-
izing trinocular microscope. The TOC was measured using a
CS-344 carbon-sulfur analyzer with a precision of +0.5%. The
X-ray diffraction measurements were conducted on a Phillips
X’pert-MPD X-ray diffractometer, and the type and contents of
the minerals were determined using the 26 angle (scanning
range of 20°-40°) and the diffraction peak intensity. The
FE-SEM analysis was performed using a ZEISS Sigma-300
field emission-environmental SEM. The major elements
analysis was performed on a Rigaku 100e wavelength-dis-
persive X-ray fluorescence spectrometer using fused glass
discs prepared through the alkali fusion of the specimens.
The trace and rare earth elements were analyzed using a
Thermo Scientific Element XR Inductively coupled plasma
mass spectrometer (ICP-MS).

4 Results and discussion

4.1 Shale classification scheme

Due to the improvement in data accessibility and char-
acterization methodology, the shale classification schemes
used in fine-grained sedimentology are becoming more
diverse. Color, mineral composition, grain size, and lami-
nation features were used as the classification parameters
in the early schemes [31-33]. As research progressed,
researchers now often include the main mineral contents,
paleontological features, and organic matter enrichment,
as well as the features of special minerals (such as nodules
and pyrite) as shale classification parameters [4,6,34].
However, a unified classification standard for shales is
still lacking. A reasonable shale classification scheme
should not only focus on the shale petrology, depositional
environment (i.e., the genesis), and other key factors, but
it should also reflect the main mineral types of the shale
formations. As for special formations such as those of
nodules, pyrite bands, shell layers, and bentonite, they
are usually not more than 0.5m in thickness and have a
limited distribution, so they can be ignored [34].

Shale types and sedimentary environments —— 1601

Given the above context, in this study, the shale clas-
sification was performed using a siliceous mineral (quartz +
feldspar)-carbonatite mineral-clay mineral ternary diagram.
That is, the shales were first classified as siliceous shales
(siliceous content of greater than 50%), calcareous shales
(calcareous content of greater than 50%), clay shales (clay
content of greater than 50%), and mixed shales (siliceous,
calcareous, and clay contents of greater than 25% but
less than 50%) according to the criteria for the classifica-
tion of sedimentary rocks. The above four types of shales
were further subdivided into nine types according to the
threshold proportions (25, 50, and 75%) of the three com-
ponents in the ternary diagram (Figure 3). The introduc-
tion of lamination features, paleontological features, and
groundmass fabrics as supplementary factors in the classi-
fication would lead to the use of numerous and complex
terms for the shale types, which is of little research signifi-
cance in practical applications, so these three supplemen-
tary factors were not considered in this study. Instead, key
relevant factors were analyzed when comparing the devel-
opment features of the different shale types.

4.2 Development and distribution
characteristics of the different shale

types

As can be seen from the ternary diagram and the whole-
rock XRD results, the Wufeng Formation-Member L1 in
the study area is mainly composed of siliceous shale,
mixed clay-siliceous shale, and clay shale, with no sam-
ples plotting in the fields of calcareous-siliceous shale,
clay-calcareous shale, or calcareous shale (Figure 3). The
three main components above will be elaborated upon in
terms of their colors, sedimentary structures, paleontological
features, groundmass fabrics, and organic matter enrich-
ments to reveal their basic characteristics and genesis.

4.2.1 Siliceous shales

Black siliceous shales were developed inside the strata
from the W2 member to the L1? submember, corresponding
to a total of nine graptolite zones of D. complexus—D. tri-
angulatus (Figures 3a—c and 4). This is the main rock type
in the study area, and it exhibits vertical depositional con-
tinuity, with the GYQ bed (siliceous shales) failing to sepa-
rate the upper and lower layers (Figure 5a). The black
siliceous shales do not contain laminae (Figure 5b), but
they do contain rhabdosomes with high abundances and
diversity, which are well preserved and disorderly arranged
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Figure 5: Depositional features of the siliceous shale. ((a) Black siliceous shale mixed with calcareous biological debris, at 3635.97 m in well
YT3 in the GYQ bed; (b) absence of laminae, at 3561.7-3561.9 m in well YT3 in the L12 submember; (c) abundant graptolites with a disorderly
arrangement, at 3978.14 m in well YT2 in the L1? submember; (d) strips of pyrite distributed in the siliceous shale, at 3559.5 m in well YT3 in
the L12 submember; (e) SEM image showing abundant strawberry-shaped pyrite nodules in the siliceous shale, at 3978.7 m in well YT2 in
the L1% submember; (f) thin section photograph showing abundant radiolarians filled with siliceous minerals, at 3567.4 m in well YT3 in the
W3 member, cross-polarized light (+); (g) thin section photograph showing abundant siliceous radiolarians, at 3563.5 m in well YT3 in the
L1%2 submember, cross-polarized light (+); (h) organic matter dispersed among biogenic siliceous grains forming a large number of organic
pores, at 3974.3 m in well YT2 in the L1 submember. The coins in the images are 20.5 mm in diameter).

(Figure 5c). Pyrite was developed in large quantities and is
often present as strips (with thicknesses of 1-2 cm; Figure 5d)
or strawberry-shaped nodules (Figure 5e). Framework grains
are common, mainly including radiolarians and some sponge
spicules, which are generally filled by siliceous minerals
(Figure 5f and g). The black siliceous shales are rich in sili-
ceous minerals (quartz + feldspar), with a mean content of
60.6%, and are dominated by quartz (mean content of
54.6%; Figures 3 and 4). The quartz grains are mostly
microcrystalline and powder crystalline grains of biolog-
ical origin in a circular-subcircular shape [14,16], accom-
panied by minor amounts of subangular terrigenous
quartz grains [9]. The carbonatite content is low (mean
of 6.3%), occurring as calcite and dolomite cement. The
clay mineral content is low, with a mean of 28.3%. The overall
TOC content of the black siliceous shales is the highest of all
the shale types, with an average of 3.95%. The TOC

contents of the different strata decrease in the order of
GYQ bed (4.15%) > L1'-L1°> submembers (mean of 3.51%)
> W2 member (mean of 2.89%; Figure 4). The organic
matter is dispersed between the clay minerals and the
biogenic siliceous grains, and the black shale contains a
large number of organic pores (Figure 5h).

The black siliceous shales are rich in pyrite, biogenic
silica, and organic matter, but they lack laminae, indi-
cating that the shales were deposited on a deep-water
shelf where the hydrodynamic conditions were weak
and the water was highly reducing (Figure 4).

4.2.2 Clay-siliceous mixed shales

The grayish black mixed clay-siliceous shales are mainly
developed in the W1 member and at the junction of the
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L1? and L1* submembers, corresponding to the D. com-
plexus and D. triangulatus graptolite zones, respectively
(Figures 3a, ¢, d, and 4). The mixed clay-siliceous shales
differ from the siliceous shales mainly in the following
aspects. (1) The hand specimens of the mixed clay-sili-
ceous shales exhibit continuous, lateral sandy laminae
that are generally no more than 5 mm thick (Figure 6a),
and horizontal continuous laminae were also observed
under the microscope (Figure 6b). (2) The scale of the
pyrite is smaller in the mixed clay-siliceous shales. The
pyrite bands are generally less than 5 mm thick (Figure 6c).
(3) The mixed clay-siliceous shales are rich in clay minerals
(mean content of 44.5%) but are poor in quartz (mean
content of 38.2%), and the quartz grains are mainly sub-
angular-subcircular microcrystalline grains with a few
fine-powder crystalline grains. The abundance of siliceous
radiolarians is significantly lower, and the quartz grains
are often clustered, forming a band-shaped pattern mixed
in an clay groundmass rich in organic matter (Figure 6b).
(4) The organic matter content drops to a mean of 2.67%,
and accordingly, the development of the organic pores is
also lower (Figure 6d).

The mixed clay-siliceous shales are a transition type
between the siliceous shales and the clay shales. Although
they have been affected by the terrigenous clastic supply
to some extent, their depositional characteristics still
reflect that they were formed in an anoxic, weak, hydro-
dynamic environment on a deep-water shelf, but the

Lamination
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water they were deposited in was not as deep as the
water the siliceous shales were deposited in.

4.2.3 Clay shales

The gray-dark gray clay shales are mainly developed in
the W1 member and L1* submember corresponding to the
D. complexush and L. convolutus graptolite zones, respec-
tively (Figures 3a, d, and 4), and they constitute the main
lithofacies developed in the study area. The hand speci-
mens show a large number of 1-3 cm thick, light gray,
silty shale bands, indicating obvious lateral bedding
(Figure 7a and b). The microscopic observations also
reveal the lateral lamination of silty quartz clasts (Figure 7h).
The scale of the pyrite is the smallest of all the shale types,
generally occurring in a lenticular form or as clumps with
poor stratification (Figure 7c). Graptolites occur with low
abundance and diversity, are dominated by C. cyphus and
D. triangulatus, and exhibit obvious directional alignment
(Figure 7d). Furthermore, the clay shales contain a small
amount of brachiopods (Figure 7e), Cyrtoceras (Figure 7f),
and fossil tubes (Figure 7g), as well as other fossils and
remains of benthic organisms. The quartz content is the
lowest of all the shale types, with an average of 35.5%. The
quartz grains are mainly subangular fine-powder crystals
and mainly originated from a terrigenous supply. They
generally occur as bands (Figure 7h) and dispersed grains

Lamination

(§

3
A\

™ Biogenic silica

Figure 6: Depositional features of the mixed clay-siliceous shale. ((a) Lateral sandy laminae, at 3553.44-3553.69 m in well YT3 in the L1 and
L1* submembers; (b) thin section photograph showing the uneven distribution of quartz, feldspar, mica, and illite, mostly clustered in
strips, forming obvious lateral laminae (yellow deficiency line), at 3554.4 m in well YT3 in the L1*> submember, plane-polarized light (-);
(c) pyrite distributed in a strip, at 3554.69 m in well YT3 in the L1> submember; (d) SEM image showing that the development of the organic
pores is lower than that of the siliceous shale, at 3970.3 m in well YT2 in the L1> submember).
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Figure 7: Depositional characteristics of the clay shale. ((a) Lateral bedding, at 3572.6 m in well YT3 in the W1 member; (b) light gray silty
shale bands with lateral bedding, at 3531.2 m in well YT3 in the L1* submember; (c) lenticular pyrite with poor stratification, at 3538.7 m in
well YT3 in the L1* submember; (d) graptolites with a low abundance and diversity exhibiting an obvious directional arrangement, at

3537.4 m in well YT3 in the L1 submember. The yellow arrow indicates the arrangement direction of the graptolites; (e) brachiopod fossils,
at 3572.7 m in well YT3 in the W1 submember; (f) cyrtoceras, at 3526.4 m in well YT3 in a single layer of the L1* submember; (g) fossil tube, at
3536.1 m in well YT3 in the L1* submember; (h) thin section photograph showing the presence of clay-rich laminae sandwiching quartz clast-
rich laminae and the presence of a low content of organic matter distributed intermittently in the form of fine laminae, at 3531.29 m in well
YT3 in the L1* submember, cross-polarized light (+); (i) thin section photograph showing fine-powder quartz grains dispersed in a clay-rich
groundmass with a small amount of organic debris, at 3,468 m in well YT1 in the L1* submember, plane-polarized light (-); (j) SEM image
showing intergranular pores between clay minerals with few organic pores, at 3964.2 m in well YT2 in the L1* submember. The coins in the

images are 20.5 mm in diameter).

(Figure 7i) in a clay-rich groundmass. Subcircular siliceous
radiolarian grains of biological origin are extremely rare.
The carbonatite content is low, with a mean of 3%, and
mainly occurs in the form of crack-filling calcite. The clay
mineral content is the highest of all the shale types, with
an average of 54.3%. The organic matter content is the lowest
of all the shale types, with a mean of only 0.44%. The micro-
scopic observations reveal that the organic matter is usually
scattered in the clay mineral groundmass in the form of dis-
crete, fine-grained, laminae, or clasts (Figure 7h-i), and
organic pores are rare, in contrast to the large amount of
inorganic pores (Figure 7j). The above features indicate that
the clay shales were formed in a shallow-water, oxygen-rich,
strong hydrodynamic environment on a shallow-water shelf.

4.2.4 Spatial distribution characteristics of the different
shale types

4.2.4.1 Vertical evolution characteristics

The Wufeng Formation-Longmaxi Formation in the Yangtze
region is a graptolite shale formation formed by the alternating
glacial and interglacial periods during the Ordovician-Silurian
transition [35]. The shales are characterized by multiple deposi-
tional cycles in the vertical direction, with strong heterogeneity
and a generally tripartite character (Figure 4). During the
depositional period of the W1 member, the study area was
in the initial stage of the platform-to-shelf transition with
shallow depositional water depths, that is, it was in a
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shallow-water shelf depositional environment. During this
period, the rocks were dominated by clay shale deposits, and
internal laminae developed. As the water depth increased,
the shales transitioned to mixed clay-siliceous shales, which
were deposits at the end of the depositional period of the W1
member (Figure 4). During the depositional period of W2-L1>,
the study area was in a continuous, deep-water shelf deposi-
tional environment, in which the rocks were dominated
by siliceous shales, and internal laminae did not develop
(Figure 4). From the late depositional period of the L1
submember to the depositional period of the L1* submember,
the depositional water depths continued to decrease, and
accordingly, the depositional environment transitioned from
a deep-water shelf environment to a shallow-water shelf
environment, with the rocks rapidly transitioning from mixed
clay-siliceous shales to clay shales (Figure 4) and forming a
large number of lateral beds.

4.2.4.2 Lateral distribution characteristics

The shales of the Wufeng Formation-Member L1 in wes-
tern Hubei have a distinct tripartite character in the
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north—south direction, but there are differences among
the different shale types in terms of their development
layers and depositional thicknesses. The early-middle
stage of the W1 member is mainly composed of clay
shales, while it is dominated by mixed clay-siliceous
shales in the late stage. The two types of shales are dis-
tributed stably in the lateral direction without significant
changes. During the depositional period of W2-L1, the
shale types in well X1 in the southern part of the study
area changed from siliceous shale, to mixed clay-sili-
ceous shale to clay shale from bottom to top, with the
siliceous shales ending their development in the early
depositional period of L1% Extending northward from
well X1 to well YT1 and further to well YT3, the shale
facies show a vertical transition trend from siliceous
shale to mixed clay-siliceous shales, with the siliceous
shales ending their development in the late depositional
period of L1 with a significant increase in thickness.
Farther north, in well J101, the formation is dominated
by siliceous shale and it becomes thicker. During the
depositional period of L1%, the study area was mainly
dominated by clay shale deposits, and there was no sig-
nificant change in the shale’s thickness. The siliceous
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Figure 8: Shale type comparison among wells J101, YT3, YT1, and X1 in the Wufeng Formation-Member L1 in western Hubei. GR - natural

gamma ray. APl — American Petroleum Institute.
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shales and mixed clay-siliceous shales mainly occurred
in the early depositional period of L1* in well J101 in the
northern part of the study area (Figure 8).

As shown above, the siliceous shales in the study
area gradually thicken, and their development ended at
an increasingly late time to the north (Figure 8). Moreover,
the siliceous shales significantly thicken to the north and
northwest (Figure 1b). These changes occurred in response
to the Caledonian movement on the Yangtze Platform. During
the Caledonian period, as the Cathaysian Oldland continued
to collide with the Yangtze Platform from southeast to north-
west, the depocenter of the shales migrated northwestward,
which resulted in the abovementioned changes in the rock
type in the study area.

4.3 Depositional environments of the
different shale types

4.3.1 Ancient sea-level changes

Previous studies have shown that it is possible to infer
ancient sea-level changes from Ce anomalies [36,37]. The
shales of the Wufeng Formation-Member L1 in the study
area exhibit obvious negative Ce anomalies (Figure 9 and
Table 1). The early-mid depositional period of W1-W3
corresponds to the first large-scale marine transgression
during the Ordovician-Silurian transition when the sea
level gradually rose due to a global marine transgression
[14,38], producing mainly negative Ce anomalies. At the
end of the depositional period of W3 (the Hirnantian
Ice Age), the climate became colder, with the seawater
beginning to solidify and the global sea level beginning
to fall, which led to a significant 6Ce shift toward smaller
negative Ce anomalies, with 6Ce reaching its lowest value
(0.61) in the entire member at GYQ. In the depositional
period of L1}, the global climate warmed, with the ice
sheet melting and the sea level rapidly rising, which
caused the 8Ce to rapidly increase, followed by a contin-
uous rise in sea level until the highest sea level occurred
in the middle of the depositional period of L1 corre-
sponding to the second large-scale marine transgression
during the Ordovician-Silurian transition. Thereafter, as
the downward flexure in the southeastern part of the
Yangtze Platform increased, the depocenter began to
migrate northwestward [35], while the sea level began
to fall. Despite several fluctuations in 8Ce, it generally
shifted toward smaller negative Ce anomalies (Figure 9
and Table 1).

As shown above, the clay shales were formed in a
relatively low water-level period, mainly in the early
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stage of the sea-level rise and in the late stage of the
sea-level drop; while the siliceous shales were formed
in a relatively high sea level period, mainly in the mid-
late stage of the sea-level rise and in the early stage of the
sea-level drop. The mixed clay-siliceous shales are a tran-
sitional type between the two, which formed in an inter-
mediate water-level period (Figure 9). It is noteworthy
that although a global sea-level drop took place in the
late stage of W3 (the Hirnantian Ice Age), the main part of
the study area was in a depression far away from the
underwater paleo-uplifts, and therefore, it still had a
relatively high water level [14,30]. This area is mainly
composed of siliceous shales.

4.3.2 Paleoredox conditions

Trace element indicators of redox conditions such as the
Ni/Co and V/Cr ratios are widely used to assess ancient
redox conditions [39]. As shown in Figure 9 and Table 1,
the vertical changes in the Ni/Co and V/Cr ratios were
relatively consistent. During the depositional period of
W1, the rocks were mainly clay shales, and both their
Ni/Co and V/Cr ratios indicate an oxygen-rich water
environment. During the depositional period of W2-L1%,
the rocks were dominated by siliceous shales, and their
Ni/Co and V/Cr ratios are indicative of an anoxic-suboxic
environment. During the interval from the late deposi-
tional period of L1° to the early depositional period of
L1%, the rocks were mainly mixed clay-siliceous shales
with intermediate Ni/Co and V/Cr ratios, indicating that
the shales were deposited in a transitional depositional
environment between a suboxic depositional environ-
ment and an oxygen-rich depositional environment, but
the environment was generally closer to the former.
Thereafter, the rocks were mainly composed of clay
shales with low Ni/Co and V/Cr ratios, which are indica-
tive of a stable, oxygen-rich water environment.

As indicated by the redox indicators discussed above,
the siliceous shales were generally formed in an anoxic-
suboxic water environment; the mixed clay-siliceous shales
were mainly formed in an anoxic water environment and
thus had a lower reducibility than the siliceous shales; and
the clay shales were formed in a relatively stable, anerobic
water environment. In addition, the TOC exhibits a clear
linear relationship with the Ni/Co and V/Cr ratios. With
the gradual weakening and disappearing of the anerobic
environment in the order of siliceous shales, mixed clay-
siliceous shales, and clay shales, the preservation conditions
of the organic matter were affected, leading to a gradual
decrease in the TOC values (Figure 9 and Table 1).
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Figure 9: Vertical distribution of the geochemical parameters of the different rock types in well YT3 in the Wufeng Formation-L1 Member.
Hir. — Hirnantian. GYQ — Guanyingiao. For the redox discrimination parameters refer to [39].

4.3.3 Terrigenous input

Al and Ti are the main elements in the continental crust, so
the Al,O5 content and Ti/Al ratio are often used to assess

the terrigenous input to ancient and modern oceans
[24,40,41]. The clay shales in W1 (early stage of sea-level

rise) and L1* (mid-late stage of sea-level drop) were formed
in shallow depositional water bodies with high terrigenous
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inputs, which resulted in high Al,0O; contents and low
Ti/Al ratios. In contrast, the siliceous shale deposited in
the W2-L13 depositional period was formed in a continu-
ously deep water environment with low terrestrial inputs,
which resulted in low Al,O; contents and high Ti/Al ratios.
The mixed clay-siliceous shales deposited from the late
depositional period of L1 to the early depositional period
of L1* have Al,0; contents and Ti/Al ratios between those
of the clay shales and siliceous shales, indicating a moderate
terrigenous input (Figure 9 and Table 1).

Terrigenous clastic inputs have multiple effects on
shale composition. (1) Terrigenous clastic inputs dilute
the organic matter and reduce its content [42]. That is,
as the terrigenous input gradually increased in the order
of siliceous shales, mixed clay-siliceous shales, and clay
shales, the TOC gradually decreased, exhibiting an obvious
dilution effect (Figures 8 and 9 and Table 1). (2) Terrigenous
inputs change the mineral compositions and structures of
shales. That is, due to the low terrigenous inputs, the sili-
ceous shales have low clay mineral contents and did not
form internal laminae, forming a blocky structure instead.
The quartz was mainly biogenic and originated from sili-
ceous radiolarians. As the terrigenous input increased, the
clay mineral content increased, which was accompanied by
a gradual increase in the content and grain size of the ter-
rigenous quartz grains, leading to the gradual development
of sandy laminae (Figures 5-7).

4.3.4 Degree of water restriction

The ratio of the redox-sensitive element Mo to the TOC is
often used to determine the degree of seawater restriction.
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As shown in Figure 10, the lower the Mo/TOC ratio, the
stronger the water restriction [43]. However, this hydrolo-
gical analysis method is only applicable to anoxic facies
subject to hydrographic restriction [43,44]. During the
depositional periods of W1 and L1* when the clay shales
were deposited in the study area, the water body was rich
in oxygen with low Mo/TOC ratios, and the enrichment of
Mo was mainly controlled by the redox conditions. This
suggests that the Mo enrichment cannot be used to judge
the degree of water restriction (Figure 10 and Table 1).
During the depositional period of W2-L1> when the sili-
ceous shales was deposited, the water body was anoxic-
suboxic, and the Mo/TOC ratios exhibited an obviously
bipartite character. (1) The Mo/TOC ratios of the three
samples from W2 were far lower than the mean of 4.5
for the Black Sea and were close to the mean of 2.0 for
the Barnett shales in the Fort Worth Basin where a high
degree of water restriction occurred [45]. (2) The Mo/TOC
ratios of the samples from W3-L1? indicate a semi-
restricted marine basin. In particular, the GYQ bed exhib-
its the highest Mo/TOC ratio, which is close to those of
the Cariaco Basin (mean of 25), suggesting that the GYQ
was subject to the lowest degree of water restriction. In
the interval from the late depositional period of L1 to
the early depositional period of L1> when the mixed
clay-siliceous shales were deposited, the water body
was suboxic with Mo/TOC ratios close to those of the
Black Sea, which indicate a strongly restricted marine
basin. However, the degree of water restriction was lower
than that of the W2 siliceous shales (Figures 9 and 10 and
Table 1).

Tectonic movements and sea-level changes closely
affect water restriction, and in turn, the exchange of

Clay shale

® Siliceous shale O

1
6

4 5 7
TOC(%)

Clay-siliceous mixed shale

Figure 10: Comparison of the Mo/TOC relationships of the shales in well YT3 in the Wufeng Formation-Member L1 and shales formed in
modern anoxic marine basins and the Fort Worth Basin. The Mo/TOC linear regression lines are from refs [44,45].
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nutrients in the water bodies, which is of great signifi-
cance to the accumulation of organic matter [24,41]. This
study reveals that the TOC values of the W2 siliceous
shales are lower (mean of 2.89%), which were formed
in a strongly restricted environment, than those of the
W3-L1? siliceous shales (mean of 3.83%), which were
formed in a semi-restricted environment, but they are
higher than those of the mixed clay-siliceous shales
(mean of 2.15%), which were formed in a relatively
weakly restricted environment (Table 1). Therefore, we
propose that the restriction of the environment has a
significant effect on the organic matter content of silic-
eous shales formed under high water levels, but has a
relatively weak influence on mixed clay-siliceous shales
formed under moderate water levels. In the latter sce-
nario, the changes in the redox conditions and the terrig-
enous inputs due to sea-level changes are more critical to
the organic matter enrichment.

4.3.5 Paleoproductivity

The Ba and P contents of marine sediments have been
widely used as indicators of paleomarine productivity
[46]. Since trace elements in sediments are generally
derived from terrigenous clasts and authigenic materials,
a common practice is to first normalize the Ba and P
contents to the Al contents and to use the P/Al and
Ba/Al ratios to represent the paleoproductivity corrected
for the influence of terrigenous input [24,46]. During the
depositional period of W1 and L1* when the clay shales
were deposited, the Ba/Al and P/Al ratios were low, indi-
cating a low paleoproductivity. During the interval from
the late depositional period of L1? to the early deposi-
tional period of L1* when the mixed clay-siliceous shales
were deposited, the Ba/Al and P/Al ratios were higher
than those of the clay shales, indicating a higher paleo-
productivity. During the depositional period of W2-113
when the siliceous shales were deposited, the Ba/Al
and P/Al ratios were the highest of all the shale types,
indicating the highest paleoproductivity. Moreover, the
changes in paleoproductivity exhibit a good correlation
with the degree of water restriction during the develop-
ment of the siliceous shales. That is, the W2 siliceous
shales formed in a strongly restricted environment and
had a significantly lower paleoproductivity, as indicated
by the mean Ba/Al (183.51) and P/Al (92.57) ratios (x10%),
than the W3-L1® siliceous shales formed in a semi-
restricted environment, with Ba/Al and P/Al ratios of
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228.62 and 100.47, respectively. Furthermore, the GYQ
bed, which is the top layer of W3, was formed in an
environment with the weakest water restriction and
had the highest paleoproductivity, as indicated by the
highest mean P/Al (159.81) and Ba/Al (249.93) ratios (x10%;
Figure 10 and Table 1).

Changes in the initial productivity play a key role in
the enrichment of organic matter [27,47-49]. In the study
area, from the deposition of the siliceous shales to the
mixed clay-siliceous shales to the clay shales, the paleo-
productivity continued to decrease and the surface
seawater nutrients gradually decreased, which led to
a gradual decrease in the development scale of the plankton,
such as radiolarians and graptolites (Figures 5-7), and
thus a gradual decrease in the organic matter content.
Moreover, the paleoproductivity during the deposition of
the siliceous shales decreased in the order of the GYQ bed,
the L1'-L1> submembers, and the W2 member, which was
accompanied by a similar trend in the TOC values (Figure 9
and Table 1).

4.4 Depositional evolution models for the
different shale types

Based on the analysis of the development characteristics
of the different rock types and their depositional environ-
ments conducted in this study, we propose that the
paleoenvironmental evolution of the study area during
the Late Ordovician-Early Silurian can be roughly divided
into six main stages, with the clay shales mainly forming
in stage A and stage F, the siliceous shales mainly
forming in stages B, C, and D, and the mixed clay-sili-
ceous shales mainly forming in stage E (Figure 11).

Stage A corresponds to the depositional period of the
W1 member. Due to a global marine transgression [49],
the study area rapidly transitioned from a platform to a
shallow-water shelf [35]. The depositional water bodies
were shallow and received high terrigenous inputs. The
bottom water was mainly oxygen rich with benthic organism
development, while the surface water was nutrient poor with
a low paleoproductivity. As a result, a group of clay shales
poor in organic matter and rich in terrigenous quartz clasts
were deposited (Figure 11A).

Stages B, C, and D correspond to the depositional
period of the W2 member (the preglacial period), the
GYQ bed (the glacial period), and the L1° submember
(the postglacial period), respectively. In particular, stage
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B (Figure 11B) and stage D (Figure 11D) were both depos-
ited in a period of continuous sea level rise, during which
the bottom water was dominated by an anoxic-suboxic
environment with low terrigenous inputs and the surface
water was nutrient-rich and the paleoproductivity was
high, which led to the development of siliceous shales
rich in organic matter and biogenic silica. However, due
to the continuous rise of the paleo-uplifts on the margin
of the Yangtze Plate [35,38], the water restriction in stage
B was stronger than in stage D, which weakened the
nutrient exchange capacity with the open sea, resulting
in a lower paleoproductivity and TOC in stage B than in
stage D. Stage C corresponds to the strongest period of
the Hirnantian Ice Age (Figure 11C), during which the
climate became drastically colder, the sea level dropped
significantly, and the chemical weathering weakened,
resulting in low terrestrial inputs (Figure 9 and Table 1)
[50]. In stage C, the range of the deep water shrank to the
areas far away from the Hunan-Hubei submarine uplift
[30] where the water environment was anoxic-suboxic and
was dominated by siliceous shale deposits (containing cal-
careous bioclasts). The unusually active upwelling cur-
rents during the glacial period brought rich nutrients
from the open sea (Figures 9 and 11C and Table 1) [49-53],
resulting in a higher paleoproductivity than in the preglacial
and postglacial periods and thus a higher organic matter
content in stage C than in stages B and D.

Stage E corresponds to the interval from the late
depositional period of submember L1° to the early deposi-
tional period of submember L1* (Figure 11E). Due to the
Guangxi Movement, the collision and amalgamation between
the Yangtze Plate and the adjacent blocks strengthened,
leading to the further uplift of the uplifts on the margin of
the Yangtze Plate, the subsidence and disappearance of the
Hunan-Hubei submarine uplift, and shrinkage of the sea area
and a rapid drop in sea level to a moderate range [24,35,38].
Compared with stage D, the water restriction was higher in
stage E (i.e., formation of a strongly restricted marine basin),
the oxygen-poor conditions were worse (i.e., predominantly
suboxic), and the terrigenous inputs increased, leading to a
decrease in the paleoproductivity and thus a decrease in
the TOC.

Stage F corresponds to the middle to the late deposi-
tional period of submember L1, and the depositional
environment was significantly different from that of stage
A (Figure 11F). During this period, the collision between
the Yangtze Pate and the adjacent blocks continued to
strengthen and the surrounding paleo-uplifts continued
to rise, which led to a dramatic drop in sea level. The area
of present-day western Hubei was dominated by shallow
waters, which were primarily oxygen-rich and hosted
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benthic organism development; while the deep-water
sediments migrated to the Nanzhang area in the northern
part of the study area [14,38]. The terrigenous inputs
increased rapidly and the paleoproductivity continued
to decrease, eventually leading to the formation of a
group of clay shales poor in organic matter and rich in
terrigenous quartz clasts.

In summary, the formation of the different rock types
in the Wufeng Formation-Longmaxi Formation is the
comprehensive result of the evolution of the Ordovician-
Silurian depositional environment. The tectonic condi-
tions, sea-level, paleoredox conditions, paleoproductivity,
terrigenous inputs, and degree of water restriction jointly
controlled the mineral compositions and structures and
the organic matter enrichments of the different types of
rocks.

5 Conclusion

(1) The marine shales of the Wufeng Formation-Member
L1 in western Hubei were classified as siliceous shales,
mixed clay-siliceous shales, and clay shales using a
ternary diagram. Siliceous shales are a rock type unique
to deep-water environments, clay shales are the main
rock type deposited in shallow-water environments, and
mixed clay-siliceous shales are in between. In the order of
siliceous shales, mixed clay-siliceous shales, and clay
shales, the content of biogenic silica, the development of
pyrite, the abundance of graptolites, and the organic
matter content gradually decrease, while the terrigenous
silica contents gradually increase, accompanied by the
gradual development of sandy laminae.

(2) The changes in the shale types in the Wufeng
Formation-Member L1 are characterized by multiple deposi-
tional cycles in the vertical direction, with strong heteroge-
neity and an obvious tripartite character. From bottom to
top, the shales are sequentially clay shales, mixed clay-
siliceous shales, siliceous shales, mixed clay-siliceous
shales, and clay shales. In the lateral directions, due to
the continuous collision and amalgamation between the
Cathaysia Block and the Yangtze Platform, the siliceous
shales gradually thicken to the north and northwest, and
their last depositional cycle gradually ends at later time.

(3) In the Late Ordovician—Early Silurian, the deposi-
tional paleoenvironments can be divided into six evolu-
tionary stages (A-F) from early to late in the study area.
Stages A and F correspond to the initial stage of the plat-
form-to-shelf transition and the period of continuous tec-
tonic uplift, respectively. These two stages are characterized
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by shallow depositional water bodies, oxygen-rich bottom
water, high terrigenous inputs, and low paleoproductivity,
with a predominance of clay shale deposits. Stages B, C, and
D correspond to preglacial, glacial, and postglacial periods,
respectively. These three stages are characterized by deep
depositional water bodies, anoxic bottom water, low terres-
trial inputs, and high paleoproductivities, with a predomi-
nance of siliceous shale deposits. Moreover, the TOC content
decreases in the order of stage C > stage D > stage B, which
was mainly due to the different degrees of water restriction.
Stage E corresponds to the deposition of mixed clay-siliceous
shales, and the depositional environment was between those
of the siliceous shales and the clay shales.
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