Abstract

The major ice caps in the late Ordovician lay between the
base of the N. extraordinarius biozone and lower part of
the N. persculptus biozone, consistent with the low values
of CIA, CIW and PIA for the Huadi No. 1 well, reflecting
a short-lived cold and dry climate from the top of the
Wufeng-Guanyingiao Formation to the base of the
Longmaxi Formation in the Huadi No. 1 well. These
observations provide geochemical record evidence for
Gondwana glaciation at the end of the Ordovician in
South China.
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The Late Ordovician-Early Silurian transition was a critical
interval in Earth’s history, marked by global eustasy, climate
cooling (Gondwana glaciation), volcanic eruption, ocean
anoxia and biotic mass extinction. These geological events
considerably influenced the sedimentation of shales in the
Wufeng-Longmaxi Formations, which controlled the for-
mation and distribution of favorable shale gas intervals (Qiu
and Zou 2020). In this chapter, we study the Gondwana
glaciation.

5.1 The Continental Glacial Activity of Late

Ordovician

At the end of the Late Ordovician, large-scale continental
glacier activities occurred globally. Geological scholars in
France and Algeria first reported the tillites and glacial stria
of the Ashgillian stage in the central Sahara. Later, records
of continental or marine glacier activities in the late
Ordovician, North Africa, South Africa, Southern Europe,
Central Europe, West Asia and South America were
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discovered. The glaciers in this period were part of the
Gondwana glacier that surrounded the Antarctic region at
that time, centered in North Africa, and extending to South
Africa, southern and central Europe, West Asia and South
America. Such a large area of glacial activity can reflect the
global paleoclimate and paleogeographic characteristics at
that time, which has geological significance (Rong and Zhan
1999). In Morocco and Libya, glacier-related strata devel-
oped the atypical Hirnantian fauna and were overlain by
graptolite strata of the Parakidograptus acuminatus zone;
thus, these strata were identified in the late Ashgill stage,
with a duration of only approximately 50 x 10*-100 x 10*
a. Although South China was located near the equator at the
end of the Late Ordovician, no direct evidence (such as
tillites and glacial scratches) has been found for this
glaciation in China, and most scholars agree that this
glaciation indirectly influenced South China (in the form of
sea-level fluctuations, paleoclimate changes, biofacies and
paleogeographic characteristics). The formation of ice caps
and change in the carbon and oxygen isotope composition in
seawater were the characteristic factors for the first pulse of
the end Ordovician mass extinction. The average reduction
in the global atmospheric and ocean temperatures was 8—
10 °C. Most of the sea areas in the late Ashgill turned into
cold water areas, which influenced the plankton (graptolites),
swimming organisms (trilobites and cephalopods) and ben-
thic organisms (brachiopods and corals) developed in the
relatively warm sea areas in the middle of Ashgill. The cold
waters with high density in the high latitudes migrated
toward the equator, causing cold, deep-water currents with
oxygen and nutrients to flow into the waters and ocean
currents to overturn. Considerable changes occurred in the
ecosystems of the previously formed deeper, oxygen-poor
and nutrient-poor waters, resulting in the extinction of the
Foliomena fauna, and the subsequent warming of the
atmospheric and sea temperatures led to the melting of the
ice sheet, which was the characteristic factor for the second
pulse of the end Ordovician mass extinction. The rapid rise
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in the global sea level caused seawater to flood the gentle
land again, forming a relatively open epigenetic sea and
leading to the formation of a global large-scale transgression
and anoxic environment. Several toxic water bodies became
upwelling currents, resulting in the extinction of Hirnantian
fauna (Rong 1999). The Gondwana continental glacier
accumulated large amounts of freshwater, leading to global
regression, which manifested as different degrees of strati-
graphic loss. The important signs of lithofacies and biofacies
transformation during this period can be summarized as
follows: Black graptolite shale deposition of the Wufeng
Formation generally ended in the Yangtze area, and the
Guanyingiao Formation limestone and its shell fauna
appeared, which was then superimposed by the Longmaxi
Formation shale of the transgression sequence. With the
melting of the Gondwana continental ice sheet and begin-
ning of the transgression, the Longmaxi Formation black
shales began to be deposited.

Guanyingiao Formation (late Ashgill) developed Hir-
nantian Fauna, a cold-water-type fauna mainly inhabiting a
part of benthic assemblages 2-3 in the oxygen-rich and
nutrient-rich shallow-marine subdomain, with a few types
found in the deep-water, oxygen-poor and nutrient-

oligotrophic benthic domain (BA4-5). The development of
this fauna indirectly confirmed the cold marine environment
at the end of the Late Ordovician.

5.2 Geochemical Evidence of Glacial Events
in South China: Example of Well Huadi
No. 1 in Eastern Sichuan Province

5.2.1 Stratigraphy and Sample Introduction

in Well Huadi No. 1

Considering that surface rock samples may be subjected to
more weathering, resulting in the migration of some sensi-
tive chemical elements and poor accuracy of the major, trace
and rare earth elements data, we selected the shale samples
of Wufeng-Longmaxi Formations from the Well Huadi
No. 1, in the east of Sichuan basin. Firstly, we finely col-
lected samples from the Wufeng, Guanyingiao and Long-
maxi Formations near the Ordovician—Silurian boundary in
well Well Huadi No. 1. The samples were usually 0.5-1 m
apart and were compressed to 0.1 m per sample near the
boundary. A total of 34 samples were collected in the well.

Fig. 5.1 Major geological events during the Ordovician and Silurian transition and
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All samples were ground and cleaned with distilled water,
then dried and ground to 200 mesh for analytical testing.
The Upper Ordovician-Early Silurian succession in Well
Huadi No.l includes three successive formations: the
Wufeng, Guanyingiao and Longmaxi Formations in
ascending order (Fig. 5.1). Wufeng Formation is in con-
formable contact with the underlying Linxiang Formation.
The lithology of Linxiang Formation is mainly gray and dark
gray nodular argillaceous limestone with a small amount of
brachiopods, trilobites and other organisms. Pyrite aggre-
gates are developed in the limestone, and asphalt can be seen
near the bottom. This formation has a depth range of
1337.2-1339.86 and a thickness of about 2.66 m.

The depth of Wufeng Formation ranges from 1331.87 to
1337.2 m, and the lithology is mainly gray-black to black
carbonaceous mudstone and carbonaceous siliceous mud-
stone. Four bentonite beds, about 0.5-1 cm thick each layer,
were discovered in the black shales with graptolite and
brachiopods fossils. Pyrite veins developed in the bottom of
Wufeng Formation and generally parallel to the bedding.

The depth of Guanyingiao Formation ranges from
1330.37 to 1331.87 m, and the thickness is about 1.5 m. The
petrology is dark gray argillaceous siltstone. Silty bands are
well developed and distributed in grayish white lamellar on
the plane (Fig. 5.2). Lenticular pyrites are commonly
developed in the bentonites.
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Fig. 5.3 Field photograph
characteristics of the
Wufeng-Longmaxi Formations in
the Well Huadi no. 1. a Pyrite
occurs as lenses in the black >
shales of the Wufeng Formation.
b Laminar structure of siltstones
in the Guanyingiao Formation.

¢ Graptolites developed in
Longmaxi Formation.

d Bentonites deposited in
Longmaxi Formation. e Boundary
between the Wufeng to
Guanyinqgiao Formation.

f Macrocharacteristics of
Guanyingiao-Longmaxi
Formations
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The depth range of Longmaxi Formation is 726.56—
1330.37 m, and the thickness is about 603.81 m. According
to the changes of rock lithology and color, the Longmaxi
Formation can be divided into two parts. The lower part of
Longmaxi Formation, namely the most favorable black shale
section, roughly ranges from 1321 to 1330.37 m, and the
lithology of this part is mainly gray black to black car-
bonaceous shale. Numerous bentonites were discovered in
the shales with thickness of 1-2 cm and maximum thickness
of 3 cm. Occasionally, there are silty bands with horizontal
laminar texture. Graptolites, mainly fine and straight grap-
tolites, were abundantly developed in the shales. The pyrite
can be found in Longmaxi Formation as veins and dissem-
inated fine particles. The upper part of Longmaxi Formation
mainly contains dark gray, gray-green, carbon-bearing silty
mudstone and siltstone. The whole part is manifested by the
gradual process of rock lithology and color. The color
changes from dark grey to gray-green. The increasing silty

contents make the rocks shift from carbon-bearing silty
mudstones to mudstones and muddy siltstones rhythm then
to siltstones. Near the top numerous limestone, biological
limestone interbeds are discovered in the siltstones. The
biological particles are mainly crinoids, brachiopods and
oolitic particles, and there are wormtrails in siltstone. The
changes of lithologic and sedimentary structure characteris-
tics from bottom to top in Longmaxi Formation indicate the
process of paleoseawater depth from deep to shallow
(Fig. 5.3).

5.2.2 The Lithology of Wufeng-Longmaxi
Formations in the Well Huadi No. 1

According to the thin section and X-ray diffraction analyses,
the black shales of the Wufeng and Longmaxi Formations
have pelitic textures and are composed mainly of clastic
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particles (quartz, feldspar) and clay minerals. The clay
minerals with microscale pelitic texture are directionally
arranged in the rocks. A part of the clay minerals renders the
organic matter as scale aggregates along the bedding, and
other minerals fill the small cracks as black bands. Radio-
larians can be found in mudstones of the Wufeng Formation,
which have an elliptical shape with a diameter of 60-
120 pm. The cements are mainly calcite and dolomite,
among which dolomites occur as euhedral crystals, while
calcite is mostly microcrystalline and distributed in clay
minerals. The siltstone of the Guanyingiao Formation exhi-
bits alternating layers of quartz particles and clay minerals.

The X-ray diffraction (XRD) results of 16 samples from
the Wufeng-Longmaxi Formations in the Well Huadi
No. 1 (Table 5.1) indicate that quartz is the dominant mineral
in the black shales of the Wufeng and Longmaxi Formations.

Spectrum943
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Quartz contents range from 33.6 to 53.6% with an average
value of 42.9%, whereas the clay mineral contents have an
average value of 31.0% with a range of 25.1-46%. Micro-
cline (0-1.9%), albite (0.8-15.2%), calcite (0-14.1%),
dolomite (0-23.8%), and pyrite (0.7-9.4%) contents in the
black shales are low. The clay minerals are mainly composed
of mixed-layer illite/smectite (72-89%, avg. 78.4%) and illite
(11-22%, avg. 15.4%) (Figs. 5.4 and 5.5). The contents of
both chlorite and mixed-layer chlorite/smectite are less than
10%, with values of 1-3% and 1-7%, respectively.

The quartz contents in the siltstones of the Guanyingiao
Formation range from 12.5% to 85.0%, and the clay mineral
contents range from 10.8% to 71.8%. The clay minerals are
dominated by illite (25-34%) and illite/smectite mixed lay-
ers (66—75%). The second-most abundant minerals are pyrite
(2.8-14.2%) and albite (1.4-1.5%).
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+

Fig. 5.4 Spectrum diagram of studied sample B36 of Longmaxi Formation
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Fig. 5.5 XRD patterns of the black shales of Wufeng and Longmaxi Formations in Well Huadi no. 1
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\4
Radiolaria

Fig. 5.6 Microcharacteristics of black shales from Wufeng-Longmaxi
Formations in Well Huadi No. 1. a Scanning electron microscopy
image of B17 clay minerals in the black shales of Wufeng Formation;
b scanning electron microscopy image of the sample B30 in the black
shales of Longmaxi Formation: pyrite framboids; ¢ scanning electron

The scanning electron microscopy images of the black
shales of the Wufeng and Longmaxi Formations show that
the pyrites are characterized by euhedral and subhedral
fabrics and exist as framboids with a particle diameter of 1—
8 um (Fig. 5.6).

5.2.3 The Geochemical Characteristics
of the Wufeng-Longmaxi Formations
from the Well Huadi No. 1

The major element concentrations of the 34 samples from
Wufeng-Longmaxi Formations in Well Huadi No.1 are lis-
ted in Tables 4.47, 5.3. For the black shales and mudstones
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microscopy image of the sample B15 of Wufeng Formation: pyrite
framboids; d the horizontal silty bands developed in the black shales of
Longmaxi Formation; e radiolarian developed in black shales of
Wufeng Formation (sample B13); f the microscopic characteristics
quartz (round-oval shape) in the shales of Longmaxi Formation

in the Wufeng Formation, SiO, (38.26-91.18%) and Al,O3
(1.49-15.48%) are the most abundant oxides. According to
the results from the XRD measurements, the mineral com-
positions of shales from the Wufeng Formation are domi-
nated by quartz and clays, which is in accordance with the
chemical compositions. The second most abundant oxides
are CaO (0.548%-10.92%), Fe,05 (0.961-7.75%), and K,O
(0.324-4.13%). The concentration of MgO in the shales is
0.554-6.74%. The FeO content of the black mudstones (0.7—
2.11%) is slightly lower than the Fe,O3 content, while other
oxide contents, including those of Na,O, P,Os, TiO,, and
MnO, are lower than 1.0%.

The SiO, content of the Guanyingiao siltstones ranges
from 30.09 to 56.61%. The second-most abundant oxide is
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Fig. 5.7 Chondrite-normalized REE distribution patterns of samples from Wufeng-Longmaxi Formations in Huadi no. 1 well (normalization

values after Taylor and McLenann 1985)

CaO (8.07-29.81%), the content of which is higher than that
of Al,O3 (3.22-9.49%). The contents of Fe,O5; and FeO are
3.1-4.05 and 0.69-1.23%, respectively. The concentration
of MgO is 1.23-3.02%, while the contents of other oxide,
such as Na,O, P,0s, TiO,, and MnO, are equal to or less
than 1%.

The shale samples in the Longmaxi Formation are char-
acterized by a dominance of SiO, (42.09-65.72%), and
Al,O5 follows SiO, in abundance (8.14-13.64%). The
third-most abundant oxide is CaO (2.01-12.22%), with an
average value of 5.68%. The contents of Fe,O3 (3.40-6.03%,
avg. 4.34%), FeO (0.91-2.3%, avg. 1.56%) and K,O (1.8-
3.33%, avg. 2.73%) are close to the average values of the
black shales in the Wufeng Formation [Fe,O3 (avg. 4.22%),
FeO (avg. 2.11%) and K,O (avg. 2.71%)]. The Na,O (0.856—
1.49%, avg. 1.30%) and MgO (1.57-7.29%, avg. 3.16%)
contents are slightly higher than those of the Wufeng For-
mation shales (avg. 0.52 and 2.00%, respectively). The
concentrations of MnO (0.016-0.181%), TiO, (0.442—
0.621%) and P,0O5 (0.101-0.281%) are lower than 1%.

Compared with the post-Archean average shale (PAAS)
values (Taylor and McLennan 1985), the shales from the
Waufeng Formation have slightly higher SiO, (avg. 65.92%)
and CaO (avg. 2.91%) contents. In addition, the Al,O3 (avg.
10.26%) and K,O (avg. 2.71%) contents are lower than
those of the PAAS, which indicates that the content of the
clay minerals is low in the samples. Fe,O3;, MnO, Na,O,
P,Os5 and TiO, are slightly depleted in the shales relative to
the PAAS.

The shales from the Longmaxi Formation are enriched in
Na,O and CaO and slightly to strongly depleted in terms of
the other major elements (SiO,, Al,O5, Fe,03, K,0, P,0s5,
TiO, and MnO). The SiO, (avg. 56.49%) and Al,O3 (avg.
11.34%) deficits indicate a decrease in the amount of clay
minerals. The enrichment of Na,O (avg. 1.3%) and CaO
(avg. 5.68%) relative to the PAAS can be attributed to the
presence of plagioclase and secondary calcite in caliches
(Lee 2009), while the depletion of TiO, (avg. 0.55%) and

K50 (avg. 2.73%) suggests that phyllosilicate minerals exist
in lesser quantities in the shales (Condie et al. 1992;
Moosavirad et al. 2011).

The siltstones from the Guanyingiao Formation are
enriched in CaO and slightly depleted in other major ele-
ments (S102, A1203, F6203, Kzo, P205, T102 and MHO)
The concentration of P,Os (avg. 0.17%) is similar to that of
the PAAS (0.16%).

The total rare earth element contents (XREE) from the
Wufeng Formation show significant variability (27.17—
33401 x 10°), with an average of 168.30 x 107°
(Table 4.48), which is lower than that of the PAAS
(184.77 ppm; Taylor and McLennan 1985). The light
rare earth element (LREE) contents (21.23 X 107°-299.83
x 1075, avg. 149.99 x 107°) are apparently higher than those
of the heavy rare earth elements (HREEs) (3.66 x 107°-
34.18 x 107, avg. 18.31 x 107°), and the mean LREE/
HREE ratio is 5.80-11.29. The (Lan/Yby) ratio is 6.09-12.07.
The Eu/Eu* value is 0.53-0.75. In the chondrite-normalized
REE distribution patterns diagram, we can see that the LREE
and HREE contents of the samples are slightly lower than
those of PAAS. All samples exhibit similar REE distribution
curves, showing slight LREE enrichment and relatively flat
HREE patterns with weakly negative Eu anomalies. The
V-type right-inclining REE distribution model is similar to the
granite's, suggesting that the source rocks of Wufeng,
Guanyingiao and Longmaxi Formations are felsic (Fig. 5.7).

5.2.4 The Paleoweathering of the Late
Ordovician-Early Silurian Transition
in Well Huadi No. 1 and the Implications
for the Paleoclimate

During rock chemical weathering processes, chemical
weathering increases under humid conditions, causing the
leaching of alkali metal and alkaline metal elements, such as
Na, K and Ca, and increased concentrations of Al and Si in
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the residue. The most popular paleoweathering indices used
to assess the degree of chemical weathering in the source
area are the Chemical Index of Alteration (CIA, Nesbitt and
Young 1982), Chemical Index of Weathering (CIW, Harnois
1988) and Plagioclase Index of Alteration (PIA, Fedo et al.
1995).

In the CIA index, new potassium elements are introduced
in the potassium metasomatism during diagenesis, resulting
in a low CIA value, and thus, the CIA value needs to be
corrected. Based on the A-CN-K ternary diagram, Nesbitt
and Young (1984, 1989) obtained the weathering profiles
and predicted the weathering trendlines of the sediments by
analyzing the thermodynamic and kinetic processes of
feldspar decomposition and geochemical characteristics of
weathering profiles in nature. As shown in Fig. 4-101-(1),
solid lines a and b are nearly parallel to the A—CN line and
represent the weathering trend without potassic metasoma-
tism. Solid line c represents the weathering trend with
potassic metasomatism. In addition, the dotted distance
between solid lines 3 and 4 represents the CIA values of the
shales with potassic metasomatism. Fedo et al. (1995)
pointed that the intersection between the weathering trend
without potassic metasomatism and back extension line of
the K apex and samples represents the premetasomatized
CIA value (the correction value is the solid line distance
between lines 1 and 2 in Fig. 4-101-(1); Mou et al. 2019).

The mobility of elements can be evaluated using an
Al,O3—(CaO* + Nay,0)-K,0 (A-CN-K) ternary diagram
(Nesbitt and Young 1984), where A = Al,O3 (mol %),
CN = CaO* + Na,O(mol%) and K = K,O (mol%). A-CN-
K relationships can be interpreted in terms of the weathering
history, paleoclimate and source rock composition (Fedo
et al. 1995). The CIA values plotted in an A-CN-K
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triangular diagram (Fedo et al. 1996) can clarify the differ-
entiation of compositional changes associated with chemical
weathering and source rock composition (Nesbitt and Young
1984). As shown in Fig. 5.6, the samples of the three for-
mations plot above the plagioclase-K-feldspar join and show
a narrow linear trend that approaches the A apex. The
weathering trends lie subparallel to the A—CN joint and do
not exhibit any inclination toward the K apex, suggesting
that the rocks were not subjected to potash metasomatism
during diagenesis. The trendline, when extended backward,
intersects the plagioclase-K-feldspar join near the granodi-
orite and granite fields (potential source rock).

The weathering trends of the samples from the
Wufeng-Longmaxi Formations lie subparallel to the A—-CN
joint and do not exhibit any inclination toward the K apex in
Fig. 4-101-(2), suggesting that the rocks in the Huadi
No. 1 well were not subjected to potash metasomatism
during diagenesis. The CIA., values calculated from the
equation are consistent with the original CIA values
(Fig. 5.8, Table 4.2).

The CIA values of the Wufeng-Longmaxi Formations in
the Huadi No. 1 well exhibit a certain regularity from the
bottom to the top, as shown in Fig. 4-102. The CIA values
of black shales from the Wufeng Formation first increase and
then decrease from the bottom up, ranging from 66.15 to
72.17 (avg. 68.86). At the top of the formation, the values
decrease to a trough, with values between 66.15 and 70.35,
and upward in the Guanyingiao Formation, the CIA values
decrease, varying between 59.96 and 62.86 (avg. 61.87). At
the top of the Guanyingiao Formation, the values fall to
59.96. Further upward, at the base of the Longmaxi For-
mation, the CIA rapidly returns to a high value (62.06).
The CIA values of the Longmaxi Formation increase

AlO,
100— Kaolinite

Chlorite

90—

Smectite Ilite

Muscovite

CIA

Plagioclase

CaO*+Na,O

Fig. 5.8 Al,0;-CaO" + Na,0-K,O ternary diagram for samples of Wufeng-Longmaxi Formations in Well Huadi no. 1 (modified by Nesbitt and

Young 1984; Fedo et al. 1995)
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Fig. 5.9 Stratigraphic, lithological correlations and paleoweathering
indices of CIA, PIA and CIW of Wufeng and the lower Longmaxi
Formations in Well Huadi no. 1 (chronostratigraphic subdivision after

gradually from the bottom up, ranging from 56.64 to 65.59
(avg. 60.87).

The trends of the PIA and CIW in the Wufeng-Longmaxi
Formation are the same as those of the CIA. The CIW and
PIA values of the lower Wufeng Formation rocks range from
78.98 to 89.96 and 74.46-86.68, respectively. At the top of
this formation, the values fall to 80.84-84.35 and 75.38-
80.46 and are higher in the strata. In the Guanyingiao For-
mation, the CIW and PIA values decrease, varying from
70.10 to 75.98 (avg. 73.91) and from 64.02 to 69.65 (avg.
67.68), respectively. Further upward, at the base of the
Longmaxi Formation, the CIW and PIA promptly return to
high values (74.19 and 67.92). The CIA and PIA values of
the Longmaxi Formation increase gradually from the bottom
to the top, ranging from 65.55 to 80.78 (avg. 72.42) and
from 59.12 to 74.99 (avg. 66.06), respectively.

Generally, the variations in the CIA value can indicate the
paleoclimate (Nesbitt and Young 1984; Young and Nesbitt
1998; Fedo et al. 1995; Yan et al. 2010; Fu et al. 2015; Ge
et al. 2019a, 2019b; Ma et al. 2015). Low CIA values (50—
60) are suggestive of cold and arid climatic conditions with
weak chemical weathering, moderate CIA values (60-80)
indicate warm and humid climate conditions with medium
chemical weathering, and high CIA values (80-100) indicate

Legend

‘{ Limestone

o - (]
o . & Shale
. - .
.ol Silstone
. L]
1 & worwt | Sample number
(3 L] 7
« | Depth
. ]
. -
(™ L]
3 ']
o . (]
o . L
- [

o -
L] .
- *
] *
] *
q -
L *
B *
] .
o - L]
o * L]
o . ']
° - ]
of * L]
0 * []
9| - 1]

Chen et al. 2017; isotope, sea level and environmental change after
Brenchley et al. 2006; Harper et al. 2014)

hot and humid tropical climatic conditions with intensive
chemical weathering. Fluctuations in CIA values indicate
that the intensity of chemical weathering changed from
moderate to weak and then to moderate, and the climate
shifted from warm to cold and then to warm again from the
base of the Wufeng Formation to the lower part of the
Longmaxi Formation in the Huadi No. 1 well (Fig. 5.9,
Tables 5.2 and 5.3).

5.2.5 Sedimentary Mode of the Black Shales
from Wufeng-Longmaxi Formations
in Sichuan Basin

During the late Ordovician-early Silurian, affected by the

Caledonian movement, the Cathaysia block collided with the
Yangtze Block and expanded constantly. The Central
Guizhou, Central Sichuan and Western Sichuan-Central
Yunnan uplifts around the Upper Yangtze area constantly
expanded, and the Yangtze area developed into the
back-bulge basin confined by the marginal uplifts. As the
uplifts expanded, the base of the upper Yangtze basin sub-
sided promptly, and the sea level rose. In addition, frequent
volcanic eruptions occurred in the middle of the Katian
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Example ...

5.2 Geochemical Evidence of Glacial Events in South China
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Stage, and volcanic ash fell to the surface of the ocean and
provided nutrients for life to flourish. The Yangtze Block
ended the carbonate deposition and began to sediment the
black shales of the Wufeng Formation by the integrated
control of multiple factors. In the early Hirnantian, because
of the sustained collision, the basin base continued to
decline. However, global glaciation started, ice constantly
formed, and the global sea level decreased. Since the falling
rate of the basin base was greater than the descent of the sea
level caused by the glaciation, and the volcanic eruption
events were fewer than before, the increase in nutrients
decreased, and the sea level in the Upper Yangtze region
constantly increased. Thus, black shales with relatively low
TOC values were still deposited in the upper part of the
Wufeng Formation in the Yangtze area. In the middle Hir-
nantian, the compression between the Yangtze and Cath-
aysia blocks continued, and the basin basement declined.
The falling rate of the basin base was less than the descent of
the sea level caused by the glaciation, and the relative sea

Tectonic compression intensified and the upper Yangtze was uplifted comprehensively

AR

level decreased, depositing the siltstones of the Guanyingiao
Formation. In the late Hirnantian, the sea-level change was
the same as that in the early Hirnantian period, and the
relative sea level increased. Black shales were deposited in
the lower part of the Longmaxi Formation. In the Rhudda-
nian (early Silurian), the basin basement declined continu-
ously, the glaciation ended, and the global sea level
increased. A new round of frequent volcanic eruptions
resumed, providing more nutrition for creatures on the sur-
face of the ocean. The combination of the three factors
promoted the increase in the sea level, and black shales were
deposited in the lower part of the Longmaxi Formation
(Fig. 5.10). According to these studies, although both the
Wufeng and Longmaxi Formations developed the same
black shales, the formation mechanisms were different. In
terms of the factors controlling the organic matter enrich-
ment and preservation, apart from the black shale and
ancient seawater water environment, the effect of volcanic
activity and glaciation cannot be ignored. Tectonic
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compression resulted in the descending basin basement, and
an anoxic water environment was generated. The black
shales of the Wufeng Formation were deposited. Notably,
the black shales of the Longmaxi Formation were deposited
after glacier ablation, and the combination of ablation and
tectonic compression led to the increase in sea level and
accelerated the formation of an anoxic environment, thereby
promoting the burial and preservation of black organic
matter.
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