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ABSTRACT: The Late Permian witnessed a Permian Chert Event (PCE) and distinctive oceanic geochemical fluctuations, such as
an ocean acidification event, large-scale volcanic eruption, and rapid global warming. However, the links between siliceous rock
formation mechanism, ocean, and climate changes are rarely discussed. In this article, two well-preserved deeper-water sections of
the Dalong Formation from the Lower Yangtze region in southeast China are selected for analysis. To document the coeval oceanic
changes, we present thin section authentication, scanning electron microscope (SEM) observation, and multiple geochemical
proxies, including total organic carbon contents (TOC), major element contents, trace element contents, and rare earth element
contents (REEs). The results show that siliceous rocks are mainly of biological origin in this region. The low content of MgO (0.10—
0.94%, mean = 0.36%) in the Fantiansi section of Tongling area indicates that it is affected by regional hydrothermal fluids. The
correlation between Al,0;/TiO,, Al,O; versus SiO, /Al,O;, and TiO,/XREEs indicates that the Late Permian was greatly influenced
by the continuous input of terrigenous materials. The correlations of MnO/TiO,, Lay/Cey, Ce/Ce*, and LREE/HREE imply that
the Dalong Formation siliceous rocks were deposited in a continental margin setting. Redox geochemical data (EFy, EF,,, and EFy)
imply the water column experienced widespread anoxic/euxinic during the Late Permian, which aided in the preservation of organic
matter following biological decay. The accumulation of siliceous rocks is related to South China experiencing a hot tropical climate,
coastal upwelling and continental weathering-enriched marine nutrients, fostering high primary productivity, and benefiting
abundant siliceous zooplankton. Volcanic and regional hydrothermal activity further enhanced nutrient flux, and the simultaneous
ocean acidification event provided favorable chemical conditions for the preservation of silica, leading to the formation of siliceous
rocks in the Dalong Formation.

1. INTRODUCTION amalgamation, oceanic anoxic event, and large-scale volcanic
Widespread Permian radiolarian and sponge spicule siliceous eruption.*™"" The study on the formation mechanism of the
rocks in the edge of Pangaea, Panthalassa, and Paleo-Tethys . B . o

Ocean, which are globally correlatable, have been used to define Dalong Formation siliceous rocks may provide valuable insights

“The Permian Chert Event” (PCE)."” South China is a
component of the Tethyan archipelagic ocean system,’
characterized by the deposition of multilayer siliceous sedi-
ments. Several Permian formations in this region include the Received: October 24, 2023
Gufeng Formation,” the Maokou Formation,” the Wujiaping Revised:  March 28, 2024
Formation,® and the Dalong Formation.” In particular, the AccePted: Mar.ch 29, 2024
siliceous rocks of the Dalong Formation were deposited during Published: April 11, 2024
the Permian—Triassic (P—T) transition, a period marked by

significant events such as mass extinction, supercontinent

into understanding these significant events. Additionally, the
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Figure 1. (A) Global paleogeographic map for the Permian—Triassic Boundary interval (ca. 252 Ma). (Base map adapted with permission from ref 28.
Copyright 2009 Geological Society of America.) (B) Simplified paleogeography of the South China block during the late Permian and the location of
the studied sections. (Base map adapted with permission from ref 29. Copyright 2002 Paleontological Society.) Red stars mark the locations of the
Putaoling (PTL) and Fantianshi (FTS) sections. (C) Stratigraphic columns of Putaoling section. (D) Stratigraphic columns of Fantianshi section

(short orange lines represent the sample positions for rocks).

siliceous rocks of the Dalong Formation are organic-rich,
bearing a strong hydrocarbon significance.'* ™"

The genesis of siliceous rocks in the Dalong Formation has
been controversial in South China."®"” For example, thin-layer
siliceous rocks of the Dalong Formation in the northwestern
Sichuan province were considered to be related to hydrothermal
sources,'® whereas the counterparts in southwestern Guizhou
were mainly originated from biological silica.” Some other cases,
which occurred in Guangyuan and Hefeng, were interpreted to
have originated from a combination of biological and hydro-
1920 Notably, previous studies, including the
above-mentioned, mainly focused on the middle to upper
Yangtze region,”'”*' ~** and the relevant study from the Lower
Yangtze region was relatively rare.'’ Moreover, a comparative
study between the sections with contrasting interpretations of
source and genesis is also lacking, limiting our understanding of
the formation environment and processes of the siliceous rocks
of the Dalong Formation.

In this contribution, two recently discovered, well-preserved
deep-water sections of the Dalong Formation of Chaohu and
Tongling in Anhui Province from the Lower Yangtze region are
investigated, and the genesis and sedimentary environment of
organic-rich siliceous rocks of the Dalong Formation are
discussed based on detailed field observation and geochemical
analysis of the samples. It holds significance in understanding

thermal sources.

17849

PCE and the unique paleoceanographic environment at the P-T
transition.

2. GEOLOGICAL SETTING

During the P—T transition, South China was situated to the east
of the Paleo-Tethys Ocean, in close proximity to the
paleoequator. The Lower Yangtze region occupied the northeast
edge of South China>® (Figure 1A), establishing a connection
with the Qinling-Dabie Ocean in the northwest and the
Cathaysia block in the southeast. Shallow water delta plain
environment existed in the Lower Yangtze region during the
Wuchiapingian stage, and then the marine transgression began,
making a relatively deep-water sedimentary environment during
the Changhsingian stage, and a set of rock sequences of black
siliceous shale, chert, and carbonaceous shale (Figure 1B). In the
early Triassic, slope facies deposition of calcareous shale and
limestone interbedding developed due to sea regression.””*’
The Putaoling and Fantiansi sections are located in the Lower
Yangtze region at Chaohu and Tongling City, in southern Anhui
Province. Quarrying operations in these regions have revealed
fresh chert, providing an excellent opportunity for examination.
Stratigraphically, the geological formations in this vicinity
include the Upper Permian Longtan and Dalong Formations
alongside the Lower Triassic Yinkeng Formation. There is a
notable difference in lithologies between these two sections. The
Putaoling section exhibits thin layers of bioclastic limestone at
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Figure 2. Field and microscopic photographs of typical lithofacies of the Dalong Formation from the Putaoling and Fantiansi sections in the Lower
Yangtze region. (A) Bioclastic limestone with foraminifera and brachiopod clasts, Putaoling section. (B) Thin-bedded siliceous rocks, Putaoling
section. (C) Thin-bedded chert containing round radiolarian, Putaoling section (plane-polarized light). (D) Volcanic ash layer (arrowed) of the
Dalong Formation, Putaoling section. (E) Pyrite framboids under SEM, Putaoling section. (F) Dark carbonaceous shale containing horizontal
lamination, Putaoling section (plane-polarized light). (G) Thin-bedded chert containing round radiolarian tests and Fantiansi section (plane-polarized
light). (H) Thin-bedded chert containing round sponge spicules, Fantiansi section (plane-polarized light). (I) Calcareous carbonaceous shale,

Fantiansi section (plane-polarized light).

the boundary between the Dalong Formation and Longtan
Formation (Figure 1C), while the boundary of the lithology
transitions from sandy mudstone to siliceous rocks at the
Fantiansi section (Figure 1D). In addition, the Fantiansi section
was situated at a the edge of the platform during late Permian,
and the Putaoling section was located in a relatively stable
intraplatform basin, characterized by deeper water.”

3. METHODS

A total of 40 fresh siliceous rock samples were selected from the
two sections, whose surface layers were removed with the cutter,
and the relatively hard parts in the middle without cracks were
selected. Subsequently, the samples were cut into pieces using a
hammer and further pulverized into 200 or 80 mesh-sized
powders using an agate ring mill. The sample with 80 mesh was
used for the measurement of total organic carbon (TOC) and
was conducted with a CS-230 carbon—sulfur analyzer in East
China Oil and Gas Company of SINOPEC. The sample with
200 mesh was mainly used for the testing of main and trace
elements, and REEs were performed in the Testing Center of
Nanjing Institute of Geology and Mineral Resources, with a
wavelength-dispersive X-ray fluorescence spectrometer
(WDXRF) and Panalytical Axios for main elements (test
progress is 5% better than others) and an ICAPQ inductively
coupled plasma source mass spectrometer made by Thermo
Fisher Scientific for trace elements and REEs, with analytical
error less than 5%.

4. RESULTS

4.1. Lithology. The Longtan Formation of the Putaoling
section consists of a series of coal-bearing clastic rocks. The
boundary between the Longtan Formation and the Dalong

Formation is marked by a bioclastic limestone (Figure 2A). The
middle and lower parts of the Dalong Formation primarily
comprise black cherts (Figure 2B), carbonaceous siliceous shale,
and carbonaceous shale. The cherts are abundant in radiolarian
and sponge spicule fossils (Figure 2C) and are partially
interbedded with gray yellow and yellowish volcanic ash (Figure
2D). Pyrite framboids (Figure 2E) are commonly observed by
SEM. The upper part of the Dalong Formation consists of dark
gray medium-thin layer of micrite limestone and muddy
limestone, as well as carbonaceous shale (Figure 2F). The
lithology at the Fantiansi section changes from a combination of
silty sandstone and mudstone at the top of the Longtan
Formation to cherts of the Dalong Formation. The Dalong
Formation can be further divided into two parts based on
lithology. The lower part consists mainly of black thin-layer
cherts, siliceous shales, and carbonaceous shales. The lower part
also contains a significant amount of radiolarian (Figure 2G) and
sponge spicule (Figure 2H). The upper part of the Dalong
Formation consists of a combination of muddy limestone,
limestone, and calcareous carbonaceous shale (Figure 2I). The
difference in lithology between the two sections shows that the
cherts in the Fantiansi section are more developed than in the
Puguling section.

4.2. Major Element Characteristics. Major element
contents are shown in Table 1. SiO, content of the Putaoling
section is 51.68—79.50% with a mean of 62.73%. The average
contents of Al,O;, CaO, K,0O, Fe,0; and MgO are 12.18, 4.17,
2.55, 3.61, and 1.43%, respectively; Other oxide contents do not
reach 1%. The Fantiansi section has a higher SiO, content than
the Putaoling section, with the mean of 82.32%, while the
contents of Al,O;, CaO, K,O, Fe,O; and MgO are relatively
low, with average contents of 4.99, 0.29, 0.81, 1.85, and 0.36%.
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Table 1. Total Organic Carbon (%), Major Element (%), and Relevant Parameters of the Dalong Formation in the Putaoling and
Fantiansi Sections of the Lower Yangtze Region

sample TOC ALO; CaO Fe,0, K,0 MgO MnO
T2S 0.85 15.14 0.18 1.54 2.81 1.15 0.00
T24 1.76 15.89 0.17 3.88 3.11 1.23 0.00
T23 5.00 8.55 0.36 2.74 1.54 0.58 0.00
T22 542 14.78 4.22 4.25 2.73 1.59 0.07
T20 2.70 16.31 2.09 3.78 321 1.76 0.05
T18 5.96 11.24 6.60 3.31 2.14 1.36 0.02
T17 4.03 10.16 8.42 3.75 1.98 1.13 0.02
T16 8.20 10.75 7.24 5.45 2.08 1.04 0.02
T1S 1.84 10.36 4.70 3.53 2.02 0.85 0.01
T14 S.16 8.59 4.15 4.34 1.72 0.75 0.01
TI11 10.83 10.68 9.14 5.38 245 1.03 0.03
T10 6.59 15.30 3.35 2.86 3.49 1.76 0.04
T8 6.03 13.04 4.31 3.60 2.83 2.34 0.05
T7 5.82 15.76 4.10 3.26 3.49 1.73 0.03
T6 5.67 12.22 5.69 3.26 2.67 1.70 0.05
TS 6.24 8.33 2.68 2.61 1.72 1.16 0.03
T3 13.20 13.82 3.92 3.82 2.98 2.43 0.06
T1 4.58 13.66 3.67 3.61 2.89 2.18 0.0
C22 6.77 4.24 0.48 0.95 0.55 0.45 0.01
C21 11.42 3.55 1.33 1.03 0.42 0.94 0.01
C20 9.35 4.59 0.21 0.99 0.68 0.31 0.01
C19 4.13 4.65 0.69 0.98 0.66 0.59 0.01
C18 2.29 5.90 0.29 13§ 0.96 0.34 0.00
C17 4.20 8.89 0.18 11.96 1.28 0.39 0.00
C16 4.01 8.49 0.12 1.58 1.20 0.43 0.00
C15 13.58 10.32 0.53 1.86 1.66 0.56 0.00
C14 6.09 7.99 0.06 1.82 1.49 0.52 0.00
C13 6.64 8.80 0.11 2.46 1.81 0.53 0.00
C12 7.95 9.13 0.25 3.85 1.94 0.49 0.00
Cl11 4.95 5.06 0.07 291 0.84 0.32 0.01
C10 13.12 8.84 0.23 1.18 1.67 0.60 0.00
(o] 2.71 2.56 0.13 0.69 0.39 0.18 0.02
C8 2.05 1.47 0.12 1.06 0.21 0.12 0.02
C7 1.69 1.64 0.12 1.16 0.24 0.14 0.03
C6 7.04 2.77 0.72 0.21 0.57 0.23 0.01
Cs 2.25 2.12 0.08 0.50 0.34 0.17 0.01
C4 0.99 2.73 0.17 1.32 0.26 0.13 0.03
C3 2.07 1.56 0.09 0.64 0.18 0.10 0.02
Cc2 1.59 1.43 0.17 0.84 0.18 0.11 0.01
Cl 0.58 2.96 0.26 143 0.37 0.19 0.01

Na,O P,04 Sio, TiO, Sixs Al/(Al + Fe + Mn)
1.10 0.05 68.18 0.50 6.95 0.88
0.76 0.11 64.02 0.55 3.78 0.76
0.55 0.07 79.50 0.34 23.08 0.70
0.92 0.10 59.71 0.50 3.58 0.72
0.60 0.13 63.26 0.57 2.72 0.76
0.74 0.12 61.19 0.39 10.11 0.72
0.62 0.17 57.73 0.36 10.27 0.67
0.91 0.16 52.01 0.40 6.61 0.60
0.80 0.12 60.83 0.40 11.38 0.69
0.56 0.15 62.01 0.32 14.85 0.60
0.47 0.14 51.68 0.40 6.57 0.60
0.61 0.17 62.09 0.51 3.84 0.80
0.67 0.10 62.41 0.47 7.72 0.73
0.71 0.33 60.07 0.48 2.13 0.78
0.51 0.13 63.76 0.39 9.69 0.74
0.51 0.06 76.35 0.31 21.98 0.71
0.68 0.10 61.28 0.53 5.90 0.73
0.79 0.09 63.01 0.43 6.96 0.74
0.68 0.03 84.89 0.17 32.71 0.77
0.65 0.02 83.71 0.15 33.28 0.72
0.69 0.03 84.89 0.18 32.13 0.78
0.72 0.05 85.92 0.17 32.51 0.78
0.54 0.20 78.94 0.25 27.18 0.77

<0.1 0.06 70.81 0.67 18.47 0.36
1.18 0.16 72.41 0.30 19.87 0.80
1.30 0.55 62.61 0.39 12.28 0.81
0.66 0.03 72.93 0.33 20.94 0.77
0.32 0.26 72.18 0.33 19.25 0.73
0.37 0.36 68.72 0.36 17.09 0.64
0.18 0.23 79.83 0.20 28.98 0.57
0.29 0.39 71.57 0.35 1891 0.85

<0.1 0.16 91.21 0.09 38.43 0.73

<0.1 0.06 9291 0.09 41.01 0.51

<0.1 0.07 93.08 0.08 40.81 0.51

<0.1 0.02 80.18 0.29 32.92 0.91

<0.1 0.05 92.95 0.10 39.97 0.76

<0.1 0.05 92.80 0.12 38.88 0.61

<0.1 0.06 94.07 0.08 4141 0.64

<0.1 0.06 94.16 0.05 41.66 0.56

<0.1 0.16 90.22 0.14 37.30 0.61

4.3. Trace Element Characteristics. The trace element
contents of the Putaoling section and the Fantiansi section of
Dalong Formation are shown in Table 2, with a mean content
value of the trace elements in Post Archaean Australian Shale
(PAAS)”" and to ensure comparability of the normalization
results, enrichment factors (EFs) are commonly employed. The
formula used is EF element x = X/ Al 1/ X/ Al a2 IFEFy
is greater than 1, it indicates an enrichment of element X relative
to the standard shale. If EFy is less than 1, it indicates
depletion.**

Enrichment factors of V (EFy) are slightly high, ranging
between 0.8 and 26.1 (average 8.1). In contrast, U and Mo (EFy,
and EF,,) are the most enriched (EF average to 37.5, and EF,,
average to 299.6). Micronutrients such as Ni, Cu, Zn, and P
show enrichment factors (EFy;, EF,, EF;,, and EF;) ranging
from 0.2 to 11.8 (average 3.8), 0.2—7.2 (average 2.4), 0.3—9.8
(average 1.9), and 0.4—7.5(average 2.5), respectively (Figure 3).

4.4. Rare Earth Element (XREE) Characteristics. The
2REE in the black siliceous rocks of Dalong Formation at the
Putaoling section ranges from 110.7 to 210.0 ppm, with a mean
content of 149.0 ppm (Table 2). In contrast, the XREE content
at the Fantiansi section is significantly lower, ranging from 17.4
to 147.2 ppm, with an average content of 64.4 ppm. The content
of ZLREE/ZHREE (L/H) in the Putaoling section is 7.1—12.2,
with the average content of 8.8, and the content of L/H in the
Fantiansi section is 2.9—17.1, with the average content of 6.8.

The Ce/Ce* values for siliceous rocks within the Dalong
Formation at the Putaoling section exhibit a range from 0.87 to
0.96, averaging at 0.92. Similarly, in the Fantiansi section, the
Ce/Ce* values vary between 0.79 and 0.94, with a mean value of
0.88. Within the Putaoling section, the Eu/Eu* ratios range from
0.71 to 0.93, with an average of 0.80, while in the Fantiansi
section, these ratios range from 0.67 to 1.11, with an average of
0.83. Both the Dalong Formation siliceous rocks in the Putaoling
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Table 2. Trace Element Content (ppm), REE Content (ppm), and Relevant Parameters of the Dalong Formation in the Putaoling

and Fantiansi Sections of the Lower Yangtze Region

sample EFc, EFy; EF,, EF, EFy EFy EFy 2~REE LREE/HREE Ce/Ce* Eu/Eu* Lay/Cey
T2S 0.2 0.8 0.3 0.38 211.0 4.9 23.6 169.7 122 0.9 0.7 1.1
T24 0.8 1.2 1.0 0.81 163.0 S.1 18.6 162.0 11.3 0.9 0.8 1.1
T23 1.3 2.3 1.2 1.01 532.8 14.1 42.0 111.9 7.3 0.9 0.9 12
T22 1.7 1.9 1.6 0.81 354 1.3 11.8 166.3 8.3 0.9 0.9 1.1
T20 1.9 1.6 1.3 0.93 28.5 1.1 7.3 182.2 7.8 0.9 0.7 1.1
T18 2.8 2.1 1.3 1.28 180.0 3.7 19.0 1242 8.9 0.9 0.8 1.1
T17 39 4.1 1.8 1.95 253.2 7.2 33.1 130.5 7.8 0.9 0.9 1.1
T16 4.0 5.7 2.0 1.72 833.5 14.5 48.5 121.0 8.0 0.9 0.9 1.1
T15 29 4.6 1.1 1.42 1310.3 119 58.6 120.6 8.4 0.9 0.8 1.0
T14 4.8 8.0 2.0 2.03 1248.0 26.1 60.2 110.7 7.6 0.9 0.7 1.1
TI11 2.8 32 1.1 1.53 633.6 10.4 48.6 133.7 7.1 0.9 0.9 1.1
T10 1.7 1.3 1.2 1.32 47.3 1.3 18.7 182.0 9.4 1.0 0.8 1.1
T8 1.7 1.8 1.6 0.95 17.1 1.0 10.4 135.8 9.6 0.9 0.7 1.1
T7 2.6 1.9 1.7 2.51 33.0 1.3 29.3 210.0 8.0 0.9 0.7 1.1
Té6 1.8 1.5 1.3 1.31 14.1 0.8 11.7 144.7 9.3 0.9 0.9 1.1
TS 1.8 2.2 2.0 0.85 19.5 0.9 18.5 126.6 7.6 0.9 0.7 1.1
T3 1.7 1.8 1.5 0.85 10.1 1.1 23.8 160.7 9.7 0.9 0.7 1.1
T1 1.4 1.2 1.5 0.75 11.8 0.8 9.3 152.7 10.2 0.9 0.8 1.1
C22 1.5 4.4 1.2 0.90 190.6 8.0 17.2 30.1 6.7 0.9 0.8 1.1
C21 3.0 6.8 2.0 0.64 102.3 7.7 22.8 35.6 6.4 0.9 0.7 1.1
C20 2.0 4.6 1.9 0.89 46.2 4.6 25.4 60.7 6.5 0.9 0.7 1.1
C19 2.3 3.6 1.7 131 27.6 1.3 174 68.7 7.5 0.9 0.8 1.1
C18 1.9 S.1 2.0 4.01 76.5 8.3 31.7 55.4 5.4 0.9 0.9 1.1
C17 0.5 0.2 0.4 0.83 S1.5 29 9.6 130.7 17.1 0.9 0.8 1.1
C16 0.9 3.3 1.5 221 110.9 12.8 27.9 97.2 6.5 0.8 0.8 1.3
C15 0.8 3.0 1.4 6.42 157.0 17.3 44.9 139.2 6.6 0.9 0.8 1.1
Cl4 0.7 2.5 0.7 0.43 216.7 18.6 17.4 83.4 9.2 0.9 0.8 1.1
C13 1.8 32 0.8 3.50 70.4 6.9 17.7 70.3 7.5 0.9 0.9 12
C12 1.6 2.4 0.9 4.67 256.7 10.2 31.8 96.2 6.9 0.9 1.0 1.1
Cl11 3.5 3.5 0.9 5.53 392.0 9.9 45.1 66.3 5.9 0.9 0.9 1.1
C10 1.2 1.4 0.7 5.32 179.1 12.0 47.3 147.2 7.6 0.9 0.8 1.1
C9 2.1 2.1 1.6 7.53 392.0 11.2 39.0 33.3 5.5 0.9 1.0 1.1
C8 7.2 7.6 4.7 5.04 1425.6 20.0 50.8 17.4 5.7 0.9 1.1 1.0
C7 2.6 4.2 2.9 5.40 408.3 10.6 158.4 29.3 4.9 0.9 0.7 1.0
C6 1.0 9.7 0.9 0.99 284.1 14.4 89.3 71.1 8.5 0.9 0.8 1.2
CSs 1.4 2.1 0.9 2.54 253.9 11.2 64.8 29.4 5.6 0.9 0.9 1.1
C4 7.1 11.8 9.8 1.97 323.2 8.3 57.0 40.6 29 0.8 0.9 1.3
C3 4.4 6.4 3.0 4.37 490.2 7.0 49.3 22.7 5.9 0.8 1.0 1.3
c2 4.5 9.5 3.8 4.86 751.2 10.6 58.2 29.4 3.8 0.8 0.7 1.1
C1 34 8.1 59 6.26 194.2 4.9 83.5 63.4 59 0.8 0.9 12
1000
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Figure 3. Trace element enrichment factors (EFs) of siliceous rocks
from the Putaoling and Fantiansi sections relative to PAAS.
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section and the Fantiansi section display weak negative
anomalies in both Ce and Eu.

5. DISCUSSION

5.1. Sources of Silica. The origin of silica, the depositional
environment, and formation mechanisms are three fundamental
areas of interest in research on siliceous rocks."”*** The silicon
sources in siliceous rocks are mainly divided into the following
three forms. (1) Terrigenous debris, which refers to the chemical
breakdown products of silicate or aluminosilicate minerals
resulting from continental w<=.athering.36_38 (2) Siliceous
organisms, such as radiolarians and sponge spicules.”**” (3)
Deep-sourced materials, including those resulting from marine
hot water vent activity, and marine hydrolysis of volcanic
materials.>' 7%

The ALO; content of the black siliceous rocks of the
Putaoling section is 8.33—16.31%, with TiO, content (0.31—
0.57%) and SiO,/Al,0; content (3.81—9.30). The ALO,

https://doi.org/10.1021/acsomega.3c08384
ACS Omega 2024, 9, 17848—17859


https://pubs.acs.org/doi/10.1021/acsomega.3c08384?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08384?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08384?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08384?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08384?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf Article
70 250
08 T°(Aa) 9 (B) (© R=0.6377
071 @ Putaoling section R*=0.896 60 4 © @ Putaoling section @ Putaoling section ° s R'=0.7347
e it . © R’=7642 o 3 200 P . R

0.6 1 © Fantiansi section © Fantiansi section © Fantiansi section
e R*=0.7728 AN 50 _ » °
X ] 3 oo
g os s $ ol S 2 1] N
= 0.4 B A o2te < o NS ° ’2; O ?” °
Z 0 .2 9% ~ o =t 2w

& Q 0] & 5 9% o
] PRENS = s & 100 o o’
0.3 ° R ) ol 5 o R
° X .
'y 20 4 o, 0e.”"® 0
0.2 o % 0\ R'=7231 50 1 e
g o’
0.1 4 039 10 1 o@o %
? Vo~ 000
0 T T T 0 T T 0 T T T
0 5 10 15 20 0 5 10 15 20 0 0.2 0.4 0.6 0.8
A1,0,(%) Al,0,(%) Ti0,(%)

Figure 4. Cross-plots of the AL, O; versus TiO, (A), AL,Oj; versus SiO,/ Al,O; (B), and TiO, versus XREEs (C) from the Putaoling and Fantiansi

sections.
45.0 3.0
% (A) (B)
40.0 1 Q9 @ Putaolin, i i i
% g section 2.5 4 @ Putaoling section -
35.0 4 \ © Fantiansi section © Fantiansi section o
o 0% ®
30.0 - o+ R'=0.9836 2.0 1
(6} -~
= 4 = (]
35_ 25.0 ® 5’ 1 ~ 90 R*=0,0277
o N\, @ 5 4 ~ o
B 200 - B 2 o~
° o %0 o
15.0 A1 T R=07292 1.0 4 ®
PR s
10.0 A \‘Q\. o~ , % ® OR=0.4159
. ° 0.5 A o ) D
5.0 A \". Q&o
°® %
0.0 T T T T 0.0 T T T T
0.0 2.0 4.0 6.0 8.0 10 0.0 20 40 60 80 100
Al1(%) Si0, (%)

Figure S. Cross—plots of the Al versus Siy, (A) and SiO, versus MgO (B) for the Putaoling and Fantiansi sections from the Lower Yangtze region.

content of the black siliceous rocks of the Fantiansi section is
1.43—10.32%, with the TiO, content (0.05—0.67%) and SiO,/
Al,04(6.07—65.98), which is lower than pure siliceous rocks
(Si0,/ALO; is 80—1400). ALO; and TiO, exhibit a strong
positive correlation, while SiO,/Al,O; and Al,O, demonstrate a
notable negative correlation (Figure 4A,B). These findings are
commonly interpreted as indicating a higher presence of clay-
rich sediments from Terrigenous input.* Total content of
XREE:s is also considered to originate mainly from clay mineral
in terrestrial material."»*> And the strong correlation between
TiO, and ZREEs further indicates the higher contribution of
terrigenous clastic sediments in the source region (Figure 4C).

Excessive silicon content (Siy) refers to the SiO, content that
is higher than that found in a normal clastic sedimentary
environment.” Tt can be calculated using the formula Siys =
Sisample - [(Si/Al)background X Alsample]) where (Si/Al)background
represents the average shale ratio of 3.11.* This ratio is
commonly used to study the origin of silicon in organic-rich
mudstone.””*** Microscopic observation reveals that the
Putaoling section and the Fantiansi section are mainly
biologically sedimentary siliceous rocks. Silica content is
generally above 60%, mainly composed of micrograined quartz.
Microfossils are mainly radiolarian and sponge spicule
(accounting for about 5~35% of the total area). Radiolarian is
round shaped and starlike scattered (Figure 2C,G) with wide
distribution, while sponge spicule is needle-shaped with limited
distribution (Figure 2H), and whose interior is filled with silica
and quartz, with particle size generally less than 0.20 mm.
Meanwhile, The Sixg content in the Putaoling section ranges
from 2.72 to 21.98%, with an average content of 8.78%. In the
Fantiansi section, the Sixg content ranges from 12.28 to 41.66%,
with an average content of 30.27%. The obvious negative

correlation between the excessive silicon and Al content in this
research (Figure SA) can indicate that Siyg is not caused by clay
mineral transformation.

The MgO content is very low in the modern midocean ridge
hydrothermal system, which tends to be zero the 350 °C in the
East Pacific midocean-ridge hydrothermal system (350 °C), and
the increase of which is the result of hot water and seawater
mixing.”” Therefore, the MgO content is relatively low in hot
water sedimentary siliceous rocks, which are negatively
associated with the SiO, content.”® The MgO content in
siliceous rocks of the Putaoling section is 0.58—2.43%, with an
average content of 1.43%, which is relatively high, with no
significant correlation with the SiO, content. The MgO content
in siliceous rocks of the Fantiansi section is 0.10—0.94%, with an
average content of 0.36%, showing very low MgO content, with
a moderate negative correlation with the SiO, content (Figure
SB), implying that part of the silicon in the Fantiansi section is
derived from hydrothermal fluids.

Major element analysis is a valuable tool for distinguishing the
origin of cherts influenced by the hydrothermal activity. Cherts
that have been affected by hydrothermal processes generally
exhibit higher concentrations of Fe and Mn."” The Al content in
cherts is considered to vary based on siliciclastic input.”® A value
of Al/(Al + Fe + Mn) greater than 0.6 indicates a biogenic origin,
while a value lower than 0.01 suggests a hydrothermal origin.*’

The Al/(Al + Fe + Mn) values of black siliceous rocks in the
Putaoling section range from 0.60 to 0.88, with an average value
of 0.72. In the Fantiansi section, the Al/(Al + Fe + Mn) values
range from 0.36 to 0.91, with an average value of 0.69. These
results show that the Dalong Formation in the Putaoling section
is primarily formed through biological sedimentation, while the
Fantiansi section shows evidence of being influenced by the
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hydrothermal fluid origin. When analyzing the Al—Fe—Mn
discrimination diagrams,‘w_51 the sample points of the Putaoling
section are categorized under the biological-sedimentary area
(Figure 6A). A few sample points of the Fantiansi section are
classified under the hot water sedimentary area or the biological
and hot water mixing area (Figure 6B). Meanwhile, the
correlation between trace elements Th and U can also be used
to distinguish the effect of hot water on sediments.”*™>* In
nonhydrothermal sediments (such as normal water bodies and
deep-sea sediments), a significant amount of Th is drawn from
seawater due to the sediment accumulation rate. However, in
hot water sedimentation, deposits accumulate quickly and
cannot extract Th from the seawater, resulting in a relatively
higher concentration of U. The distribution pattern of the
Dalong Formation black siliceous rocks in the Putaoling section,
as depicted in Figure 7A, indicates that the majority of points are
found in the normal water area, with only small points in the
deep-water deposition area. Similarly, in the Fantiansi section,
most of the points are located in the normal water area, with a
few points in the hot water sedimentation area and the deep-
water deposition area. This suggests that the Dalong Formation
black siliceous rocks in the Fantiansi section have been
somewhat influenced by hot water. Additionally, as depicted
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in Figure 7B, the projection point of the Putaoling section
mainly falls within the normal marine environment, while a few
points in the Fantiansi section are located in the Iron—
Manganese hydrothermal sedimentary area and the East Pacific
hot water sedimentation area of the East Pacific Ocean. This
further supports the notion that the Dalong Formation siliceous
rocks in the Fantiansi section have been affected by hot water
sedimentation. The Permian cherts in South China display
pronounced spatial heterogeneity, primarily attributed to their
diverse proximity to the hydrothermal activity of the E’'meishan
Large Igneous Province (ELIP) and deep faults. During the late
Permian,”®*’ the ELIP triggered more volcanic and hydro-
thermal activity within the middle-upper Yangtze region.>' "’

5.2. Sedimentary Environment. The separation and
enrichment of the chemical composition of rocks are influenced
by the sedimentary environment. By analyzing the element
geochemical characteristics in rocks, the sedimentary environ-
ment can be identified.>> Parameters such as the MnO/ TiO,
and Ce anomalies (Ce/Ce*) can serve as significant indicators
to determine the paleogeographic location of the sedimentary
basin. Generally, MnO/TiO, < 0.5 indicates continental slope or
marginal sea deposition on the continental margin, and MnO/
TiO, between 0.5 and 3.5 shows oceanic bottom sedimenta-
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tion.”! In the Putaoling Section, the MnO/TiO, value of the
black siliceous rocks in the Dalong Formation ranges from
0.0036 to 0.1323%, with an average value of 0.0657%. In the
Fantiansi section, the MnO/TiO, value ranges from 0.0026 to
0.3210%, with an average value of 0.0942%. These values suggest
that the cherts of the Dalong Formation likely formed in a
continental slope or marginal sea deposition rather than in open
water.

The composition of REEs in chert and shale can provide
valuable insights into the depositional environment.”® For
instance, the Ce anomaly is utilized to ascertain the relative
distance from the terrestrial sediment input. Murray et al.*>*
focused on the Ce anomaly in cherts from the Franciscan
Complex in California. The mean values ranged from 0.9 to 1.30
at a continental margin, 0.6 in an ocean-basin setting, and 0.29
were identified at a spreading ridge. The Ce/Ce* value of
Dalong Formation siliceous rocks in the Putaoling section
ranges from 0.87 to 0.96 (average 0.92). In the Fantiansi section,
the Ce/Ce* value is 0.79—0.94 (average 0.88), showing that the
siliceous rocks were deposited near the continental margin. The
Lay/Cey ratio is a valuable indicator for evaluating sedimentary
environments. Statistical analyses suggest that cherts deposited
at continental margins typically exhibit a Lay/Cey ratio close to
1. On the other hand, cherts formed at spreading ridges tend to
have a higher ratio, often exceeding 3.5 and in pelagic
environments, the Lay/Cey ratio generally falls within the
range of 2—3.%* The Lay/Cey results suggest that the siliceous
rocks fall within a continental margin. The shallow sea area,
which is relatively stable, is rich in LREE, while the deep sea area
and the tectonic activity region lack REEs in sediments.”"°” The
study area exhibits characteristics of LREE enrichment and
HREE depletion, indicating that it mainly consists of shallow
continental shelf sediment. This finding is consistent with the
epeiric sea environment of the entire Yangtze platform during
the late Permian."”

In addition to the reactive sedimentary tectonic setting, black
siliceous rocks also record the redox properties of the water
column. Previous studies indicate that the occurrence state and
content of variable valence elements such as U, Mo, and V in
sediments vary due to different redox conditions.’” Therefore,
these elements play a crucial role in evaluating the redox status of
water during the deposition phase. Typically, U exists in water
primarily as dissolved U%* in an oxidized setting.”> Conversely,
in a reducing environment, U is usually converted into
insoluble U** and is concentrated in sediments. Hence, during
reducing environmental conditions, mudstone tends to exhibit a
higher U content.”* Regarding vanadium, soluble V(V) is
reduced to V(IV) under conditions such as reductive conditions,
forming insoluble hydroxides (VO(OH)*"). Under euxinic
conditions, the presence of free H,S leads to a further reduction
of V(IV) to V(III). V(III) can be absorbed by geoporphyrin
complexes or precipitate as solid oxides.”~®® Mo is another
redox-sensitive element that is often linked to its presence in
sulfidic or euxinic environments. In these environments, H,S in
seawater or porewater can cause the transformation of dissolved
molybdate into particle-reactive thiomolybdates, which ulti-
mately accumulate in sediments.””~”" Research on contempo-
rary marine sediments demonstrates that sedimentary concen-
trations of Mo frequently exceed 100 ppm in the presence of
persistent euxinic conditions. Additionally, concentrations of
Mo fluctuate between 25 and 100 ppm in situations of
intermittent euxinic conditions. Finally, Mo concentrations
remain below 25 ppm when noneuxinic conditions prevail.””~"*

In addition, the EFy;,—EFy covariations have been applied to
deduce the paleoenvironment and hydrological conditions
reconstruction.>>”>”°

The EFy, EFy,, and EFy ratios of 18 samples from the
Putaoling section of the Dalong Formation range from 7.26 to
60.23 (with a mean of 27.39), 10.13 to 1310.25 (with a mean of
310.13), and 0.75 to 26.14 (with a mean of 5.97), respectively.
These redox signals suggest an anoxic/euxinic water column
during deposition. Similarly, the EFy, EF,,, and EFy, ratios of 23
samples from the Fantiansi section of the Dalong Formation
range from 9.58 to 158.45 (with a mean value 0f 45.76), 27.65 to
1425.63 (with a mean value of 290.62), and 1.30 to 19.99 (with a
mean value of 9.94), respectively, which may reflect a euxinic
environment. Furthermore, most points of the EF,;,/EF, values
are situated fall within a zone around three times of the modern
seawater (Figure 8), providing further indication of the existence
of a euxinic environment.
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Figure 8. EF,;, versus EFy of Dalong Formation in Putaoling and
Fantiansi sections. Dotted lines showing Mo/U molar ratios equal to
the seawater values (0.3 X SW, 1 X SW, 3 X SW). (Base map adapted
with permission from ref 76. Copyright 2009 Elsevier.)

In conclusion, our study suggests that the predominantly
deposited black siliceous rocks of the Dalong Formation in the
Lower Yangtze region occurred within a continental margin
setting. The water column during the Late Permian period
experienced a widespread anoxic/euxinic environment, which
facilitated the preservation of organic matter following biological
decay. This particular environment plays a crucial role in the
formation of organic-rich mudstones and holds considerable
research significance.

5.3. Formation Mechanism of Siliceous Rocks. During
the Late Permian, South China was situated in the low latitude
tropical climate zone.” The region had a hot climate and
relatively high primary productivity,'”'*”” creating an ideal
environment for the flourishing of siliceous zooplankton.
Furthermore, the Ancient Tethys Sea, due to its paleogeographic
location, rnainlgf controlled by the periodic melting of Arctic
Ocean glaciers, ** experienced significant upwelling at its eastern
edge.”'*”77% Upwelling is responsible for bringing an
abundance of Mo, Ni, Cu, Zn, and P nutrients and dissolved
silica in deepwaters to the surface. In the Yangtze block, stratified
siliceous rocks formed by upwelling can be found, such as in the
upper Permian Gufeng Formation.”” Upwelling has also been
associated with phosphorite formations in North America' and
the Upper Permian formations in the Sverdrup Basin in the
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Figure 9. Model of the formation of the Dalong Formation siliceous rocks in the Lower Yangtze region.

Canadian Arctic.®® Meanwhile, the warm-humid climate

promoted the biogeochemical effect, making the chemical
weathering degree of the mother rock increase, with increasing
import of terrigenous silicon and nutrients into the ocean."

The Permian of South China was characterized by a
geotectonic background dominated by stretching effects,
which promoted basement fracture and synsedimentary fracture
activities. Additionally, intense volcanic activities resultd in the
upwelling of magma along large fractures or synsedimentary
fractures.”’ Notably, the Emeishan Large Igneous Province
(ELIP) was renowned and attributed to mantle plume
uplift.*>** Although the Lower Yangtze region was not in the
basalt eruption area of Emei Mountain Basalt, Emei Tafrogeny
which was closely related to it, has existed throughout the entire
Yangtze region until the end of the Early Triassic."**> The
Fantiansi section in this study was located in the Tongling area,
and it is just located at the edge of the platform. During the
reactivation of the fracture, the platform edge was often
accompanied by synsedimentary fracture, with deep-seated
magma surging along the fracture and mixed with the infiltrated
seawater, resulting in the migration of hot water to relatively
shallow areas with large amounts of SiO, dissolved.

Regional volcanism may also play a role in the formation of
cherts. Figure 2D illustrates the presence of numerous volcanic
ash layers within the Putaoling section with up to 10 layers
identified. It was worth noting that these layers are not only
prevalent in the Jingxian, Xuancheng, Chaohu, and Tongling
areas in the Lower Yangtze region®>"’ but also in the South
China or Paleo-Tethys region, as evidenced by previous
studies.””® The submarine weathering of volcanic ash can
enhance nutrient flux, including essential elements such as P, Cu,
Zn, and Ni. These elements were crucial for supporting various
life forms on Earth, as they played a fundamental role in
numerous metabolic processes and contributed to the formation
of skeletal material.’* Abundant nutrient flux was beneficial for
the proliferation of siliceous zooplankton, which led to the
production of siliceous sediments through the sinking of silica-
rich organisms. During the late Permian, the global atmospheric

17856

CO, content was notably high, ranging from 7 to 8%.”° The
increase in atmospheric CO, concentrations results in higher
levels of CO, (,) at the sea surface. Simultaneously, the decay of
organic matter in the siliceous biota consumes a significant
amount of dissolved oxygen in seawater, leading to anoxic in the
water column. This process releases CO, into seawater, causing
an increase in its CO, concentration. As organic matter sinks, it
undergoes further decomposition within the sediment during
the bacterial sulfate reduction (BSR) phase, creating euxinic
conditions (Figure 8). Additionally, intense Emei Tafrogeny,
with magma upwelling along major or coeval fractures,
contributes to the release of CO, into seawater, altering its
chemical properties and lowering pH.* Siliceous Marine
organisms can grow in acidic waters and reproduce quickly in
a stress-free environment. The ocean acidification event
provided favorable chemical conditions for the preservation of
silica.

To summarize, nutrients from coastal upwelling, volcanoes,
hydrothermal liquid, and land sources jointly lead to the
improvement of marine primary productivity in the Changhsin-
gian stage, with mass multiplication of plankton such as silicon,
algae, and bacteria, the ocean acidification event provided
favorable chemical conditions for the preservation of silica,
which eventually result in Dalong Formation siliceous rocks
(Figure 9).

6. CONCLUSIONS

The petrological and geochemical characteristics of black
siliceous rocks in the Dalong Formation were studied in the
Chaohu Putaoling section and the Tongling Fantiansi section in
the Lower Yangtze region and their implications for Permian
ocean chemistry. The main conclusions are as follows:

1. The genesis of siliceous rocks of Dalong Formation in the
Lower Yangtze region is relatively complex. A large
number of radiolarian siliceous fossils have been observed
under the microscope, with high Siys content and Al /(Al
+ Fe + Mn) characteristics, implying that siliceous rocks
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are mainly of biological origin in this region. The low
MgO content in the Fantiansi section of the Tongling area
indicates the influence of regional hydrothermal fluids.
The correlation between Al,O5 and TiO,, as well as SiO,/
Al O3, indicates that the deposition period of the Dalong
Formation was significantly influenced by the continuous
input of terrigenous materials.

2. The black bedded siliceous rocks of the Dalong
Formation were predominantly deposited in a continental
margin setting. The water column experienced wide-
spread anoxic/euxinic during the Late Permian, which
aided in the preservation of organic matter following
biological decay.

3. In the Late Permian, South China experienced a hot
tropical climate, coastal upwelling and continental
weathering-enriched marine nutrients, fostering high
primary productivity, benefiting abundant siliceous
zooplankton. Volcanic and regional hydrothermal activi-
tyfurther enhanced nutrient flux, and the simultaneous
ocean acidification event provided favorable chemical
conditions for the preservation of silica, leading to the
formation of siliceous rocks in the Dalong Formation.
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