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Marine redox conditions and their dynamic changes were a major factor that controlled the
formation of black shale and caused the late Ordovician marine extinction in the Upper
Yangtze Basin (South China). However, the spatiotemporal variation and potential
controlling factors of marine redox conditions in this area remain unclear. We analyzed
whole-rock geochemistry and pyrite sulfur isotopes (834Spy) of 47 shale samples from the
Late Katian to Rhuddanian in a shelf-to-slope (Qianjiang Shaba section and Wc-1 well)
region of northeastern Upper Yangtze Basin, and reconstructed water column redox
conditions during the Late Ordovician-Early Silurian Transition. The geochemical
characteristics of shale, including the ratio of elements, discriminant function and
ternary diagram location in the study area suggest a passive continental margin
sedimentary environment, wherein the terrigenous detritus is mainly derived from felsic
igneous rocks in the upper crust, showing characteristics of near-source deposition. The
redox indices (Fe speciation, Corg/P, Ugr, and Mogr) showed that the development of
anoxic water, especially euxinia, has obvious spatiotemporal heterogeneity. Under
conditions of high availability of active organic carbon and limited sulfate supply, high
active Fe input and strong biological irrigation in the shallow water area may effectively
remove H,S produced by microbial sulfate reduction, conducive to the prevalence of
ferruginous water columns. However, for this deep water area, the rapid accumulation rate
of organic matter, decrease in dissolved Fe (caused by upwelling in the open sea), and
seawater stratification (caused by the rising of sea level) promoted the development of a
euxinic water column. This inference is supported by the covariant relationship between
organic carbon accumulation rate, chemical index of alteration, Co x Mn, and §**S,,,. Our
study highlights the potential control effects of sea level change, continental weathering
and upwelling on the development of euxinic water columns.

Keywords: redox conditions, 634Spy isotope, chemical index of alteration, upper yangtze basin, late
ordovician—early silurian
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INTRODUCTION

The paleo-ocean during the transition from the Late Ordovician to
the Early Silurian (O-S) in the Upper Yangtze Basin, South China,
has been widely studied with respect to the sedimentary environment
(Wang et al., 2016; Li et al., 2017; Liang et al., 2017; Wu et al., 2019;
Wang et al., 2021), redox conditions (Li et al,, 2019; Liu et al., 2019;
Wang et al,, 2019), and sea level change (Wang et al,, 2017; Jin et al,,
2020). During this period, a set of organic-rich black shale was
deposited,  including the @ Wufeng  Formation  (WEF,
Katian—Hirnantian) and Longmaxi  Formation  (LMX,
Hirnantian—Rhuddanian), which have become the main targets
for shale gas exploration in China (Zou et al, 2016; Zou et al,
2019). Simultaneously, this period showed a series of environmental
and evolutionary events, including the Gondwana glacier expansion,
volcanic eruption, bio-extinction, and bio-recovery (Jablonski, 1991;
Sutcliffe et al., 2000; Delabroye and Vecoli, 2010; Algeo et al,, 2016),
particularly the Late Ordovician bio-extinction, resulting in the
disappearance of approximately 26% of families and 85% of
marine life (Jablonski, 1991; Harper et al, 2014). An in-depth
study of the redox conditions of black shale formation and bio-
extinction confirmed that both of these may have been related to
large—scale anoxic events in the ancient oceans (Liu et al.,, 2016; Zou
et al., 2018).

The latest research on marine redox conditions in this area
indicates that the source weathering intensity and effectiveness of
sulfate may be the main controlling factors for the development of
anoxic water columns, especially euxinia (Zou et al., 2018; Li et al.,
2019; Li et al, 2021). However, because of the lack of high-
resolution geochemical records, especially the lack of research
evidence on paleo-ocean topography and external ocean current
communication in the continental margin area, the controlling
factors of redox conditions in the Upper Yangtze Basin water
column need to be explored further.

In this study, the marine redox conditions, pyrite sulfur
isotope (634Spy), and chemical weathering of the source
regions of the WF—LMX Formation from Qianjiang Shaba
section and Wc-1 well in the northeastern Upper Yangtze
Basin were comprehensively analyzed. Combined with
previously published data, including Datianba section of
Xiushan County, and X3 well of Sangzhi County, our results
provide new insights into the spatiotemporal evolution of euxinia
in the Upper Yangtze Basin. These insights are of great
significance for understanding the relationship between
continental weathering, marine chemistry, and early biological
evolution.

GEOLOGICAL SETTING

Paleogeography and Lithostratigraphy

The South China Plate was formed by the Yangtze and Cathaysia
Block during the O-S (Figure 1A). Palacomagnetic data
indicated that during this period, the South China Plate was
located in a low-latitude area near the equator and was dominated
by intraplate deformation (Figure 1A). A series of uplifts and
depressions were developed (Figure 1A). The Upper Yangtze

Spatiotemporal Variation of Euxinia Condition

Basin was formed in the northwest part of the Yangtze Block.
During the early Ordovician, this part was a craton basin
extending from the northeast to the southwest. At the end of
the Silurian period, it gradually transformed into a foreland basin
controlled by continuous flexural subsidence (Huang et al., 2018;
Huang et al.,, 2020). The sedimentary center is mainly located in
the Yibin—Fuling—Wanzhou area in the eastern part of the
Upper Yangtze Basin, surrounded by three main uplift belts: The
Chuanzhong uplift to the west, Qianzhong uplift to the south, and
Xuefeng uplift to the east, forming a semi—closed shallow sea
connected to the South Qinling Ocean in the north (Chen et al,,
2004) (Figure 1B). Further, under the influence of continuous
tectonic compression, submarine highlands, such as Xiang’e,
Huayinshan, and Neijiang—Zigong have developed in the
basin, which indicates that the distribution of strata in this
area is heterogeneous (Xi et al., 2021) (Figure 1B).

Located in the northeast of the Upper Yangtze Basin, Wec-1
well, Qianjiang Shaba section, and two correlation sections, X3
well and Datianba section, were the targets of this study. Based on
paleogeographic reconstruction, the four study areas were
concluded to be deposited in different water depth
environments. The Datianba section, X3 well, and Shaba
section  (Qianjiang County, Chongqing Municipality,
29°20'32.72"N, 108° 51'20.93"E) are located on the flank of
the submarine highland of the Xiang’e or the structural saddle
connecting it with the Qianzhong uplift, belonging to the shallow
sea area, Wc-1 well (located in Chengkou City, Chongqing
Municipality, 31°54'26.67"N, 108°32'58.21"E; Wang et al.,
2021) is situated near the Qinling Ocean, and the water depth
gradually deepens in this section (Figure 1B; Liu et al., 2016; Xi
et al., 2021).

All four study areas contain the Upper Ordovician WEF
formation and Lower Silurian LMX formation, which are black
shale containing graptolites intercalated with siliceous shale and
mudstone. Under the influence of the local uplift caused by the Late
Ordovician Kwangsian Orogeny, the Guanyingiao Formation
(GYQ) is unevenly distributed in the study area. Except for the
thicker GYQ deposited in the Datianba section, in the other areas,
this formation is thin or missing (Chen et al., 2004; Chen et al,
2014; Figure 1C). In this study, the middle-upper interval of the
WEF formation (approximately 4-10 m thick) and the GYQ and
lower part of the LMX formations (approximately 2-10 m thick)
were analyzed to determine the characteristics of marine redox
conditions during this period. According to previous research
which performed, vitrine reflectance measurement and clay
mineral analysis, the four sections experienced a similar thermal
evolution history, and the maximum burial temperature was
approximately 210-250°C (Su et al., 2007: Nie et al, 2018;
Wang et al,, 2021; Xi et al., 2021).

Biostratigraphic Framework

The graptolite biostratigraphy of the Upper Ordovician-Llandoverian
Series in South China has been established in previous studies,
and provides a high-resolution framework for regional or global
identification and correlation of related strata (Chen et al.,
2000). In the research sections, five graptolite biozones were
determined according to ascending order: the Dicellograptus
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FIGURE 1 | Ancient geographical location of the study well and sections. (A) Geographical location of the Upper Yangtze Basin in South China in the Late
Ordovician and distribution of main orogenic belts and oceans (Zhang et al., 2015); (B) Locations of the well and sections of the Yangtze Basin in the Early Silurian (Chen
et al., 2004). (C) Biostratigraphic division of Wc-1 well and Shaba section (Chen et al., 2004).
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complexus (D. complexus), Paraorthograptus pacificus (P.
pacificus), Metabolograptus extraordinarius (M. extraordinarius),
Metabolograptus persculptus (M. persulptus), and Akidograptus
ascensus (A. ascensus) zones (Figure 1C). These biozones are
consistent with the regional and global framework for the
biostratigraphy of graptolites. The first appearance of M.
extraordinarius and A. ascensus in the research section was
considered to be the dividing line between the Katian-Hirnantian
and Hirnantian-Rhuddanian stages. This dividing line has been
used to determine the estimated duration of a single graptolite zone
(Melchin, 2008; Cooper et al., 2012): D. complexus (0.6 Myr), P.
pacificus (1.86 Myr), M. extraordinarius (0.73 Myr), M. persulptus
(0.60 Myr), and A. ascensus (0.43 Myr). These data have been used to
calculate the linear sedimentation rate (LSR) of each graptolite zone
(Li et al,, 2019).

SAMPLES AND METHODS

Samples

In total, 47 shale samples were collected from the Wec-1 well and
Shaba section (23 from Wc-1 well and 24 from Shaba section). All
samples were carefully processed to remove weathered surfaces
and visible pyrite. Then, all samples were ground to 200 mesh size
in a tungsten carbide crusher for geochemical analysis.

Methods

Analytical Methods

The total organic carbon (TOC) determination method applied in
our study was as follows: Samples of approximately 100 mg were
placed into the infiltration crucible, and 1:1 hydrochloric acid was
dripped to remove carbonate minerals. After the reactions were
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complete, the samples were cleaned with deionized water and
then, placed in an oven (80°C) until completely dried. Finally, the
samples were placed in a LECO CS230 carbon sulfur analyzer,
and the TOC contents were calculated according to the peak of
carbon dioxide produced.

Whole-rock major element analysis was performed using a
BRUKER S8 TIGER X-ray fluorescence spectrometer (XRF, AXS
Corporation, Germany) at the China University of Mining and
Technology Advanced Analysis and Computation Center. The
analytical procedures for the major elements were performed
according to the Chinese national standard GB/T14506.28-2010.
Trace and rare earth elements (REEs) were analyzed using a PE
Elan6000 standard inductively coupled plasma mass
spectrometer (ICP-MS) at the Jiangsu Geological and Mineral
Resources Design and Research Institute, with an accuracy of
95%. Analytical procedures for trace and REEs were performed
according to the Chinese national standards GB/T14506.30-2010
and GB/T14506.29-2010, respectively.

Determination of Fe.., Feox, and Fen., by a sequential
extraction method was described after Poulton and Canfield
(2005). Briefly, 1) 100mg of dry sediment samples was
dissolved in 10ml of 1M sodium acetate (pH 4.5). The
solution was placed in a 50°C water bath shaker for 48 h and
then, centrifuged to extract the supernatant for determining
Fecarp- 2) The solid substance obtained by centrifugation in the
above step was added to a mixture of 50 g/L sodium dithionite
and 0.2 M sodium citrate (pH = 4.8), and oscillated in a water
bath shaker at room temperature for 2 h. The supernatant was
centrifuged to extract Feox. 3) The solid substance after
centrifugation was then, reacted with a mixture of 0.17M
oxalic acid and 0.2 M ammonium oxalate at room temperature
for 6 h. The supernatant obtained was centrifuged to extract
Femag.  Inductively coupled plasma optical —emission
spectrometry (ICP-OES) was used to detect the iron content
in the extraction solution, and the error accuracy was better
than 5%.

Iron pyrite (Fe,,) was determined using the Cr reduction
method proposed by Canfield et al. (1986). Specifically, under
conditions of full nitrogen, 1 M CrCl,, 0.5 M HCl solution and
20 ml of concentrated HCl were reacted with 100 mg of the
sample at 240°C for 2 h, and the generated H,S was treated
with AgNOj; in the collection tube to form Ag,S precipitate.
After filtration, the FeS, content was determined using
stoichiometry. The obtained Ag,S precipitate and excess
V,0s5 were wrapped in a tin boat and placed in a high-
temperature thermal conversion element analysis isotope
ratio mass spectrometer (TC/EA-IRMS) to obtain 534Spy.
The instrument was calibrated using the autonomous
international organization within the United Nations
system (IAEA) international standards: IAEA-S1 (-0.3%o),
TAEA-S2 (22.65%0), and IAEA-S3 (-32.5%0), and the analysis
accuracy was 0.2%o.

Proxies Used in This Study

The component variability index (ICV) was used to evaluate
whether the sedimentary material in the source area includes
cyclic deposition (Cox et al., 1995), and was calculated as:

Spatiotemporal Variation of Euxinia Condition

ICV = (Fe,0;5 + K,0 + Na,O + CaO + MgO + MnO
+ TlOz)/Ale3

The oxide concentration was calculated in moles. A value of
ICV > 1 indicates that shale or mudstone contains a large number
of non-clay silicate minerals, which belong to the first deposition
(in the context of tectonic activity) (Van de Kamp and Leake,
1985). A value of ICV < 1 indicates that cyclic deposition or
strong weathering may have occurred after the first deposition.

The chemical index of alteration (CIA) was determined, since
it is an important index for the quantitative analysis of weathering
degree and paleoclimate conditions in the source area (Nesbitt
and Young, 1982). The CIA was calculated as follows:

CIA = [ALO5/ (AL O; + CaO" + Na,O + K,0)] x 100

Notably, CaO in the formula refers only to CaO in the silicate
minerals. McLennan (2001) proposed an indirect calculation
formula for CaO#* as follows: CaO,cgiqua = mole CaO - 10/3 X
mole P,0s. If CaOeiguar < Na,O, then CaO* = CaOyesduals
otherwise CaO#* = Na20.

When diagenesis occurs, potassium metasomatism increases
the potassium content; therefore, the calculated value of CIA is
low and needs to be corrected. Panahi et al. (2000) proposed the
use of the CIA_,, formula for correction to calculate the CIA
value of rock samples without potassium metasomatism. The
corresponding calculation formula is as follows:

CIACO” = [A1203/(A1203 + CaO" + NaZO + Kzocorr)] x 100

where K,O.o;r = [MAL,O3 + m (CaO* + Na,0)]/(1-m), and m =
K,O/(ALLO; + CaO*+Na,O + K,0). The corresponding oxides
are in mole fractions. K,O,,, refers to the K,O content in rock
samples without potassium metasomatism, and m represents the
proportion of K,O in the original parent rock.

To describe the enrichment degree of elements in sediments,
the enrichment factor (EF) was used to minimize the variable
dilution effect of carbonate or biogenic silica (Tribovillard et al.,
2006; Algeo and Tribovillard, 2009). The calculation formula of
EF is as follows:

XEF = (X/Al)sample/ (X/AI)PAAS

where Xgr represents the enrichment coefficient of element X
normalized using the post-Archean average shale (PAAS)
standard (Taylor and McClennan, 1985). A value of Xgp > 1
represents the enrichment of elements, and vice versa.

The organic carbon accumulation rate (OCAR) was used to
evaluate the changes in primary productivity and was calculated
as follows: OCAR = TOC x LSR x p, where LSR is the linear
deposition rate of the biostratigraphic described in section 2.2
(Myr™). p is the rock density of black shale, with its value being
2.5 gcm_l (Stanley, 2010).

RESULTS

All geochemical data of the Wc-1 well and Shaba section are
included in the supplementary material (Tables 1, 2;
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TABLE 1 | Test results of TOC and major elements in Wc-1 well and Shaba section.

Major element (wt, %)

Spatiotemporal Variation of Euxinia Condition

Stage Formation Samples Depth TOC (%)
(m) S0,
We-1 well
Longmaxi formation c1-01 1202.3 3.49 73.51
Rhuddanian c1-02 1203.4 5.11 72.91
c1-03 1204.6 4.28 70.69
c1-04 1205.7 5.02 71.63
Hirnantian c1-05 1206.5 4.89 76.54
c1-06 1206.9 2.96 74.33
c1-07 1207.4 3.09 76.09
c1-08 1208.7 2.93 74.03
c1-09 1209.1 1.44 78.56
GYQ formation c1-10 1210.0 1.04 83.19
c1-11 12101 0.77 80.11
Wufeng formation cl1-12 1210.2 1.03 79.89
c1-13 1210.4 2.45 77.35
Late Katian cl-14 1210.7 1.77 76.12
c1-15 1211.5 1.69 79.46
c1-16 12121 1.74 77.89
c1-17 1212.6 1.55 79.68
c1-18 1213.3 1.72 80.13
c1-19 1213.7 2.33 78.66
c1-20 1214.2 2.21 79.19
c1-21 1214.8 1.30 76.44
c1-22 1215.2 1.77 74.28
c1-20 1215.8 2.21 75.43
Shaba section
Longmaxi formation SB-01 8.89 3.38 66.64
Rhuddanian SB-02 8.24 4.97 62.78
SB-03 7.93 3.04 68.38
SB-04 7.75 4.56 69.13
SB-05 7.37 6.01 66.27
Hirnantian SB-06 7.22 5.96 64.77
SB-07 6.94 3.21 70.55
SB-08 6.43 3.78 73.05
GYQ formation SB-09 6.02 1.46 73.51
SB-10 5.94 0.43 72.77
Wufeng formation SB-11 5.88 411 65.56
SB-12 5.64 3.91 71.11
Late Katian SB-13 5.58 417 65.89
SB-14 4.29 5.32 61.59
SB-15 3.63 3.24 68.96
SB-16 3.47 412 72.23
SB-17 3.01 3.18 68.98
SB-18 2.69 3.35 70.56
SB-19 2.28 4.89 65.13
SB-20 1.88 217 67.56
SB-21 1.64 2.68 62.36
SB-22 1.02 0.26 62.39
SB-23 0.76 1.70 75.34
SB-24 0.15 0.15 62.40

Supplementary Table S1), and the stratigraphic models of the
key results are shown in Figures 2—-4. The test data of Datianba
section, and X3 well can be found in Liu et al. (2016), and Xi et al.
(2021), respectively.

Variations of TOC and Major Elements

The TOC content and major elements in Wc-1 well and Shaba
section are shown in Figures 2A, 3A; Table 1. In detail, from the
Late Katian to the Rhuddanian period, the average value of TOC
and OCAR for Wc-1 well increased from 1.83% to 10.06 mg/cm?/

ALO; KO Na,0 Fe,05 MgO MnO TiO, CaO P,0s
1001 272 081 301 133 009 08 162 015
938 265 063 275 122 012 075 188 0.1
1017 305 136 166 215 013 081 096 0.12
935 233 088 177 211 006 071 213 012
631 134 071 324 047 011 038 103 013
753 199 044 265 132 006 051 102 013
705 154 113 245 095 004 047 068 0.13
821 1.8 066 256 081 007 061 143 0.10
644 111 136 233 076 004 043 133 0.1
432 116 101 198 064 003 017 109 008
443 164 105 175 044 002 021 110 007
565 173 035 204 101 004 034 132 006
577 066 08 189 065 004 032 141 010
851 164 049 435 137 002 059 111 009
533 077 088 211 132 003 031 103 008
887 155 091 175 266 003 063 159 008
604 078 079 199 074 006 035 201 008
621 065 110 217 056 005 037 149 009
735 133 08 28 08 004 053 111 006
747 155 051 284 166 004 051 110 007
894 156 122 304 135 003 065 133 008
975 152 077 298 215 004 077 127 012
908 144 103 233 277 003 068 079 013
1307 212 114 553 188 006 093 245 0.5
1413 301 136 464 228 005 102 219 020
1244 331 119 338 138 008 0.88 207 0.10
1012 133 122 498 196 006 071 244 0.0
11.01 157 115 465 18 007 077 261 013
1022 175 109 602 205 007 072 222 008
945 233 108 244 198 007 063 203 007
879 187 112 235 124 008 055 333 0.10
712 298 145 215 198 007 041 215 008
843 265 133 198 221 006 052 335 0.10
1029 211 109 355 168 004 073 336 0.14
11.02 333 074 333 18 007 079 118 0.1
1339 275 112 329 222 008 096 302 008
1514 196 133 498 325 021 109 112 006
1211 333 099 365 201 005 085 108 005
1019 204 103 233 199 007 071 164 006
1132 195 152 346 194 006 081 159 005
957 202 044 396 155 003 063 232 006
1384 289 144 421 212 004 101 178 009
1324 198 238 407 178 012 115 161 009
1730 135 104 621 298 022 121 114 010
1728 483 117 508 256 008 118 151 007
894 203 066 339 121 010 057 255 012
1730 480 117 533 256 011 122 150 007
kyr to 4.48% and 109.31 mg/cm®/kyr, respectively

(Figure 2A). In Shaba section, the average value of TOC
increased from 2.94 to 4.39%, while the value of OCAR
decreased from Late Katian (16.66 mg/cm’/kyr) to
Hirnantian (13.04 mg/cm®/kyr), and then increased in
Rhuddanian (42.60 mg/cm?*/kyr) (Figure 3A).

The predominant constituents of the samples were SiO,,
ALOs, CaO, Fe, 0,7, MgO, and K,O are, with averages of
76.79, 7.49, 1.30, 2.46, 1.27, and 1.59 wt% for Wc-1 well, and
67.83, 11.90, 2.09, 3.96, 2.02, and 2.51 wt% for Shaba section,
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TABLE 2 | Test results of %Sy, and trace elements in Wc-1 well and Shaba section.

Stage Formation Samples  Depth (m)  §*'S,, (%o)
We-1 well
Rhuddanian Longmaxi formation c1-01 1202.3 -0.8
c1-02 1203.4 1
c1-03 1204.6 -2.2
c1-04 1205.7 -5.1
Hirnantian ¢1-05 1206.5 5.7
c1-06 1206.9 6.3
c1-07 1207.4 8.6
c1-08 1208.7 10.9
c1-09 1209.1 8.1
GYQ formation c1-10 1210.0 16.7
cl1-11 12101 12.6
Wufeng formation cl1-12 1210.2 14.4
c1-13 1210.4 1.5
Late Katian cl1-14 1210.7 13.6
c1-15 1211.5 8.9
c1-16 12121 2.9
c1-17 1212.6 0.7
c1-18 12138.3 13.4
c1-19 1213.7 7.6
c1-20 1214.2 9.6
c1-21 1214.8 -2.6
c1-22 12156.2 -1.2
c1-20 1215.8 -7.7
Shaba section
Rhuddanian Longmaxi formation SB-01 8.89 -0.78
SB-02 8.24 -1.2
SB-03 7.93 -3.7
SB-04 7.75 -10.2
SB-05 7.37 -8.2
Hirnantian SB-06 7.22 -9.8
SB-07 6.94 -3.4
SB-08 6.43 -9.6
GYQ formation SB-09 6.02 3.1
SB-10 5.94 2.4
Wufeng formation SB-11 5.88 -10.6
SB-12 5.64 -7.3
Late Katian SB-13 5.58 -5.1
SB-14 4.29 -10.6
SB-15 3.63 -9.1
SB-16 3.47 -6.6
SB-17 3.01 -9.8
SB-18 2.69 -6.4
SB-19 2.28 -9.2
SB-20 1.88 -6.4
SB-21 1.64 -10.4
SB-22 1.02 -12.2
SB-23 0.76 -18.6
SB-24 0.15 -10.2

respectively. The average contents of other major elements, such
as Na,O, MnO, TiO,, and P,0Os, were below 1% (Table 1).
The value of Al/(Al + Fe + Mn) is often used to determine the
genesis types of siliceous rocks. Values from 0.01 to 0.60 represent
the endpoint values of hydrothermal origin and biological origin
respectively (Adachi et al., 1986; Yamamoto, 1987). The samples
of Wc-1 well and Shaba section had high Al/(Al + Fe + Mn)
values (0.56-0.81, mean = 0.69), indicating that the genesis of the
siliceous rocks was mainly biological, without any hydrothermal
effect. Additionally, the Al-Fe-Mn triangulation method was also

Spatiotemporal Variation of Euxinia Condition

Trace elements (ppm)

Th Zr Cd Co Sc Hf U Mo

14.33 260.8 2.29 17.9 8.34 4.38 20.9 921
3.71 79.73 3.45 17.2 1.47 4.02 26.4 76.6
11.33 154.6 1.08 2041 5.13 4.21 20.7 108.9
517 74.00 1.97 181 1.19 3.46 23.7 144.5
5.33 74.38 1.35 215 2.01 3.89 10.9 40.8

9.35 129.7 2.27 18.2 4.29 3.81 8.5 62.9
4.58 66.7 0.98 16.5 1.19 6.14 7.4 12.6
4.59 T 1.01 12.8 1.1 5.28 6.1 23.8
5.39 69.93 1.94 9.12 2.19 3.96 7.2 19.6
4.78 59.16 0.78 15.6 1.75 4.63 3.6 3.9
4.39 66.95 2.04 13.5 2.58 4.68 3.5 7.3
8.98 191.5 1.08 10.4 5.75 3.98 8.5 20.8
4.41 68.39 2.01 10.3 1.24 4.69 8.1 22.4
12.85 174.32 2.39 12.8 5.67 6.51 7.7 37.7
8.97 145.7 1.23 15.4 4.36 3.39 5.5 11.6
8.01 129.24 0.91 16.7 4.53 5.69 5.0 14.8
6.74 107.5 1.05 9.6 1.03 5.13 3.8 18.6
8.17 143.07 1.09 10.8 4.44 5.99 4.0 22.5
9.51 121.61 2.36 16.4 1.68 5.43 5.8 30.0
5.95 72.84 3.06 13.2 1.54 3.89 5.2 36.5
12.35 146.1 0.79 21.5 5.29 3.67 2.7 5.5
8.42 127.8 0.38 16.5 5.36 5.99 2.6 2.4
5.61 76.71 0.44 19.6 1.62 3.47 1.3 2.0
7.56 130.5 2.35 13.4 3.74 4.02 7.67 31.61
11.18 175.6 747 18.2 5.18 4.88 17.39 81.52
15.52 2538.3 5.84 1.8 5.72 5.8 22.10 74.75
14.21 238.6 2.65 21.3 5.13 4.62 10.51 30.82
16.32 242.7 3.01 15.3 7.65 6.6 15.49 32.29
18.4 272.5 1.33 10.8 8.51 5.92 7.64 14.36
12.5 254.3 0.68 18.9 8.35 4.88 11.69 12.72
9.1 216.4 0.65 19.4 4.54 3.22 6.11 10.61

24.7 286.2 0.21 7.4 8.33 5.11 5.62 2.98

19.44 231.2 0.1 13.5 5.69 5.98 5.39 3.95
17.36 233.1 0.23 13.3 5.71 4.96 11.77 3.88
15.63 212.5 0.43 181 3.53 5.71 7.31 7.52
13.36 206 0.37 23.6 2.13 5.88 7.80 8.79
18.4 223.9 0.46 18.5 13.56 4.47 16.02 22.98
13.01 163.8 0.48 20.9 2.75 3.21 9.27 19.27
5.63 164 0.55 12.4 4.24 3.63 10.61 19.98
12.08 162.5 0.29 18.4 2.54 5.22 4.69 4.90
16.32 196.11 0.09 16.4 3.75 5.49 3.30 1.62
10.49 184.2 0.19 7.9 4.13 5.13 11.65 6.41

3.46 101.01 0.22 6.9 1.97 6.31 4.58 5.02
7.59 111.41 0.11 18.2 2.99 3.67 7.16 3.04
5.98 126.48 0.37 12.5 2.34 4.51 11.03 20.24
3.08 105.74 0.25 9.3 2.41 4.81 4.75 4.57
8.82 128.53 0.2 7.8 2.84 5.27 9.56 7.65

used to determine whether siliceous minerals were hydrothermal
or biogenic (Adachi et al., 1986; Yamamoto, 1987). In this study,
the values of the samples were within the biogenic range of the
triangle diagram (Figure 4A), indicating a non-hydrothermal
origin. Further, considering the diagenetic fluidity of Mn
(Murray, 1994), the association diagram of Al/(Al + Fe) and
Fe/Ti without Mn was further used to determine the genesis of
siliceous rocks (Zhang et al., 2017). The values of our samples
were not in the range of hydrothermal genesis (Figure 4B), which
further confirmed the biogenic influence.
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FIGURE 3 | Chemostratigraphic profiles of (A) total organic carbon (TOC) and organic carbon accumulation rate (OCAR), (B) FeT and Corg/P, (C) FeHR/FeT and Fepy/
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Variations of Trace and Rare Earth

Elements

The concentrations of trace and REEs elements are shown in
Table 1; Supplementary Table S1; Figures 4C-F. In detail, for
trace elements, samples were enriched in Cd, U, and Mo and
slightly enriched in Th, Zr, Co, and Hf in Wc-1 well and Shaba
section. There were obvious differences for the different stages.
The average contents of U and Mo in the Rhuddanian were
higher than those in the Late Katian and the Hirnantian. The
measured average values of Sc were in a loss state compared with
PAAS (Figures 4C,D).

The total REE (Y REE) content in Shaba section was higher
than that in Wc-1 well, ranging from 159.13 to 248.88 ppm (mean
211.99 ppm) and 93.34-262.47 ppm (mean 158.94 ppm),
respectively, suggesting that shales in this section were more
sub statically affected by terrestrial clasts, compared to those in
We-1 well. The PAAS normalized and chondrite normalized REE
patterns of shales from the study areas are almost similar, with
light REE (LREE) enrichment and relatively flat heavy REE
(HREE) distribution (Figures 4E,F). Otherwise, all samples
have slightly negative Ce anomalies (0.69-1.14, mean 0.88, and
0.80-0.99, mean 0.92, respectively) and obvious negative Eu
anomalies (0.50-0.82, mean 0.68, and 0.47-0.65, mean 0.55,
respectively). The cerium and europium anomalies were
calculated from: Ce/Ce* = 2 x Cen/(Lay + Pry), and Eu/Eu* =
Eun/(Smy x Gdy)'?, respectively, where N was a PAAS-
normalized value (Taylor and McClcnnan, 1985).

834Spy

For Wec-1 well samples, the values of 634Spy increased from the
range of —7.7-14.4%o (mean = 5.93%o) in the WF Formation to
12.6-16.7%0 (mean = 14.65%o) in the GYQ Formation, and then
decreased to the range of —5.1-10.9%0 (mean = 3.61%o) in the
LMX Formation (Figure 2E; Table 2). Showing a similar trend,
the values of §°*S,,, for Shaba section samples increased from a
range of —18.6%o0 to —5.1%0 (mean = —9.46%o) in the WF
Formation to a range of 2.4-3.1%o0 (mean = 2.75%o) in the
GYQ Formation, and then decreased to a range of —10.28 to
—0.78%o (mean = —5.86%o) in the LMX Formation (Figure 3E;
Table 2).

DISCUSSION

Sediment Provenance and Paleoweathering
Sediment Provenance and Tectonic Settings

Trace elements and REEs, such as Sc, Th, and Zr, are widely used
to distinguish sedimentary provenance because of their stability
during  weathering,  transportation,  diagenesis, = and
metamorphism (Cullers and Podkovyrov, 2000). In igneous
rocks, Th, Sc and Zr are generally found in felsic minerals,
mafic minerals, and zircon, respectively, and the correlation
ratio of these elements can be used to determine sedimentary
provenance (Hayashi et al., 1997). In general, the value of Zr/Sc
increases obviously due to the enrichment of zircon during
sedimentary recycling, but the value of Th/Sc is not affected;

Spatiotemporal Variation of Euxinia Condition

therefore, the Th/Sc versus Zr/Sc plot can be used to determine
the variation in sediment provenance (McLennan et al., 1993).
Most samples from the study area could be shown on the
composition evolution curve and were close to the end
members of felsic igneous rocks, indicating that the black
shale samples did not experience sedimentary recycling, and
may have been sourced from felsic igneous rocks (Figure 5A).
The plot of La/Th versus Hf can also provide information on
sedimentary provenance (Floyd and Leveridge, 1987). In this
study, the values of La/Th and Hf contents varied from 2.68 to
11.40 (mean = 5.64) and 1.55-12.23 ppm (mean = 4.52 ppm) for
We-1 well, and 3.39-6.51 (mean = 4.62) and 3.21-6.60 ppm
(mean = 4.97ppm) for Shaba section, respectively. Most
samples plotted near the field of felsic source (Figure 5B),
suggesting the samples were mainly from felsic igneous rocks.
The REE distribution pattern standardized by chondrite-
normalization was similar to that of UCC and PAAS,
suggesting that the sedimentary component of black shale was
controlled by upper crustal source rock and showed near-source
deposits (Figure 4D). Notably, the test results of Wc-1 well
samples show a tendency toward the tholeiitic oceanic arc
source, which may be related to tectonic change and upwelling
in the northern Qinling orogenic belt (see section 5.2.2).

Based on the different geochemical composition
characteristics of clastic sedimentary rocks, the tectonic setting
of sedimentary basins can generally be divided into: active
continental margin (ACM), passive continental margin (PM),
continental island arc (CA), and oceanic island arc (OIA) (Bhatia
and Crook, 1986). In this study, according to the Th-Sc-Zr/10
ternary diagram, most samples in the study area plotted in or near
the PM field, and only one sample of Shaba section was close to
the CA margin (Figure 5C). Thus, it can be speculated that Shaba
section may reflect the inheritance characteristics of clastic
deposits with an older provenance, rather than being source
entirely from the corresponding sedimentary environment
(Xiong et al, 2019). In the diagram of ALOs/
(ALO3+Fe,0;1)-Lay/Cey, almost all samples plotted in or
near the continental margin field (Figure 5D). Therefore,
combining this with the relatively stable tectonic movement in
the Upper Yangtze Basin and the continuous clastic input of the
paleo continent in the Qianzhong uplift (Huang et al., 2020), we
suggest that the sedimentary system of the continental margin
should be the main tectonic background of the study area.

In addition, REEs are known to reflect tectonic background
information accurately. In this study, the key REE indices of
samples from Shaba section were similar to those of the PM
field, but different from those of the CA, OIA, and ACM
settings (Table 3), which is consistent with the conclusion
drawn from the previous diagram. However, this similarity in
We-1 well seems to be weak, especially for the Late Katian and
Rhuddanian periods (Table 3). The reason for this
phenomenon may be related to the higher biogenic silica
content in the region. In different sediment types, the
content of REEs is affected by the dilution of biogenic
silica, with the content of REES being lowest in mudstone
with more biogenic silica (Lu and Jiang, 1999; Wang et al,,
2021).
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TABLE 3 | Comparison of the key rare earth element (REE) indices between this study and published literature.

Tectonic settings La
From Bhatia and Crook (1986)
Passive margin 39
Active continental margin 37
Continental island arc 27 + 14.5
Oceanic island arc 8+17
We-1 well
Rhuddanian 46.73
Hirnantian 33.47
late Katian 38.23
Shaba section
Rhuddanian 46.20
Hirnantian 46.71
Late Katian 42.56

Ce

85
78
59 +8.2
19+ 3.7

89.85
66.39
60.55

88.54
93.78
83.39

YREE

210
186
146 + 20
58 + 10

19717
137.23
132.77

212.29
223.76
205.00

La/Yb Lan/Yby
15.9 10.8
12.5 8.5

11.0+ 3.6 75+25
42+13 28+09

156.93 10.76
18.43 12.45
2211 14.94
15.84 10.70
14.85 10.03
13.75 9.29

YLREE/YHREE Eu/Eu*
8.5 0.56
9.1 0.60

7717 0.79 £ 0.13
3.8+ 0.9 1.04 +0.11
9.96 0.65

12.10 0.65
12.05 0.71
9.44 0.57
8.98 0.54
8.78 0.54
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Paleoweathering and Detrital Influx

To eliminate the influence of sedimentary recycling on the
evaluation of the weathering degree in the source area, the
ICV values of Wc-1 well and Shaba section were calculated.
Our results showed that most samples had values greater than 1,
with only a few samples being less than or close to 1, suggesting
that the effect of sedimentary recycling was limited, and that the
degree of weathering in the source area can be suitably discussed
and evaluated (Supplementary Table S1; van de Kamp and leake,
1985; Huang et al.,, 2020). Furthermore, the CIA_,,, formula was
used to correct the influence of K-metasomatism in the diagenetic
stage to better reflect the weathering conditions experienced by
the source rock. It is known that the loss rates of Ca, Na, K, and
other elements is faster than those of Al and Ti in warm and
humid climates, which increases the CIA.,, calculation results
and represents strong weathering. In contrast, lower CIA
values are thought to represent weaker weathering in cold and
dry climates (Selvaraj and Chen, 2006). Specifically, the CIA ,,
values of Wec-1 well and Shaba section were higher during the
Late Katian (69-76, mean 73, and 70-84, mean 73, respectively),
lowest in the Hirnantian (55-72, mean 67, and 55-72, mean 66,
respectively), and gradually increased in the Rhuddanian (67-71,
mean 70, and 69-75, mean 72, respectively), suggesting that the
source area experienced a similar weathering intensity from
strong to weak and then to strong (Figures 2E, 3E).

The contents of Al and Ti have been found to vary among
different types of source rocks, but due to their strong weathering
resistance, ultimately show a consistent trend in sediments
(Young and Nesbitt, 1998). The contents of Al and Ti in the
study area samples had a high positive correlation (r = 0.99 for
We-1 well, and r = 0.97 for Shaba section. Table 1), suggesting
that the source rocks experienced a strong degree of weathering.
Notably, Al and Ti are important indicators for evaluating
terrigenous debris input, because both are derived from the
weathering of source rocks; Al is mainly related to the
dissolution of clay minerals, whereas Ti is usually related to
clay and heavy minerals (such as ilmenite and rutile) (Murphy
et al., 2000). The overall trend of Al and Ti contents in Wc-1 well
and Shaba section were similar to those in CIA,,, suggesting that
the input of terrigenous debris from latest Katian to Rhuddanian
also showed a trend wherein the contents first decreased and
then, increased. However, compared with Wc-1 well, the contents
of Al and Ti in Shaba section were much higher, indicating that
Shaba section was greatly affected by terrestrial clastic input.

Water Restriction and Upwelling

Water Restriction

The sedimentary environment and biogeochemical cycle are
affected by the degree of water column restriction in the basin,
which plays an important role in the enrichment and preservation
of organic matter (OM) in sediments (Rowe et al., 2008; Algeo
and Rowe, 2012). In general, the geochemical properties and
enrichment of Mo and U are used to study the retention of
modern and ancient water columns. This is because in the
suboxic open ocean system, the Ugp in sediment is higher
than that of Mogp, owing to the fact that U accumulation
begins at the redox boundary of Fe(II)-Fe(III), resulting in a

Spatiotemporal Variation of Euxinia Condition

sediment Moggp/Ugg value less than that of seawater. As the
reduction degree of bottom water gradually increases, and the
euxinia environment appears, the enrichment rate of Mo
increases, and the Mogp/Ugg value in the sediment becomes
equal to or greater than that of seawater. However, when the
basin is experiencing a strong restrictive environment, the Mogg/
Uk value is very small due to the lack of Mo and U supply, even
when the reduction degree in the bottom sedimentary
environment of sea water is very high. Simultaneously, the
strong reduction conditions result in Mo fixation (occurring
prior to that of U). Therefore, the Mogp/Ugr value decreases
with an increase in its enrichment coefficient (Algeo and
Tribovillard, 2009).

The contents of Mo and U in the samples of the study area
gradually increased from the Late Katian to the Rhuddanian
(Figures 2D, 3D), and the contents of Wc-1 well were higher than
those in Shaba section, indicating that Wc-1 well received more
Mo and U elements from the ocean compare to Shaba section.
Specifically, for We-1 well samples from the late Katian period,
under suboxic and anoxic conditions, the value of Mogr/Ugr were
plotted in the range of 0.3-1.0 SW, which representing an
unrestricted marine environment. Similarly, for Shaba section,
although the values of Mogp/Ugr plotted in a lower range of
0.1-0.3 SW, with the increase of TOC, the degree of water
reduction became stronger, thus the enrichment of Mo and U
still increased, therefor, the Mo and U concentrations were also
consistent with the water environment of modern unrestricted
basins (Figures 6A,B).

During the Hirnantian period, the enrichment degree of U and
Mo in Shaba section increased gradually, but the Mogg/Ugr value
consistently plotted in the range of 0.1-0.3 SW, indicating that
this area was in a restricted marine environment (Figure 6B). For
We-1 well, the unrestricted marine environment remained
unchanged (Figure 6A). In the Rhuddanian period, the
enrichment degree of Mo and U reached the maximum, and
the values of Mogp/Ugp from Wc-1 well and Shaba section were
also ~1.0 SW, which represented an unrestricted marine
environment.

In summary, Wec-1 well represents an unrestricted marine
environment during the O-S period. Shaba section represents an
unrestricted marine environment during the Late Katian and
Rhuddanian periods, but for other periods, represents a restricted
marine environment.

Upwelling

It is known that upwelling from bottom water with more
nutrients depletes oxygen in the water column and plays an
important role in preserving OM in sediments (Gupta et al,
2016). The concentrations of Mn, Cd, Mo, and Co are used to
identify the development of upwelling, because under the
influence of upwelling, sediments in the deep water shelf
environment are usually rich in Mn, Cd, and Mo, and
depleted in Co (Boening et al., 2009). A value of Co (ppm) X
Mn (%) < 0.4 is often used to indicate the existence of upwelling,
and the smaller its value, the stronger is the upwelling (Sweere
et al., 2016). For Wc-1 well, the values of Co x Mn were 0.20-0.51
x 1078 (mean 0.42 x 107%),0.21—1.83 x 1072 (mean 0.60 x 107%),
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and 0.84—2.02 x 107 (mean 1.43 x 107®) in the Late Katian,
Hirnantian, and Rhuddanian, respectively (Figure 2F). For Shaba
section, the values of Co x Mn were 0.24—3.01 x 10™® (mean 1.04
x 107%), 0.40—1.20 x 10~° (mean 0.75 x 10™"), and 0.51—0.99 x
107® (mean 0.74 x 107®%) in the Late Katian, Hirnantian, and
Rhuddanian, respectively (Figure 3F). This indicates that the
development degree of upwelling in the study area gradually
weakened from the bottom to the top. Compared with Shaba
section, the development degree of upwelling in Wec-1 well was
higher, reaching the highest level in the latest Katian (Figure 6C).
In other words, restriction of the water column in Shaba section
was stronger than that in Wc-1 well. Studies have indicated that

large temperature differences between the poles and equator are
the main cause of upwelling during glaciation (Alsenz et al,
2013). Notably, the climate change deduced in the study area
during the O—S period was found to be accordance with this
characteristic.

Further, it is understood that different adsorption degrees of
Mo and Cd in the biological growth process result in
corresponding changes in the value of Cd/Mo in the sediment:
in restricted systems, this value is less than 0.1, whereas in the
upwelling system, it is more than 0.1 (Little et al., 2015; Sweere
etal,, 2016). In this way, the covariant relationship with Co x Mn
can further determine existence of upwelling (Sweere et al., 2016).
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In this study, only five samples from Wec-1 well had Cd/Mo values
greater than 0.1 (three samples from the latest Katian, and two
samples from the Hirnantian, Table 2), suggesting that Wc-1 well
was affected by upwelling, especially during the latest Katian
(Figure 6D). The other samples plotted in the restricted area
suggest that the preservation model is the main reason for the
enrichment of sedimentary OM in the study area.

Reconstruction of Redox Conditions in the
Study Sections

Numerous studies have shown that, compared with the EF values
of trace elements, the response of the bimetal ratio to the redox
conditions of the water column is not reliable (Algeo and
Tribovillard, 2009; Little et al., 2015; Algeo and Li, 2020). In
this study, the Fe speciation (Poulton and Canfield, 2005), EFs
Mo and U (Little et al., 2015), and C,.g/P ratios (Algeo and Ingall,
2007) were selected to discuss the redox state of the water column.
The total iron (Fer) content of the samples in the study area were
all greater than 0.5%, which can be further used for Fe speciation
analysis (Clarkson et al., 2014; Supplementary Table S1). C,,/P
was calculated using C,,,/P = (TOC/12)/(P/30.97), where 12 and
30.97 represent the molar weights of the TOC and P contents,
respectively. A value of 106 for C,.,/P was used to distinguish
suboxic and anoxic water columns (Algeo and Ingall, 2007).

At Wec-1 well, the Late Katian period exhibits low Feygr/Fer
(0.26—0.84, mean 0.51; Figure 2C), Fe,,,/Fepg (0.24—0.90, mean
0.73; Figure 2C), Mo contents (2.0—37.7 ppm, mean 18.2;
Table 2), and variable C,,4/P values (87.3—229.8, mean 129.8,
Figure 2B). The above values were the lowest at the bottom of the
D. complexus, and gradually increased in the P. pacificus,
suggesting that the water redox conditions changed from
suboxic to ferruginous and then to euxinia (Figure 2). These
inferences are supported by the covariant relationship between
Mogr and Ugg (Figure 6A). The Hirnantian period exhibited
variable Feygr/Fer (0.34—0.81, mean 0.57; Figure 2C), Fe,,,/Feur
(0.54—0.94, mean 0.76; Figure 2C), Mo contents (3.9—62.9 ppm,
mean 23.8; Table 2), and lower C,,/P values (65.1—222.6, mean
126.4, Figure 2B), suggesting a ferruginous condition. The
Rhuddanian period potrayed high Fegg/Fer (0.60—0.72, mean
0.67; Figure 2C), Fe,,,/Feyr (0.76—0.86, mean 0.83; Figure 2C),
Mo contents (76.6—144.5 ppm, mean 105.5; Table 2), and C,,/p
values (137.7—274.9, mean 217.8, Figure 2B), indicating the
prevalence of euxinic conditions.

At Shaba section, the Late Katian period exhibited variable
Feyr/Fer (0.22—0.68, mean 0.42; Figure 3C), Fe,,/Feyg
(0.32—0.67, mean 0.54; Figure 3C), Mo contents
(1.62—22.98 ppm, mean 10.37; Table 2), and C,/P values
(12.7—524.6, mean 255.7, Figure 3B). The above values were
almost plot in the suboxic to anoxic areas from the D. complexus
to P. pacificus, suggesting that the water redox conditions
changed from suboxic to ferruginous (Figure 3). This is
consistent with the covariant relationship between Mogy and
Ugr (Figure 6A). The Hirnantian period exhibited low Feyg/Fer
(0.27—0.67, mean 0.43; Figure 3C), Fe,,,/Feyg (0.34—0.60, mean
0.51; Figure 3C), Mo contents (2.98—14.36 ppm, mean 8.00;
Table 2), and C,¢/p values (25.4—440.8, mean 207.6, Figure 3B),

Spatiotemporal Variation of Euxinia Condition

and the minimum value appeared in the GYQ Formation,
suggesting intermittent suboxic conditions in ferruginous
stages. The Rhuddanian period exhibits high Feyr/Fer
(0.21—0.74, mean 0.54; Figure 3C), Fe,,/Feyr (0.42—0.67,
mean 0.54; Figure 3C), Mo contents (30.82—81.52 ppm, mean
50.20; Table 2), and Coy/p values (133.3—283.2, mean 202.6,
Figure 3B), indicating the prevalence of ferruginous conditions.

Further, by comparing the data of Wc-1 well and Shaba
section samples, we could deduce that the hypoxia degree of
We-1 well redox conditions was stronger than that of Shaba
section, and there was no obvious euxinic condition in the Shaba
section.

Redox Heterogeneity in Study Area During
the O—S Preiod

To restore the change in redox conditions of the water column in
the northeastern Upper Yangtze Basin during the O—S period,
the redox condition data of Datianba section and X3 well in the
same basin during this period were compared with those of the
study samples (Figure 7; Liu et al., 2016; Wang et al,, 2021; Xi
et al,, 2021). The Datianba section was located close to the
Qianzhong uplift, and the X3 well and Shaba section were
located on the northern and southern sides of the Xiang'e
Submarine High (the paleomagnetic regions were on the east
and west sides), respectively, and Wc-1 well was close to the
Qinling Ocean (Figure 1B). The ancient water depth was the
deepest in Wc-1 well, followed by the Datianba section, and
gradually became shallow in Shaba and X3 well sections (Liu
et al,, 2016; Wang et al,, 2021; Xi et al., 2021). Datianba section
was dominated by anoxic ferruginous conditions during the Late
Katian, accompanied by intermittent euxinia. Euxinia conditions
were present during the Hirnantian period, but the conditions
turned ferruginous in the GYQ Formation. By the Rhuddanian
period, the water column was dominated by intermittent euxinia
conditions (Liu et al., 2016). In contrast, X3 well was dominated
by oxic-suboxic conditions during the O—S period, and anoxic
water was almost undeveloped (Xi et al., 2021).

Therefore, the redox conditions of the water column at
different water depth during the same period showed obvious
differences. During the Late Katian period, the water column in
the northeastern Yangtze basin was in anoxic ferruginous
conditions, whereas oxic—suboxic conditions were developed
in the shallow area (Figure 7). With continuous advancement
of the Hirnantian glacial period, euxinic water gradually
disappeared from the basin, and the reduction in water
decreased. From the late Hirnantian to the Rhuddanian
period, anoxic water gradually expanded from deep to shallow
depth in the basin.

Controls on the Development of Euxinia in
Yangtze Basin

As mentioned above, the redox conditions of the water column in
the study area during the O—S period, especially the distribution
of euxinia, showed obvious spatiotemporal heterogeneity. Liu
et al. (2016) and Li et al. (2019), Li et al. (2021) explained this
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phenomenon in terms of tectonic movement, CIA intensity, and
sulfate availability. On this basis, our study further explored the
control mechanism of euxinia development using detailed
geochemical data.

In general, the transformation of anoxic water between
ferruginous and euxinic conditions is mainly controlled by the
input of OM, Fe and sulfate in the sedimentary system (Johnston
et al, 2010; Raiswell and Canfield, 2012). Moreover,
paleoproductivity is a direct factor in evaluating sedimentary
OM, and OCAR is considered to be one of the most effective
indicators for evaluating paleoproductivity (Shen et al., 2015; Bao
etal., 2020). During the O—S period, the average values of OCAR
were higher in Wc-1 well (1.85—124.80 mg/cm*/kyr, mean
32.81 mg/cm/kyr)  than  those Shaba  section
(0.85—58.10 mg/cm*/kyr, mean 21.01 mg/cm*/kyr)
(Supplementary Table S1), consistent with the change in
redox conditions, suggesting that the productivity level may be
one of the main factors causing the change of redox conditions in
the water column. A higher level of productivity is conducive to
the generation of an anoxic water column, which was also
reflected in the OCAR and Fe,y/Feygr correlation diagram
(Figure 8A). Notably, the Wc-1 well portrayed characteristics
of an euxinic condition in the latest Katian, but the value of
OCAR did not increase significantly, suggesting that other factors
also play a role in controlling the development of euxinia in the
basin (Figure 2).

In the middle water column (below the metamorphic layer),
the presence of euxinia resulting from high productivity must
meet the following two conditions 1) low Feyy flux and 2)
adequate sulfate (Raiswell and Canfield, 2012). The positive
correlation between Fer, Feyg, and Al,O; in Shaba section
indicated that active iron mainly comes from the input of
terrigenous debris, rather than hydrothermal solution and the

in

other source (Figure 8B; Raiswell and Canfield, 2012). However,
there was no such positive correlation in Wec-1 well, and the
content of Feyr was lower than that in Shaba section, suggesting
that the sources of active iron at different water depths may be
different (Figure 8C). Combined with the REE data of Wc-1 well,
we speculated that the source of active iron in the sedimentary
system of this area may be related to the re-release of iron oxides
in the sediments, in addition to the terrigenous clastic input
(Section 5.1.1; Raiswell and Canfield, 2012). The significant and
non-significant positive relationship between CIA.,, and Fe,/
Feyr in Shaba section and We-1 well, respectively, also supports
the above conjecture (Figure 8D). However, the redox conditions
of the water column in Wc-1 well did not seem to change
significantly with an increase in Feyp, and even euxinia
expansion occurred during the latest Katian (Figure 2C),
suggesting that a higher Feygg value is not a definitive reason
for the decrease in euxinia, and that other influencing factors
need to be considered.

The 6>*S of pyrite formed in the water column can be used to
determine the availability of sulfate in sedimentary systems
(Poulton et al., 2015). Moreover, in the process of microbial
sulfate reduction (MSR), sulfate and OM in the system will act as
the first electron acceptors to control the reaction rate, thus
affecting the value of 'S, (Bao et al, 2021). In the
conditions of high productivity, the reduction rate of OM
increases, and the corresponding sulfate differentiation
coefficient eygr (Emsr = 0 Ssoq - 834Spy) decreases, resulting
in high 834SPY values (Leavitt et al., 2013). In Wc-1 well, the
significant negative correlation between OCAR and §°'S,, (r =
-0.52, p < 0.01, n = 23; Figure 8E) indicated that the availability
of OM was not the main factor affecting the change in the §*S,,,
value. However, in Shaba section, this negative correlation was
not significant (r = —-0.29, p > 0.05, n = 24; Figure 8E), suggesting
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that the mixed effect of OM and sulfate availability may have
benn the reason for the change in the §>'S,,, value in this area.

Sulfate inputs to the marine environment are mainly affected
by continental weathering, hydrothermal activity, and volcanic
activity (Poulton and Canfield, 2011). There was a significant
negative correlation between CIA,,, and 8 4Spy in Shaba section
(r = -0.54, p < 0.01, n = 24; Figure 8F)shows that the input of
terrigenous debris was the main factor affecting the change in
634Spy, and also explaining the reason for the increase in 834Spy
value in the glacial period, that is, an insufficient supply of sulfate
and the resulting low gysg (Li et al., 2021). The lower CIA o,
during the glacial period reduced the sulfate input, thereby
limiting the fractionation of sulfur isotopes in the MSR (Algeo
et al,, 2015), then by being coupled with a decrease in OM flux,
resulted in an increase in the §°*S,, value. However, for Wc-1
well, this negative correlation was not significant (r = -0.37, p >

0.05, n = 23; Figure 8F), suggesting that the effectiveness of
sulfate in this area may have been restricted by other factors.
During the O-S period, upwelling was widely developed in the
relatively deep waters of the Upper Yangtze Basin due to
glacial-influenced temperature differences and longshore trade
winds, especially during the latest Katian to the Hirnantian period
(Yang et al., 2021). Nutrient-rich upwelling not only improves
productivity, but also plays an important role in the circulation of
marine elements, such as Fe, C, P, and N cycling (Pope and
Steffen, 2003; Wittke et al., 2010; Arevalo-Martinez et al., 2019).
Generally, in the upwelling development area, the concentration
of dissolved Fe in the water column is lower than the biological
requirement with an increase in productivity, which promotes
high absorption of unsaturated Si(OH), in water by diatoms
(relative to C and other major nutrients), leading to an increase in
the Si/C value in diatoms (Takeda, 1998; Pichevin et al., 2014). In
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We-1 well samples, there was a significant negative correlation
between the SiO,/TOC and Co x Mn, and a significant positive
relationship between the Fer/SiO, and Co x Mn (Figures 8G,H).
This shows that the area was affected by strong upwelling and
intermittent volcanic activities in the O—S period, which might
have formed an Fe deficiency scenario similar to that of the lower
Yangtze platform (Shen et al., 2019; Yang et al., 2021). In the latest
Katian, Fe deficiency caused by upwelling resulting in H,S
(generated by MSR) accumulation in the water column,
thereby resulting in the expansion of euxinia. This conclusion
is also supported by the significant negative correlation between
634Spy and Co x Mn (Figure 8I).

In summary, based on the high availability of sedimentary
OM, the redox conditions of shallow water were mainly affected
by terrigenous clastic inputs before and after the glacial period,
and higher Fepr input was beneficial to the prevalence of
ferruginous conditions in water (Figure 9). Under the
influence of upwelling and sea level fluctuation in deep-water
areas, the shortage of soluble Fe caused by high productivity
resulted in the development of euxinia conditions, even at low
sulfate concentrations (Figure 9). During the glacial period, the
input of terrigenous debris gradually decreased, and with the
decrease in the sea level, marine ventilation was strengthened, and
the euxinia water gradually narrowed in the basin (Figures 7, 9).
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CONCLUSION

Based on a high-resolution geochemical analysis of Shaba
Section and Wc-1 well, combined with published data from
two other sections, our study explored the redox conditions of
water in the northeastern part of the Upper Yangtze Basin
during the O-S§ transition period. In particular, we analyzed
the evolution and control mechanism of euxinia. Notably,
under the influence of tectonic movement and climate change,
the water restriction and productivity of the basin have
changed unevenly. Combined with the analysis of Fe-S-C
flux and its mechanism, our results indicate that before and
after the glacial period, the more restricted shallow water area
counteracted the H,S produced by MSR under the influence of
increased Feyg, which was caused by terrestrial debris input,
resulting in the transformation of the water column from
suboxic to anoxic ferruginous conditions. However, in deep-
water areas having weak hydrological constraints, the content
of terrestrial input soluble Fe in the water body gradually
decreased due to the influence of high productivity and
upwelling and H,S was accumulated, resulting in increased
euxinia and aggravation of anoxic water. During the glacial
period, with a decrease in sea level and terrigenous debris
input, the reducibility of the water column weakened and the
anoxic area gradually decreased. The sulfur isotope of pyrite
(834SPY) showed that there were some differences in the sulfate
input in different waters and climatic conditions, and that it
played a significant role in controlling euxinia development in
the basin. Thus, our results highlight the complex control and
key role of terrigenous clastic inputs and upwelling in euxinic
changes of oceans in semi-restrictive basins during the O—S§
period.
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