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The black shales of the Saergan Formation, which represent one of the main
hydrocarbon source rocks in the Tarim Basin, witnessed a time span of organic
matter enrichment by profound changes in the Earth System. A multi-proxy
geochemistry study was carried out on the samples of the Saergan Formation
to reconstruct the depositional environment and to explore the mechanism of
organic matter enrichment of the unit at the Yingshanbeipo section, Keping area,
northwest Tarim. Elemental and TOC data are suggestive of an upwelling setting,
with a less pronounced oxygen minimum zone (OMZ) compared to the highly
productive Peru and Namibian margins. Ferruginous anoxic bottom water
conditions prevailed during most time of the deposition, with suboxic
conditions dominating the basal and the top parts of the studied unit. As a
whole, primary productivity seems to be the dominating factor that controlled
the micronutrients and OM accumulations in the Saergan Formation whereas the
role of benthic redox conditions may have been subordinate. The variations in
primary productivity and bottom water redox conditions were resulted by the
multiple, interacting environmental factors including nutrient supply regulated by
oceanic circulation and climate changes, and relative sea-level fluctuations.
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1 Introduction

Middle-Late Ordovician witnessed profound biodiversity
known as the Great Ordovician Biodiversification (GOBE; Webby
et al, 2004; Servais and Harper, 2018). Accompanied by the
biological innovations, dramatic environmental changes had
greatly shaped the Earth System during this time interval. These
changes include the rise in atmospheric oxygen (e.g., Edwards et al.,
2017; Krause et al., 2018), sustained cooling of the global ocean
(Trotter et al, 2008), and the deposition of globally distributed
organic-rich shales like the Athens Shale in North America, the
Miaopo Formation on the Yangtze Platform in south China, the
Pingliang Formation the north China, as well as the Saergan
Formation in the Tarim Basin, northwest China (e.g., Bergstrom
et al.,, 2000; Munnecke et al., 2011; Chen et al.,, 2017).

The Saergan Formation represents one of the most important
hydrocarbon source rocks in the Tarim Basin (e.g., Liang et al., 2000;
Gao et al,, 2010; He et al, 2023). A number of paleontological,
paleogeographical and geochemical studies have been carried out on
this organic-rich interval (e.g., Zhao et al., 2006; Chen et al., 2012;
Gao et al., 2012; Ma et al., 2013; Zhang and Munnecke, 2016; Liu C.
et al, 2019; Ma et al, 2020; Li et al, 2022; Peng et al., 2023).
However, less attention has been paid to the conditions responsible
for the organic matter (OM) enrichment and paleo-oceanic
conditions during the deposition.

The formation of organic-rich sediments is usually ascribed to
the occurrence of oxygen-deficient conditions that favors OM
preservation (e.g., Demaison and Moore, 1980) or high primary
production that enhances OM flux to the ocean floor (e.g., Calvert
and Price, 1983; Pedersen and Calvert, 1990). Additional factors
including sea level fluctuations, climatic conditions, and oceanic
circulation may also influence the sequestration and preservation of
OM (Sageman et al., 2003; Tyson, 2005). In fact, in many cases, the
development of organic-rich sediments may link to multiple,
interacting factors and may vary among diverse sedimentary
environments (Sageman et al, 2003; Rimmer et al, 2004; Lu
et al.,, 2019; Gao et al., 2021) Therefore, to better understand the
influences of these factors on OM accumulation in the Saergan
Formation, a comprehensive geochemical study is needed to
reconstruct the depositional conditions of the Saergan Formation
against a backdrop of distinct environmental changes in the Middle-
Late Ordovician.

In this study, we present a multi-proxy study of the Saergan
Formation of the Yingshanbeipo section in northwest Tarim, with
the aim to explore the depositional history, as well as mechanisms of
OM accumulation and preservation of the sedimentary succession.
Approaches including redox proxies (iron speciation, redox-
sensitive elements), primary productivity proxies (micro-
nutrients, TOC), and terrigenous flux proxies (Al, Ti, Zr/Al) were
employed to constrain the redox variation, sea level change, primary
productivity, and their interplay during deposition of the organic-
rich interval.

2 Geological setting

The Tarim Basin in northwestern China represents one of the
major continental blocks in China. This block is bound by the
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Tianshan mountain belt to the north, and the west Kunlun and
central-Southern Altyn Tagh mountain belts to the southwest and
southeast, respectively (Figure 1). In the Middle-Late Ordovician,
the Tarim block was located at low latitudes, comprising four
submarine depressions (Jia et al., 2004; Lin et al., 2012; Figures
1A, B). The Keping area was located at the western end of the
Central High (Figures 1B, C). Ordovician sedimentary outcrops are
scattered in this area and comprises the Lower Ordovician Penglaiba
and Yingshan formations, the Middle Ordovician Dawangou and
Saergan formations, and the Upper Ordovician Kanling, Qilang and
Yingan formations in ascending order. The Saergan Formation,
which serves as one of the most important hydrocarbon source rocks
in the Tarim Basin, is distributed along a southwest-northeast belt in
the Keping-Aksu area (Gao et al., 2010). The Keping area was
traditionally interpreted to represent an upper slope facies during
the Middle-Late Ordovician, but recent studies have suggested that it
may not have been a normal slope setting but part of a large
intraplatform basin that originated from a depression formed
overlying the Dawangou dolomitic limestone (Chen et al., 2012;
Ma et al., 2013), or part of a gulf with its west end connecting to the
open ocean (Gao et al, 2016).

The Yingshanbeipo section is located ca. 50 km northeast of the
Keping county town. In the Yingshanbeipo section, the Dawangou,
Saergan, and Kanling Formations can be observed. The Dawangou
Formation is composed of grey, thin-bedded limestone, and the
Saergan Formation is dominated by black shale intercalated with
thin-bedded and lenticular limestone. The Saergan Formation is
further overlain by the grey-purple, carbonate-dominating Kanling
Formation (Figure 1D). According to palaeontological data from the
adjacent Dawangou section (ca. 5 km southwest of Yingshanbeipo),
the Saergan Formation bears abundant planktonic fossils including
graptolite, acritarch, and chitinozoan. Four graptolite zones (the
Pterograptus elegans, the Didymograptus murchisoni, the
Dicellograptus vagus, and the Nemagraptus gracilis biozones) and
two conodont biozones (the Pygodus serra and the Pygodus
anserinus biozones) were recognized in the Saergan Formation,
which constrained the age of the Saergan Formation from middle
Darriwilian to early Sanbian (Zhen et al., 2011; Chen et al,, 2012).

3 Materials and methods

Twenty three black shale samples were collected from the
Saergan Formation of the Yingshanbeipo section and their
stratigraphic heights are listed in Table 1.

For trace elements analysis, about 50 mg sample powders were
weighed into a Teflon beaker and digested using a mixture of
concentrated HNO;3 and HF. To ensure complete digestion, the
beaker was capped, placed in a steel jacket, and then heated in an
oven for 72 h at 190°C. The obtained solution was dried and re-
dissolved in concentrated HNOj; for another 12 h at 120°C. Finally,
the solution was diluted and Rh was added as an internal standard.
Following this, the trace metals abundances were measured using an
HR-ICP-MS (Element XR, Thermo Fisher) and the analytical
precision was better than 5%.

For iron speciation analysis, a sequential extraction method was
used to extract different iron fractions. The sequential extraction
method is a combination of Poulton and Canfield, (2005); Huerta-
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FIGURE 1

(A) Palaeogeographic reconstruction of the Middle-Late Ordivician (~460 Ma) (after Torsvik and Cocks, 2013). (B) Structure diagram of he Tarim
Basin showing the position of the studied section (Yang et al., 2020). (C) Smplified profile across the Tarim Basin showing the paleobathymetric position of
the studied section in the Ordovician (after Zhang and Munnecke, 2016; Yang et al.,, 2020). (D) Generalized stratigraphy of the Yingshangbeipo section.

Diaz and Morse (1990) and has been employed in previous studies
(e.g, Ding et al, 2014; Liu C. et al, 2019). The details of the
extraction procedure have been described in Liu M. et al. (2019)
and are briefly outlined here. For each sample, about 100 mg of
powdered sample was weighed. The iron fraction associated with
carbonate (Fe_,;,) was extracted using 10 mL of 1 mol L™ sodium
acetate (adjusted to PH 4.5) with 48 h of shaking at 50°C. After the
supernatant was removed, 10 mL of 50 g L' sodium dithionite and
0.2 mol L™ tri-sodium citrate (buffered to PH 4.8) were added to the
residue. The mixture was shaken for 2 h at room temperature to
extract the iron fraction of ferric (hydro)oxides (Fe,y). Afterwards,
the magnetite fraction (Fep,,,) was extracted by adding 10 mL of
0.2 mol L™ ammonium oxalate and 0.17 mol L™ oxalic acid (PH =
3.2) with 6 h of shaking at room temperature. Following this, the
silicates-bonding iron (Fey) was extracted using 10 mL of
10mol L' Hyfrofluoric acid with 24h
temperature with adding 2.0 g of Boric acid afterl6 h. Finally,

shaking at room

10 mL of concentrated HNO; was added to dissolve the pyrite
iron (Fepy) at room temperature (shaking for 2 h). Each obtained
solution was analyzed for Fe and Al concentrations using an ICP-
OES (ICP-3000, Skyray) and the precision was better than 5%. Total
Fe (Fer) and Al were calculated as the sum of the Fe and Al
concentrations of the five solutions. Feyy is defined as the sum
of Fecarps Feoxs Femag and Fepy, and Fey represents the unreactive
iron and equals to Feg.

Excess 2 mol L™ hydrochloric acid was added to each sample to
make sure all the carbonate fractions were dissolved. Afterwards, the
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solid residue was rinsed, dried, and Homogenized. TOC values were
then analyzed on an Element Analyzer (Vario Macro, Elemantar).
Analytical error was better than 0.1%.

Trace elemental, iron speciation, and Al analyses were
performed at the State Key Laboratory for Mineral Deposits
Research, Nanjing University. TOC analysis was performed at
Key Laboratory of Surficial Geochemistry, Ministry of Education,
Nanjing University.

4 Results

All geochemical data from the Yingshanbeipo section including
trace elements, TOC, Al, and iron speciation data are listed in
Table 1. Enrichment factors (EFs) of trace elements are calculated
against the values of Post-Archean average Australian shale (PAAS,
Taylor and Mclennan, 1985) using Xgp = (X/A)sampie/(X/AD)paas
where X is the element of interest.

The Fer values of the Yingshanbeipo samples range from 0.70%
to 2.98% (average = 1.73%), all larger than 0.5%, supporting the
validity of the iron speciation data (Clarkson et al., 2014). Fey ranges
from 0.14% to 1.60% (average = 0.89%). The Feyr/Fer ratios ranges
from 0.25 to 0.80 (average = 0.52). Two samples from the top and the
bottom exhibit low Feyr/Fer ratios of 0.22 and 0.38, respectively,
while the rest samples yield Feyr/Fer ratios above the threshold of
0.38 characterizing anoxic sediments (Poulton and Canfield, 2011).
The Fepy/Fenp ratios of the sample subset with Feyg/Fer >0.38 are
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TABLE 1 Iron speciation, trace elements and Al data of the Saergan Formation at the Yingshanbeipo section, Northwest Tarim.

Sample id Al Fe Fenr Fepr/ Fepy/
(Wt%)  (wt%) (Wt%) Fer Fenr
SA-01 0.8 172.2 9,513.0 71.4 17.2 50.0 482 78.7 13 12.3 1227 6.4 22 0.8 0.37 0.01
SA-02 1.0 117.7 11,0433 | 67.7 38.0 57.6 29.6 94.2 1.2 42 1233 6.0 23 1.0 0.44 0.01
SA-03 22 153.0 10,742.9 162.7 56.9 102.0 122.6 112.9 2.7 9.3 112.8 52 1.8 1.0 0.53 0.01
SA-04 23 1257 8,792.6 101.1 18.1 70.8 108.6 72.0 32 9.8 102.1 57 22 11 0.49 0.01
SA-05 25 1392 7,276.2 139.8 61.8 85.8 87.0 90.1 2.0 9.7 77.5 39 14 0.8 0.62 0.01
SA-06 3.0 164.0 8,463.0 96.4 29.7 68.9 93.8 68.9 1.6 8.7 933 4.1 13 0.6 047 0.01
SA-07 40 146.8 4,906.5 715 208.6 652 723 837 2.1 54 547 29 L1 0.8 0.76 0.01
SA-08 45 145.6 10,068.7 117.8 27.9 63.8 81.3 102.0 1.9 10.9 105.2 49 1.5 0.8 0.53 0.01
SA-09 6.0 133.3 3,213.3 118.8 54.6 100.7 118.1 100.7 25 9.6 76.0 42 1.4 0.8 0.56 0.01
SA-10 7.9 128.9 4,813.3 50.8 322 427 485 53.9 13 5.0 55.1 32 1.0 0.5 0.48 0.01
SA-11 8.4 124.0 4,082.6 82.9 28.1 853 112.1 926 2.4 10.1 723 43 1.6 0.9 0.52 0.01
SA-12 8.7 104.2 2,005.3 89.2 113 734 65.1 63.5 17 7.7 63.7 38 13 0.6 0.48 0.01
SA-13 9.0 159.3 1,054.3 476 141.6 33.0 19.4 325 18 1.9 13.4 12 0.8 07 0.80 0.04
SA-14 9.2 1055 4,904.0 68.0 25.8 56.1 71.9 68.9 22 5.6 55.6 3.1 11 0.6 052 0.01
SA-15 9.7 1914 1,445.4 59.0 250.4 447 28.4 449 26 26 17.3 1.0 07 0.6 0.80 0.05
SA-16 10.2 116.7 7,998.1 186.7 227 103.0 111.9 1155 5.8 6.8 105.8
SA-17 10.6 145.9 8,769.3 163.0 13.3 114.6 118.9 127.2 5.1 10.3 110.1 6.7 2.6 1.2 0.46 0.01
SA-18 11.0 267.2 10,8910 | 2115 25.4 119.1 127.9 150.7 34 12.0 127.1 53 2.0 0.9 0.44 0.01
SA-19 12.0 174.2 10,5313 | 297.2 312 107.5 118.3 139.2 6.6 10.0 123.6 7.1 3.0 15 0.51 0.01
SA-20 12.2 373.8 16,6065 | 2022 34.4 136.5 166.3 2062 3.0 17.2 179.6 6.1 23 1.0 0.44 0.01
SA-21 127 239.9 5,205.4 209.8 232 129.1 144.1 164.7 41 223 1424 5.0 22 1.0 047 0.01
SA-22 13.6 2734 9,477.1 1143 29.6 67.9 77.7 95.5 1.2 7.4 108.1 59 2.1 0.9 0.43 0.01
SA-23 14.1 362.3 10,800.4 1345 17.5 86.4 96.3 106.7 1.0 95 1313 63 2.1 05 0.25 0.02
Sample id Znge Cugr Zr/Al Cogr*Mnge Co(ppm)*Mn (%)
SA-01 0.8 1.36 0.08 075 032 118 143 2.05 6.23 1.46 1.52 19.29 037 297
SA-02 1.0 1.28 0.11 075 0.23 2.76 175 1.99 2.26 1.85 0.99 2058 0.64 447

(Continued on following page)
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TABLE 1 (Continued) Iron speciation, trace elements and Al data of the Saergan Formation at the Yingshanbeipo section, Northwest Tarim.
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Sample id Cogr*Mngr Co(ppm)*Mn(%)
SA-03 22 0.86 047 2.09 035 476 357 5.19 5.76 256 472 21.69 1.64 8.70
SA-04 23 112 1.70 118 0.26 1.38 226 5.59 555 1.49 3.81 17.90 0.36 2.28
SA-05 25 052 1.54 238 042 6.85 3.98 5.17 7.98 2.70 444 19.75 2.85 8.60
SA-06 3.0 0.70 1.14 1.55 046 3.12 3.02 3.88 6.75 1.95 453 2249 1.45 487
SA-07 40 0.26 1.21 1.62 0.59 30.80 403 7.08 5.96 334 491 18.55 18.02 30.61
SA-08 45 0.72 0.80 1.59 035 245 235 3.75 7.13 243 329 21.30 0.85 4.06
SA-09 6.0 0.63 115 1.91 0.38 5.72 440 5.96 7.49 2.85 5.69 18.27 2.15 7.28
SA-10 7.9 0.52 0.77 1.07 0.48 441 245 412 5.11 2.00 3.06 17.34 2.10 416
SA-11 8.4 0.78 0.87 1.29 0.34 2.85 3.61 552 757 2.54 523 16.86 0.97 3.49
SA-12 8.7 0.66 1.40 1.57 032 1.30 352 456 6.56 1.97 343 16.78 042 118
SA-13 9.0 0.17 0.93 2.69 1.58 52.11 5.08 15.14 5.11 323 329 1131 82.45 2255
SA-14 92 052 112 1.44 0.39 357 3.24 6.96 5.70 2.58 457 17.67 1.41 272
SA-15 9.7 0.14 0.93 3.83 2.19 106.15 7.93 2522 8.30 5.15 554 16.89 23245 47.93
SA-16 10.2 1.30 2.65
SA-17 10.6 1.38 1.30 1.61 0.25 0.86 3.10 7.57 495 222 353 16.35 0.22 1.94
SA-18 11.0 112 1.52 2.64 0.59 2.07 4.06 6.35 7.27 332 4.79 23.80 1.22 6.79
SA-19 12.0 147 118 2.81 0.29 1.92 2.77 9.30 4.56 232 335 17.49 0.56 543
SA-20 12.2 1.29 1.19 2.20 0.71 2.44 4.04 4.87 9.04 3.95 542 29.24 1.74 12.86
SA-21 12.7 1.20 1.88 278 0.56 2.00 4.66 8.08 14.29 3.85 572 28.24 112 5.55
SA-22 13.6 117 1.10 1.30 0.55 2.19 2.10 2.12 407 1.91 2.65 18.39 1.20 8.10
SA-23 14.1 1.60 1.14 1.42 0.67 1.21 249 1.64 4.87 1.99 3.06 20.83 0.82 6.34
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FIGURE 2

Vertical profiles of redox proxies, primary productivity proxies, Cogr and Mngg of the Saergan Formation in the Yingshanbeipo section (MFS,
maximum flooding surface). The shaded area represents maximum anoxia during deposition (see the text for more details).
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generally low (0.01-0.05; average = 0.01), indicating anoxic and
ferruginous bottom water conditions (Poulton and Canfield, 2011).

For redox-sensitive elements, Mo ranges from 1.03 to 6.57 ppm
(average =
(average = 6.46); U ranges from 1.87 to 22.32 ppm (average =

2.63 ppm) with Mogr ranging from 1.64 to 25.22

9.06 ppm) with Ugp ranging from 2.26 to 14.29 (average = 6.48);
V ranges from 47.63 to 297.20 ppm (average = 124.52 ppm) with
Vgr ranging from 0.75 to 3.83(average = 1.84). The Mog values
exhibit a gradual increase in Mogg with some fluctuations in the
lower part and maintains relatively invariant upsection (Figure 2).
An abrupt increase in Mogy values is observed at the top of the
middle part (shaded area in Figure 2), followed by a gradual decrease
upsection. Similar variations are also observed for Vir and Ugg but
are less prominent than Mogg (Figure 2).

Frontiers in Earth Science

For nutrient trace metals (Ni, Cu, Zn), Ni ranges from 33.04 to
136.52 ppm (average = 81.05 ppm) with Nigr ranging from 1.43 to
7.93 (average = 3.45); Cu ranges from 19.42 to 166.34 ppm
(average = 89.95ppm) with Cugr ranging from 0.99 to 5.72
(average = 3.98); Zn ranges from 32.46 to 206.17 ppm (average =
98.49 ppm) with Zngr ranging from 1.46 to 5.15 (average = 2.62).
The Nigg, Cugg and Zngg values are more fluctuated than that of EFs
of Mo, U and V, and the maximum values are also located within the
interval within which Mo, U and V show maximum EFs (Figure 2).

The concentrations of Al, Zr, and Ti range from 1.03% to 7.07%
(average = 4.66%), 13.37-179.56 ppm (average = 94.46 ppm), and
1,054.28-16,606.47 ppm (average = 7,504.50 ppm), respectively.
The vertical profiles of Al, Zr, and Ti are highly resembling,
characterized by a gentle decrease in the lower part and a steeper
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Co*Mn-Al (A) and Coge*Mngg-Al (B) diagrams of the Saergan
Formation in the Yingshanbeipo Section (after Sweere et al,, 2016).

increase in the upper part (Figure 3). The nadirs in Al, Ti, and Zr
contents are located at the interval where Mogg shows the maximum
values (Figure 3). The Zr/Al profile is slightly different from those of
Al, Ti, and Zr, yet exhibiting an overall decrease-increase pattern
from bottom to top with larger fluctuations (Figure 3). In addition,
the Fey values, which represent the Fe fraction linked to silicates,
also follows a decrease-increase pattern (Figure 3).

In order to evaluate the hydrographic conditions (upwelling vs.
basin restriction) during deposition of the Saergan Fm at
Yingshanbeipo, we calculated the Co*Mn and Cogr*Mngg values
of the studied samples. The Co (ppm)*Mn (%) and Cogg*Mngg
values of the Yingshanbeipo samples vary between 1.18 to 47.93 and
0.22 to 232.45,
productive upwelling zones (Figure 4).

respectively, higher than those from highly

5 Discussion

5.1 Redox variations during deposition of the
Saergan Formation

5.1.1 Iron speciation

Iron speciation and redox-sensitive elements (Mo, U, V) data are
used to track the local redox conditions in the bottom waters of the
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Mo-U diagram of the Saergan Formation in the Yingsanbeipo and

the adjacent Dawangou sections. Redox fields and particulate shuttle
are from Algeo and Tribovillard (2009). The dashed lines indicated
multiples (0.3, 1, and 3) of the Mo/U ratios of the present-day
seawater. The suboxic facies are defined as settings with low oxygen
levels and favor use of oxidants other than O, in microbially mediated
reduction reactions (Algeo and Li, 2020). Anoxic facies in this diagram
are defined as anoxic-nonsulfidic (free of O, and H,S) and euxinic
facies are defined as settings with no O, but with the presence of free
H,S (Algeo and Li, 2020).

Saergan Formation at Yingshanbeipo. The principle of iron
speciation proxy is based on the redox-related redistribution of
Fe in the ocean (Raiswell and Canfield, 1998; Wijsman et al., 2001).
Generally, sediments in anoxic settings are characterized by the
enrichment of highly reactive iron (Feyr) (e.g., Lyons and
Severmann, 2006). Statistically, a ratio of reactive iron to total
iron (Feyg/Fer) larger than 0.38 is typical of anoxic marine
sediments, whereas Feyr/Fer <0.22 indicates oxic marine settings
(Poulton and Canfield, 2011). Additionally, the speciation of Feyr
can further distinguish different anoxic marine depositional
conditions. The proportion of Feyr bound as sulfide (Fe/Feyr)
exhibits ratios of >0.7 in euxinic depositional settings, whereas Fepy/
Feyp falls below 0.7 in ferruginous settings (free sufides are restricted
mainly to porewaters) (Poulton and Canfield, 2011).

The iron speciation data indicate most of the studied samples,
except for two samples from the top and the bottom, were deposited
in anoxic and ferruginous bottom water conditions (Table 1;
Figure 2). The two samples with low Feyg/Fer ratios yield values
between 0.22 and 0.38, a range considered to be equivocal and could
be indicative of oxic or anoxic settings (Poulton and Canfield, 2011).
For the two samples, the redox conditions will be discussed in the
following context (section 5.1.2).

5.1.2 Redox-sensitive elements (Mo, U, V)
Redox-sensitive elements like U, Mo, and V can provide useful
information on paleoredox conditions of marine sediments. In oxic
seawater, Mo, U, and V behave conservatively in the form of MoO,4*,
¢, and V°*, respectively (Tribovillard et al., 2006). When certain
redox thresholds are reached, the metals are reduced and can be
further taken up in sediments. The reduction of U** to U*" and V**
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to V** initiate at the Fe*" to Fe** transition (Morford and Emerson,
1999; Tribovillard et al., 2006). In contrast, the accumulation of
authigenic Mo in marine sediments requires conditions with free
H,S, which favor the formation of reactive thimolybdate species
(Helz et al., 1996; Erickson and Helz, 2000). The presence of free H,S
also enhances the reduction of U®" to U*" and leads to further
reduction of V** to V3*. Therefore, the accumulations of U and V are
also promoted in euxinic facies (Tribovillard et al, 2006).
Consequently, moderate enrichments of U or V with little or no
Mo enrichment are generally indicative of suboxic conditions
whereas co-enrichments of all three metals are typical of anoxic
conditions (e.g., Algeo and Tribovillard, 2009; Tribovillard et al.,
2012; Figure 5). When the bottom waters become euxinic, Mo, U
and V are strongly enriched with the enrichment of Mo being most
prominent (Algeo and Tribovillard, 2009; Tribovillard et al., 2006;
Figure 5).

Recent studies addressed that caution must be taken when using
U and V data as redox proxies, since the metals may both be
influenced by the uptake via apatite precipitation (Lumiste et al.,
2021). We consider the U and V enrichments observed in this study
are unlikely to have a strong links to apatite. As shown in Lumiste
etal. (2021), vertical profiles of U and V exhibit co-variations in the
phosphorus-rich interval of the studied core, but the profile of Mo
exhibits an opposite variation pattern in comparison to U and V
(their Figure 4). For our data, opposite variation patterns were not
observed between U(V) and Mo (Figure 2). Instead, covariation was
found between U and Mo, and to a lesser extent, between V and Mo
(Figure 2), indicating redox conditions rather than uptake by apatite
precipitation was likely the main reason for the variations in the
metals.

In the Mogg-Ugp diagram, the covariation patterns of the
Yingshanbeipo samples cover a wide range extending from the
suboxic to the anoxic ends (Figure 5). The lowest and the
topmost samples with low Feygr/Fer ratios are plotted near the
suboxic end, exhibiting little Mo enrichment but elevated U
enrichment (Figure 5), suggesting they were likely deposited in
suboxic conditions. Except for a few exceptions, the rest samples
exhibit moderate enrichments in both U and Mo, consistent with the
interpretation of predominately anoxic ferruginous conditions
based on Fe speciation data. The vertical profiles of Mogr and
Ugr also exhibit relatively low values at the base and the top
(although this pattern is less prominent for Vgg) (Figure 2),
supporting more oxic conditions for the basal and the topmost
parts. Similarly, more oxic conditions were also observed both at the
top and the bottom of the Saergan Formation in the adjacent
Dawangou section (Liu C. et al, 2019). Taking together, the
integrated redox-sensitive elements and iron speciation data
indicate the redox conditions for the Saergan Formation at the
Yingshanbeipo section were variable during its deposition, from
suboxic at the lowermost interval, to anoxic ferruginous upsection,
and to suboxic conditions at the top. The interval exhibiting
concurrent peaks in the Mogg, Vgr as well as Fegr/Fer values in
the upper Saergan Formation may correspond to the maximum
anoxia during deposition (Figure 2).

The Mo-U data of the Saergan Formation from the adjacent
Dawangou section were also plotted in Figure 5. The data are highly
scattered and tend to show lower Ugr and Mogg values compared to
the Yingshanbeipo samples. The differences in Mo-U patterns
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reflect that the Yingshanbeipo samples had been deposited in
more reducing water mass conditions than the Dawangou
samples. Previous studies have proposed that the sections may
have been located on a steep slope dipping northeast (Figure 1),
thus the Yingshanbeipo section northeast of Dawangou is likely to
have deposited in deeper waters. Collectively, the differences in
redox conditions of the two sections are likely to record
heterogeneity in redox conditions of bottom waters, which
probably link to different water depths.

5.2 Sea level changes

Chemostratigraphic characteristics of organic-rich marine
sediments have the potential to track the transgression-regression
cycles during deposition (LaGrange et al., 2020). Elements like Al,
Ti, and Zr, which are predominately associated with detrital
sediments, are used as proxies for the abundance of detrital input
and further the identification of sequence stratigraphic surfaces
(LaGrange et al., 2020 and references therein). For example, local
minimum concentrations in terrigenous proxies are usually linked
to the switch from transgression to regression for organic-rich
sediments, whereas peaks in terrigenous proxies are generally
associated with the regression-transgression transition (e.g.,
Turner et al,, 2016; Harris et al., 2018). In addition, variations in
elements ratios like Zr/Al and Ti/Al of marine sediments can also be
used to track the relative sea level changes (e.g., LaGrange et al.,
20205 Li et al,, 2021). As Zr/Al and Ti/Al ratios may indicate the
abundance of coarse sediments supply, minimum in those ratios in
organic-rich units is considered to be a chemostratigraphic
expression of the transgression-regression transition (LaGrange
et al., 2020 and references therein).

There are different opinions regarding the depositional history
of the Saergan Formation in the Keping area. Zhang and Munnecke
(2016) proposed that the Saergan Formation may have been
deposited during a significant transgression, or it may be
deposited during a regression in a restricted setting. In the first
scenario, a pronounced transgression drowned the pre-existing
carbonate platform and the organic-rich Saergan Formation
sediments were deposited. In the latter scenario, lowered sea level
would have reduced the connectivity of the Keping region to the
open ocean, leading to water stagnancy and oxygen depletion in
bottom waters and finally the deposition of the Saergan Formation.

For our sample set, the vertical profiles of the terrigenous elements
(Al, Zr, Ti), Fey, Zr/Al and Ti/Al ratios are highly resembling (Figure 3).
The systematic vertical variations in the proxies indicate the deposition
of the Saergan Formation corresponds to a marine transgression and
subsequent regression. The maximum flooding surface is likely located
within the upper part of the studied unit (Figure 3), as indicated by
concurrent nadirs in terrigenous elemental contents, Fey, Zr/Al and Ti/
Al ratios. Our data thus support the first scenario by Zhang and
Munnecke. (2016) and contradict the regression model. Our
interpretation is consistent with that of Gao et al. (2012), in which
the gamma ray, Th/U, and Th/K data indicated the Saergan Formation
corresponds to a third-order sequence of sea-level changes with the
maximum flooding surface located at the upper part of the unit.

Changes in sea-level are known to have a major impact on the
benthic redox conditions as higher sea level would reduce mixing
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from oxic surface waters and may possibly lead to incursion of deep,
oxygen-deleted waters (e.g., Jin et al., 2014; Harris et al., 2018). For
our samples, the variations in redox proxies (Feyr/Fer, Mogg, Ugg
and Vgg) are generally in step with the changes in sea-level
(i.e., transition from suboxic to anoxic at the base with sea-level
rise, the concurrent peaks in the Feyg/Fer, Mogp, Ugr and Vg
values near the inferred maximum flooding surface, and the
transition to more oxic conditions towards the top with sea level
fall). Although other factor may also have contributed to the redox
variations (see section 5.5), sea-level changes represent an important
factor in regulating the benthic redox conditions when the Saergan
Fm. was deposited.

5.3 Upwelling and basin restriction

Coastal upwelling zones and restricted basins are both prone to
the development of anoxic conditions and the accumulation of OM
(Brumsack, 2006). It was proposed that the Saergan Formation in the
studied region was developed in an ancient upwelling zone with high
productivity (Liu M. et al., 2019). Meanwhile, as described in section 2,
the Saergan Formation may also have been partially shielded from the
open ocean, which raises the possibility of basin restriction during
deposition. Previous studies have suggested that elemental data of
sediments have the potential to differentiate between the two settings
(e.g., Brumsack, 2006; Sweere et al., 2016; Zhang et al,, 2018). For
example, Ma et al. (2022) proposed that Co and Mn contents in
carbonate-bearing fluorapatite (CFA) can be used to distinguish
between lacustrine and open marine settings. Whole-rock analysis
shows sediments in upwelling systems usually exhibit low Co and Mn
contents in comparison to restricted settings. The differences were
attributed to the systematic differences in the supply of Co and Mn to
the water column. In upwelling systems, the supply of the two metals
is driven by the upwelling of deeper oceanic waters that are deprived
in Co and Mn (Brumsack, 2006; Sweere et al., 2016). Co and Mn
concentrations are higher in sediments from restricted basins like the
Black Sea. In restricted settings, the supply of Co and Mn is dominated
by Co and Mn-rich river waters and restricted water has facilitated the
build-up of higher Mn and Co concentrations (Morford and
Emerson, 1999; Sarmiento and Gruber, 2006; Sweere et al., 2016).
Consequently, typical upwelling settings display low Co (ppm)*Mn
(%) (<0.4) and Cogr*Mngg (<0.5) values while restricted settings
exhibit elevated Co (ppm)*Mn (%) (>0.4) and Cogg*Mngg (>2) values
(Figure 4). Additionally, Cd/Mo ratio of sediment can also be used as
an effective proxy to distinguish the two settings (Sweere et al., 2016).
Cd is closely associated with primary productivity and exhibits a
nutrient-like profile in seawater (Bruland, 1980; Conway and John,
2015). In highly productive upwelling settings, Cd is incorporated into
plankton and can be efficiently transported into sediments via settling
planktonic biomass. Consequently, sediments of highly productive
upwelling zones feature pronounced Cd enrichment with higher Cd/
Mo ratios (>0.1) while hydrographically restricted settings exhibit Cd/
Mo <0.1 (Sweere et al., 2016). However, intermediated characteristics
are found for settings that feature both upwelling and restriction (e.g.,
the Cariaco Basin) or upwelling zones with less pronounced OMZs
like the Arabian Sea (Sweere et al., 2016).

The Co*Mn and Cogp*Mngg of the studied samples are higher
than the thresholds of highly productive upwelling zones (Figure 4).

Frontiers in Earth Science

10.3389/feart.2023.1321488

1000

I Modern restricted anoxic settings
Peruvian and Namibian Margins

I Arabian Sea

I Sacrgan Fm. at Yingshanbeipo

I! I“i

Mog TOC U,

il
| | i | ) ”;

0.1

Ve Cry Cuy Niy  Bay Zn, Fey Coy  Mny,

FIGURE 6

Elemental enrichment patterns of the Saergan Formation at
Yingshanbeipo section (after Brumsack, 2006). Data of the highly
productive Peru and Nambian margins are from Brumsack (2006).
Data of the Arabian Sea are from Van der Weijden et al. (2006).

The open circles within the red and the blue bars show the average
values of the elemental enrichment factors. Note all the enrichments
factor are normalized to the average shale (Wedepohl, 1991) in order
to conform to Brumsack (2006).

As Cd data are not available for our samples, we calculated the Cd/
Mo ratios of the adjacent Dawangou section (Liu M. et al., 2019).
Most Dawangou samples are characterized by Cd/Mo ratios <0.1,
and Cd/Mo >0.1 are only found in samples with extremely low Mo
(Mo <1ppm), indicating Mo inventory in these samples is
dominated by detrital but authigentic Mo. Collectively, the
Co*Mn and Cd/Mo data of the Saergan Formation in the Keping
region are inconsistent with that of highly productive upwelling
settings but more resemble that of upwelling zones with less
pronounced OMZs or settings that features both upwelling and
restriction.

In Figure 6, the elemental enrichment factors pattern of our
sample set shows distinct characteristics compared to both highly
productive upwelling zones and anoxic restricted basins, notably in
terms of the Mo, U, V, and TOC values. In contrast, the elemental
data are more comparable to that of the Arabian Sea characterized
by a less pronounced OMZ and moderate enrichments in Mo, U, V,
and TOC. However, the Mn and Co data of the Yingshanbeipo
samples cover a wide range, with some samples exhibiting high Cogg
and Mng values typical of anoxic restricted basins. We consider
basin restriction is an unlikely explanation for the high Cogr and
Mngg values. First, the high Cogr and Mngg values are found to be
within the interval where the inferred maximum flooding surface is
located (Figure 2). Elevated sea level in restricted settings would
result in better connectivity to the open ocean and improved
circulation, which is not optimal for the accumulation of aqueous
Co and Mn in restricted settings (see discussion above),
contradicting the high Cogr and Mngg values. Secondly, the Mo-
U patterns of the Yingshanbeipo samples were plotted along the
open ocean trend (Figure 5), suggesting no significant basin
restriction during the deposition of the samples. We consider the
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Co-Fepr/Fer (A), Znge-Feyr/Fer (B), Cuge-Feyr/Fer (C) and Nige-Feyr/Fer (D) diagrams of the Saergan Formation in the Yingshanbeipo Section.

high Cogr and Mngg values in this interval may have largely been
resulted from increased anoxia. As Co is known to form insoluble
sulfide in anoxic waters (Huerta-Diaz and Morse, 1992), the high
Cogr values are likely to have resulted from an increase in anoxia of
bottom waters, as indicated by concurrent high Cogr and Feyr/Fer
ratios and the positive correlation between Co and Feyg/Fer values
(Figure 2; Figure 7). Increase in anoxia would have enhanced the
H,S production in pore waters, thus promoting Co take-up in
sediments. For Mn, the higher Mngr may link to several
mechanisms: 1) the remobilization of Mn from shallow, oxic/
suboxic shelf during the expansion of anoxia and transgression
represents an external source of aqueous Mn in seawaters; 2) The
increase in anoxia of bottom waters would enhance the alkalinity via
intensified OM degradation, resulting in Mn-bearing carbonate
precipitation (Lenz et al., 2015a; 2015b).

To summarize, although the Saergan Formation in the Keping
area was likely to have been deposited in a protected setting, our data
indicate it had a good connection to the open ocean. The elemental
features of this organic-rich interval are suggestive of an upwelling
setting. However, the OMZ where the Saergan Formation had
developed may have been less pronounced than those of Peru
and Namibian margins with strong perennial upwelling. The less
pronounced OMZ indicates in the upwelling system in NW Tarim
was transient similar to the modern Arabian Sea, or less intense
upwelling rates of deep waters.
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5.4 Primary productivity and OM
accumulation

Trace metals like Cu, Ni, and Zn have been considered as
robust proxies in tracking primary productivity in marine settings
(e.g., Tribovillard et al., 2006; Piper and Calvert, 2009; Zhang
et al., 2018). These metals behave as micronutrients in oxic
marine environment. Biological uptake or complexation with
organic ligands can result in the acceleration scavenging of the
metals in the water column. Consequently, settling OM
represents an important path for transferring the metals into
marine sediments (Algeo and Maynard, 2004; Boning et al., 2004;
Tribovillard et al., 2006). Upon OM degradation, the metals are
liberated into pore water and further incorporated in pyrite or
precipitated as their own sulfides (Morse and Luther, 1999;
Tribovillard et al., 2006). On the other hand, bottom-water
redox conditions may also exert an important influence on the
accumulation of the metals as they are known to be reactive to
H,S (e.g., Algeo and Maynard, 2004; little et al., 2015).

As shown in Figure 6, the Nigg and Zngg of the Saergan
Formation are located between the ranges of the Peru and
Namibian margins and the Arabian Sea, while the Cugr shows
comparable values. The data indicate moderate to high productivity,
consistent with our inference of a less pronounced OMZ when
compared to the highly productive Peru and the Namibian margins.
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Znge-Nige and Cugg-Znge diagrams of the Saergan Formation in the Yingshanbeipo Section.

In Figure 8, The R* are 0.82 for Nigg vs. Zngg (p <0.05) and 0.49 for
Cugr vs. Zngr (p <0.01), respectively. The good correlations
observed here indicate the metals originated from similar sources,
consistent with settling with OM as the dominating origin of the
micronutrients in productive settings. As mentioned above,
enrichments of the metals may also be promoted via reducing
bottom waters. However, the generally poor correlations between
Cugp, Nigp, and Zngg values and Feyr/Fep (R* = 0.14, 0.50, and 0.35,
respectively, all p values <0.01; Figure 7) imply that redox conditions
may have exerted only a secondary influence on the enrichments of
the metals. Therefore, our data reveal that productivity was the
dominating factor that controlled the micronutrients and OM
accumulations in the Saergan Formation.

The vertical profiles of the micro-nutrients, TOC and Feyg/
Fer also support that productivity was the more important
controlling factor of Ni, Cu, Zn, and OM accumulation. As
shown in Figure 2, the profile TOC mimics closely that of
Nigg, Cugp, and Zngg through most of the Saergan Formation
while the Feyr/Fer ratios exhibit a different pattern (Figure 2).
The only exception is the interval in the middle Saergan
Formation that characterized by pronounced peaks in Feygr/
Fer ratios (shaded area in Figure 2). For this interval,
dramatic increases are observed in both Ni, Cu, and Zn
enrichments and Feygr/Fer ratios, but not for TOC. Moreover,
the peaks in the metals and Feygr/Fer values are found to
correspond to relatively low TOC values. The lack of
prominent increase in TOC values indicates the benthic redox
condition but productivity was the key factor for the micro-
nutrient enrichments for this interval.

5.5 Depositional model of the Saergan
Formation

Deposition of the Saergan Formation spans a time interval
from middle Darriwilian to early Sandbian, a period that
witnessed profound changes in environmental conditions
(Stigall et al., 2019 and references therein). 8'*O records of
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conodonts with high temporal resolution reveal a cooling
trend from Middle-Late Darriwilian, which may persist into
the early Sandbian (Albanesi et al, 2020). This trend is
consistent with CIA data from an adjacent section, which
indicate an overall cooling in the climate when the Saergan
Formation was deposited (Liu M. et al., 2019). Moreover,
geochemical proxies indicate intense volcanism for the basal
Saergan Formation, which lead to a relatively warmer climate
and ample supply of nutrients to the marine system during the
deposition of the basal Saergan Formation (Liu M. et al., 2019).
These environmental changes, along with sea-level variations, led
to changes in the primary productivity, development of bottom
water redox dynamics, and the deposition of the organic-rich
Saergan Formation in the Keping area, northwest Tarim.

The lower Saergan Formation is characterized by a sudden
increase in TOC, micro-nutrients (Ni, Cu, Zn), and redox-
sensitive metals enrichments, accompanied by elevated Feygr/Fer
values (Figure 2). The data indicate both increasing in primary
productivity and the development of anoxia in bottom water
conditions, which may link to the combination of enhanced
nutrients delivery and rise in relative sea-level. An increase in
nutrients supply to marine settings via higher weathering rates
(Liu M. et al, 2019) would fuel primary productivity in the
photic zone, enhance respiratory oxygen demand and further,
expand the OMZ along continental margins (e.g., Wang et al,
2018). Consequently, the shoaling of the redox chemocline, along
with the rise in sea-level would favor the impingent of anoxic waters
to shallower depths (Figure 9). Finally, anoxia in bottom waters
would promote nutrients regenerations and maintain high
productivity in the photic zone through the “productivity-anoxia
feedback” mechanism (Ingall et al., 1993).

During deposition of the middle Saergan Formation, the
transition to a cooler climate would have reduced the nutrients
supply by weathering. The cooler climate, on the other hand, would
intensify upwelling and nutrients recycling, thus maintaining
productivity. At the top of this part, dramatic increases are
observed in both micro-nutrient enrichments and Feygr/Fer
ratios, but not for TOC, indicating intensified bottom water
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Schematic illustrations to show the depositional models of the lower (A), the middle (B) and the upper (C) parts of the Saergan Formation,

respectively.

anoxia was not triggered by a rise in productivity. The maximum in
anoxia, which corresponds to the inferred maximum flooding
surface (section 2), may link to the reduced mixing from oxic
surface waters at high sea levels (e.g., Harris et al., 2018; Figure 9).

For the rest of the Saergan, Feygr/Fer remains invariant in the
lower part, followed by a decrease in the upper part. The overall
TOC is slightly elevated compared to that of the middle part
despite the decrease in reducing conditions, indicating an
increase in productivity. The persisting cooling in climate is a
plausible explanation for the increase. On the other hand, the
increase may also be a reflection of the offshore productivity
gradient: offshore waters are less productive compared to the
nearshore waters in upwelling zones (e.g., Suess et al., 1987).
Therefore, regression in the upper Saergan Formation would have
decreased the offshore distance of the Keping area and shifted the
area towards the more productive coast, increasing productivity.
Meanwhile, along with the decrease in relative sea-level through
time, more oxygenated conditions in bottom waters resumed at
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the topmost Saergan Formation as a result of enhanced mixing
from oxic surface waters (Figure 9).

6 Conclusion

Based on multiple geochemical proxies (Iron speciation, major

and trace elements, and TOC), we reconstructed the
paleoenvironmental conditions for the black shales of the
Ordovician ~ Saergan Formation at Yinghsnbeipo section,

northwest Tarim Basin. The following findings were obtained:
The Saergan Formation was likely developed in an ancient
upwelling zone that was less productive than the modern Peru
and Namibian margins. During deposition, there was a strong
connection between the water mass and the open ocean. Bottom
waters were characterized by varying redox conditions, evolving
from suboxic to anoxic conditions at its basal part, displaying
maximum anoxia in the middle, and returning to suboxic
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conditions at its top. The accumulation of organic matter within the
unit was manipulated by a combination of environmental changes
including relative sea-level fluctuations, nutrient supply, and oceanic
circulation impacted by climate changes.
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