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ARTICLE INFO ABSTRACT

Keywords: The Middle-Late Ordovician transition (Darriwilian to Sandbian Age) witnessed a major pulse of the Great
Mercury concentration Ordovician Biodiversification Event (GOBE) and distinctive oceanic geochemical fluctuations, such as coeval
Volcanism

negative C and Sr isotope excursions. In this study, investigations into geochemical variations, notably the Hg
abundance (or Hg/TOC), have been carried upon the organic-rich black shale of the Middle-Upper Ordovician
Saergan Formation to unravel the causes of this pulse. Based on these data, three phases were identified. Phase 1
(0 to 3m) is characterized by rising Hg/TOC (up to 138 ppb/wt%) and Ti/Al values as well as high CIA
(corrected chemical index of alteration) values (68.9-72.3) with negligible enrichment of redox sensitive ele-
ments (RSE) and nutrient elements (e.g. U < 5.2 ppm, V < 153 ppm, Mo < 1.8 ppm, P,05 < 0.2%), suggesting
intensified volcanism, which could have emitted significant amounts of greenhouse gases, thereby leading to
climate warming. In contrast, Phase 2 (3 to 11 m) is characterized by decreasing Hg/TOC and Ti/Al ratios,
relatively low though slightly fluctuating CIA,,,, values, generally depleted in RSE (except moderately enriched
U up to 14.6 ppm) and increased P/Al and Ba/Al ratios, implying weakening volcanic activity and subsequent
climate cooling and the potential for improved seawater ventilation as a result of oceanic upwelling. Phase 3
(Sandbian Age: 11-13 m) witnessed continuous decrease in Hg/TOC ratio, an increase in Ti/Al and CIA o
values, fairly low values of RSE enrichment and P/Al and Ba/Al ratios, indicating recurrent climate warming,
and the potential for slowed oceanic circulation and attenuated upwelling of nutrient-rich deep waters onto the
shallow shelf. These changes could have diminished bioproductivity and organic output onto the seafloor. This
study offers insights into volcanic-climatic-oceanic interactions during a major pulse of the GOBE around the
Middle-Late Ordovician transition while black shales were extensively deposited.
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Great Ordovician Biodiversity Event
Middle-Late Ordovician
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1. Introduction

The Ordovician is a critical period with distinct changes in Earth's
atmosphere, hydrosphere, and biosphere. Particularly, a significant and
rapid diversification of marine organisms through the Ordovician,
known as the Great Ordovician Biodiversification Event (GOBE), is one
of the two most significant evolutionary events in the Phanerozoic
(Webby et al., 2004; Harper, 2006; Servais et al., 2010; Rasmussen
et al., 2016; Servais and Harper, 2018). Interestingly, the GOBE is also
marked by a diversification pulse of the benthic community during the

late Middle-early Late Ordovician (Darriwilian to Sandbian Age) in-
terval (Sepkoski, 1981; Harper, 2006; Servais and Harper, 2018).
However, only a few studies have focused on this major pulse in spite of
significant coeval environmental perturbations (Rasmussen et al.,
2016). The Middle-Late Ordovician transition witnessed distinct geo-
chemical fluctuations, such as MDICE (Middle Darriwilian 8'3C isotope
excursion; Albanesi et al., 2013; Sial et al., 2013b) and a drop in sea-
water 8Sr/56Sr ratio during the Darriwilian (Qing et al., 1998; Shields
et al., 2003; Edwards et al., 2015; Kah et al., 2016), which have been
proposed to be induced by enhanced mafic volcanic activity (Young
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et al.,, 2009), marine redox change (Young et al., 2016), intensified
chemical weathering or climatic variations (Edwards and Saltzman,
2016; Saltzman and Edwards, 2017). Although studies have proved that
the Middle-Late Ordovician transition (Darriwilian to Sandbian Age)
could provide a useful time span to explore and understand the co-
evolution of life and environment during the major pulse of GOBE
(Schmitz et al., 2010; Munnecke et al., 2011; Smith et al., 2011; Algeo
et al., 2016), the relationship between coeval volcanic intensity and
oceanic changes has not been investigated yet. Hg concentrations have
been utilized in a number of studies to investigate the link between
major environmental perturbations and intensified volcanism (see re-
ferences in Percival et al., 2018). By using Hg concentrations as a
volcanic tracer, the volcanic intensity during the Middle-Late Ordovi-
cian transition could be suggested.

Coincident with the major pulse of the GOBE, organic-rich shales
were widely deposited in multiple continents during the Middle-Late
Ordovician transition, such as the Athens Shale in North America
(Bergstrom et al., 2000), Dicellograptus Shale in Sweden (Bergstrom
et al., 2000), Hanadir Shale in Saudi Arabia (Strother et al., 1996),
Cyffredin Shale in Wales (Lev et al., 1998), Miaopo Shale in South
China (Munnecke et al., 2011; Ma et al., 2015), as well as the Saergan
Shale in Tarim Basin, northwestern China (Zhang and Munnecke, 2016;
Chen, 2017). The deposition of organic-rich shales is generally favored
by anoxic and/or nutrient-rich environment (Legget et al., 1981; Meyer
and Kump, 2008). The coincidence of widespread shale deposits and the
major pulse of the GOBE during Middle-Late Ordovician transition
implicate the oceanic environment variations played important role in
this biodiversification event. In this light, the palaeo-climatic and
-oceanic conditions while the Middle-Upper Ordovician black shales
were deposited and their relationships with the major pulse of GOBE
deserve further investigation.

Black shale of the Saergan Formation is well exposed at the
Dawangou section in the Aksu area, northwestern Tarim Basin of China.
Based on detailed biostratigraphic studies, this section spans the
Middle-Upper Ordovician boundary, and has been selected as a global
auxiliary stratotype for the base of the Upper Ordovician (Bergstrom
et al., 2000; Zhen et al., 2011; Chen et al., 2012; Bergstrom et al., 2017;
Chen et al., 2017), which is ideal for study of chemostratigraphy. Here
we present a comprehensive geological and geochemical study of the
Saergan Shale to elucidate depositional environment, seawater redox
state, paleoproductivity, climate and potential volcanism by facies ob-
servation, and geochemical analysis on major and trace element, in-
cluding mercury abundance. This study provides important environ-
mental implications for understanding the major pulse of the GOBE.

2. Geological setting

The Tarim Basin is one of the largest inland petroliferous basins on
the oldest continental blocks in China (56 x 10*km?; Fig. 1B; Graham
et al., 1990; Xu et al., 2011). During the Ordovician, the Tarim Block
was generally composed of three (Northern, Central and Southern)
uplifts and four (Kuqa, Northern, Southwestern and Southeastern) de-
pressions (Fig. 1C; Jia et al., 2004; Lin et al., 2012). The Dawangou
section (40°43.292'N, 79°32.248’E), was palaeogeographically located
in the basinal setting at the western end of the Central Uplift of the
Tarim Basin (Fig. 1B; Zhang and Munnecke, 2016). Based on the affinity
of chitinozoan, conodont and graptolite fossils, the Tarim Basin was
likely close to North China and Siberia during Middle-Late Ordovician
transition (Fig. 1A; Chen et al., 2006; Torsvik and Cocks, 2013).

At Dawangou section, the Middle Ordovician to Silurian succession
is continuously exposed and includes the Dawangou, Saergan, Kanling,
Yingan and Terekawat formations in ascending order. The Saergan
Formation comprises a 13 m-thick thin-bedded black shale succession
intercalated with carbonate nodules locally (Fig. 2B), bearing abundant
graptolite, acritarch, and chitinozoan fossils (Chen et al., 2012). There
are four graptolite zones (the Pterograptus elegans, the Didymograptus
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murchisoni, the Dicellograptus vagus, and the Nemagraptus gracilis bio-
zones in ascending order) and two synchronous conodont biozones (the
Pygodus serra and the Pygodus anserinus biozones), which consistently
suggests a time span from middle Darriwilian to early Sandbian Age
(Zhen et al., 2011; Chen et al., 2012; Bergstrom and Ferretti, 2017).
Detailed biostratigraphy and the first appearance datum (FAD) of the
graptolite N. gracilis suggest the base of the Upper Ordovician is 2m
below the top of the Saergan Formation at the Dawangou section
(Fig. 2A) as an auxiliary GSSP (Global Boundary Stratotype Section and
Point; Bergstrom et al., 2000). The Saergan Formation conformably
overlies the Dawangou Formation, which is composed of grey medium-
bedded, nodular bioclastic limestones (Fig. 2C) and is overlain by the
Kanling Formation (Fig. 2A), which consists of nodular limestones and
purplish red, thin-bedded, nodular limestones.

The Saergan Formation is composed of alternating laminae of fine-
grained, organic-rich and coarser-grained, more organic-poor couplets
(Fig. 3A), in which benthic fauna (i.e., trilobite, Fig. 3B) and pelagic
fauna (i.e., nautiloid and radiolarian; Fig. 3C and D) are commonly
observed. Changes in lithology and faunal assemblages through the
section suggest a transgressive sequence (Zhao et al., 2017), which is
consistent with the eustatic pattern from the Middle to the early Late
Ordovician (Haq and Schutter, 2008).

3. Methods
3.1. Analytical methods

For TOC analyses, 200 mg aliquots of sample were first treated twice
with 10% by volume hydrochloric acid (HCI) at 60 °C for 12h to re-
move carbonate completely. Samples were then washed with distilled
water to remove HCl and dried overnight (50 °C) before being weighed.
Finally, Euro-EA3000 elemental iianalyzer was used to obtain TOC data
at the Institute of Geology and Geophysics, Chinese Academy of
Sciences (IGGCAS).

X-ray fluorescence spectrometry (XRF) was used to determine select
major (Al, Ca, Fe, K, Mg, Mn, Na, P, Si and Ti). In order to determine the
loss on ignition (LOI), 500 mg of pulverized sample was oxidized at
1000 °C for 1 h then cooled and thoroughly mixed with 5000 mg of li-
thium borate (mixture of 67% Li,B,0, and 33% anhydrous LiBO,).
Fusion glass disks were made by melting the mixtures at 1200 °C. The
final analysis was performed using an AXIOS Minerals (PANalytical)
spectrometer at the IGGCAS. The gas carrier is helium with a flow of
180 + 10 ml/min. The pressure of carrier is 110 kPa. Oxidation time is
8.8 s and sample delay time is 5s. The standards used in this regard are
atropine sulphate (C, 58.75%; H, 7.25%; N, 4.03%; O, 25.33%; S,
4.61%). The detection limit was calculated as the concentration of
analyte that corresponds to three times the standard deviation of twelve
replicate measurements of the procedural blank sample using the entire
sample treatment process (LOD = 30, where o is the standard deviation
of blank determination).

Procedures of Qi et al. (2000) were used to prepare samples for trace
elemental (Li, Be, Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Mo, Ba, Pb, Th,
U and rare earth elements) analyses. Aliquots of 50 mg of each sample
were first treated with mixture of 2 ml concentrated HNO3 and 1 ml HF,
then heated at 200 °C for 48 h within sealed Teflon bombs and screw
top PTFE-lined stainless steel bombs. Insoluble residues were dissolved
at 130°C using 5ml 30% (v/v) HNO;3 for 3h and then 2ml con-
centrated HCl for 10h to achieve complete dissolution. Samples were
diluted 400-fold using 2% HNO3; and 1 ml of 1 mg/ml Rh solution was
added as an internal standard. Trace elements and REE were then
analyzed as the target elements on a quadrupole inductively coupled
plasma mass spectrometer (ICP-MS) at the Institute of Geochemistry,
Chinese Academy of Sciences (IGCAS). The analytical precision as de-
termined by replicate analyses of consistency standards was better than
2% RSD (10). Analytical calibration was accomplished using aqueous
standard solutions. Details of the standard reference materials see Qi
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Fig. 1. A) Global palaeogeographic map showing palaeoenvironments on the continental configurations for the late Middle Ordovician (460 Ma). Note the uplands
(earthy yellow), shallow-water environments (light blue) and deep-water environments (dark blue) (modified from Torsvik and Cocks (2013) and Pohl et al. (2016)).
B) Major tectonic plates of the China mainland and the location of the Tarim Basin (NC = North China, SC = South China, TB = Tibet, QD = Qaidam). C) Map
showing the palaeogeographic settings of the Tarim Basin in the late Darriwilian age. Note the location (red star) of the Dawangou outcrop (modified from Lin et al.
(2012) and Gao et al. (2010)). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

et al. (2000).

Prior to Hg analyses, the sample powders were air-dried at 50 °C for
2h. Hg concentrations of the samples were measured using a Lumex
RA-915+ Hg analyzer equipped with a pyrolysis attachment at the
IGCAS. Standards were measured after every 10 samples using
GBWO07405 (GSS-5) as the Hg standard, and coefficients of variation for
triplicate analyses were < 6%.

3.2. Geochemical proxy calculations

3.2.1. Chemical index of alteration (CIA)

In this study, chemical index of alternation (CIA) is used to evaluate
the intensity of chemical weathering for the Saergan Formation. CIA is
calculated as [Al,05/ (Al,05 + CaO* + Na,O + K,0)] X 100 (Nesbitt
and Young, 1982; Young and Nesbitt, 1999;). CaO* represents CaO
content in silicate fraction. CaO is first corrected for phosphate using
available P,0Os data (CaO* = mole CaO — mole P,0s5 X 10/3;
McLennan, 1993). If the remaining amount of CaO* is higher than Na,O
content after correction, the CaO* is assumed to be equivalent to the
Na,O content (McLennan, 1993).

Diagenetic addition of K (K-metasomatism), which is the dominant
diagenetic reaction in shales, is corrected using an Al,O3 -
CaO* + NaO - K;0 (A-CN-K) ternary diagram (Fedo et al., 1995). Al-
ternatively, the amount of diagenetic K>O addition to each sample can
be calculated using the following equation:
KoOcorr = [m X A + m X (C* + N)] /(1 — m), where m=K/
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(A 4+ C* + N + K) for protolith, A and (C* + N) and K are the molar
values of Al,0Os, (CaO* + Nay0) and K,0, respectively (Rieu et al.,
2007; Panahi et al., 2000). The K-corrected CIA value is expressed as
ClAcorr-

3.2.2. Enrichment factor (EF)

In general, the enrichment or depletion pattern of trace-element
concentrations with respect to the reference material is critical to re-
construct paleoenvironmental conditions (Tribovillard et al., 2006). In
order to trace the authigenic fraction of elements, normalization to an
index of the detrital component, normally Al, is necessary (Francois,
1988). To make results of the normalization comparable, it is common
to use enrichment factors (EF): EFciement x = X/Alsample/X/Algtandard
(Calvert and Pedersen, 1993; Morford and Emerson, 1999; Piper and
Perkins, 2004). If EFx is > 1, then element X is enriched relative to
standard shale; if EFyx is < 1, it is depleted (Tribovillard et al., 2006). In
this study, the post-Archean Australian Shale (PAAS) geochemical data
are used as Algngara (Taylor and McLennan, 1985).

4. Results
4.1. Major elements
Major element contents of the Saergan Shale are listed in Table 1.

Consistent with petrographic analyses, the Saergan Shale is mainly
composed of SiO, (43.7%-81.1%), relatively high CaO (up to 19.3%),
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Fig. 2. Field photos of the Dawangou section, Kalping area, Tarim basin. A) Boundary between the limestone of Kanling Formation and black shale of Saergan
Formation. The auxiliary GSSP for the base of the Upper Ordovician is located ~2 m below the top of the Saergan Formation. B) Black shale with carbonate nodules in
the Saergan Formation. C) Panoramic view on the vertical succession from well-bedded limestone of the Dawangou Formation to the black shale of the Saergan
Formation (Fm. = Formation, Ord. = Ordovician).

-=> Tribolite,

rich I-éye'r

Fig. 3. A) Horizontal fine lamination illustrated by organic-rich and -poor (silty quartz) layers; B) Trilobite fragment in organic-rich shale; C) Thin-shelled clasts
(nautiloids?) bedded parallelly in the organic-rich shale; D) Abundant siliceous radiolarian in shale.
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Table 1
Total organic carbon (TOC), mercury and major element concentration of the Saergan Formation at Dawangou section, Tarim Basin, Northwestern China.
Sample no. Height TOC Hg Si0, TiO, Al,O5 TFe,05" MnO MgO CaO Na,O K0 P,0s5 Lor® Total
(m) wt% (ppb) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
1 0.30 4.79 71 49.1 0.66 13.7 3.31 0.02 211 9.66 0.58 4.73 0.22 15.8 99.9
2 0.60 2.12 103 63.3 0.63 12.4 3.82 0.01 2.17 4.33 0.48 4.21 0.14 8.34 99.8
3 0.90 1.93 920 62.7 0.66 13.4 3.80 0.01 2.35 3.54 0.48 4.64 0.14 7.74 99.4
4 1.20 1.57 138 59.0 0.72 14.0 4.17 0.02 2.68 5.15 0.58 4.86 0.11 8.59 99.8
5 1.50 0.54 65 63.1 0.55 10.1 3.46 0.02 2.31 7.47 0.48 3.29 0.21 8.66 99.7
6 2.00 0.54 75 56.8 0.66 11.9 3.89 0.02 2.54 8.73 0.58 4.03 0.14 10.1 99.4
7 2.35 2.94 224 53.2 0.64 12.4 4.14 0.02 2.24 7.76 0.63 4.23 0.23 13.7 99.1
8 2.85 1.83 238 50.8 0.59 11.2 4.21 0.02 2.23 12.2 0.58 3.79 0.20 13.7 99.4
9 3.25 2.68 237 62.8 0.46 8.96 3.44 0.02 1.67 7.68 0.58 2.93 0.15 10.7 99.4
10 3.55 1.71 168 51.4 0.36 6.78 2.34 0.02 1.41 18.0 0.47 2.18 0.48 16.2 99.7
11 3.85 1.86 139 60.8 0.44 8.08 2.35 0.02 1.59 10.8 0.57 2.55 1.02 11.3 99.4
12 4.13 3.30 263 59.8 0.42 8.23 2.46 0.02 1.40 10.5 0.62 2.73 1.15 12.4 99.5
13 4.33 2.19 166 65.7 0.32 6.28 1.90 0.02 1.21 9.97 0.50 1.99 0.24 11.7 99.8
14 4.63 1.78 193 66.9 0.35 6.98 2.43 0.02 1.26 8.69 0.50 2.27 0.19 9.80 99.4
15 5.23 1.48 93 54.1 0.24 4.90 1.53 0.03 0.98 19.3 0.48 1.43 0.43 16.5 99.9
16 5.53 2.16 142 70.6 0.30 5.93 1.71 0.01 1.14 8.09 0.50 1.83 0.73 8.67 99.5
17 5.63 1.40 155 61.4 0.46 8.99 2.89 0.02 1.55 9.95 0.59 2.82 0.82 10.3 99.8
18 6.23 2.84 192 67.5 0.46 9.12 2.64 0.02 1.43 6.12 0.66 2.89 0.41 8.69 99.9
19 6.53 1.52 125 81.1 0.20 3.96 1.56 0.01 0.83 4.67 0.39 1.16 0.16 5.94 100.0
20 7.13 2.00 161 62.2 0.50 10.0 2.83 0.01 1.45 8.12 0.65 3.13 1.61 8.75 99.3
21 7.73 3.01 185 70.5 0.38 7.78 2.10 0.02 1.21 5.88 0.62 2.43 0.72 8.38 100.0
22 7.93 2.77 185 58.8 0.49 9.84 2.70 0.02 1.79 9.58 0.72 3.17 2.08 10.2 99.4
23 8.33 4.54 288 53.6 0.59 12.0 3.18 0.03 2.21 9.11 0.94 3.74 0.80 13.2 99.4
24 8.73 4.27 290 46.9 0.54 11.1 3.44 0.03 2.16 14.1 0.90 3.46 1.06 15.8 99.5
25 9.23 4.49 338 49.2 0.55 11.6 4.16 0.03 2.12 11.0 0.88 3.65 2.28 13.9 99.3
26 9.73 2.53 135 50.6 0.61 12.7 3.74 0.03 2.32 11.4 0.84 4.06 0.16 13.6 100.0
27 10.13 4.33 187 48.4 0.59 12.5 3.66 0.03 2.14 12.0 0.90 3.89 1.38 14.0 99.4
28 10.43 4.33 266 43.7 0.54 11.4 4.16 0.03 1.97 14.5 0.92 3.44 2.17 16.9 99.6
29 10.73 2.74 62 51.5 0.64 13.1 3.41 0.04 2.44 10.1 0.85 4.26 0.26 12.7 99.3
30 11.03 1.53 65 50.0 0.67 13.4 3.54 0.04 2.40 11.2 0.73 4.46 0.16 13.0 99.6
31 11.43 2.35 47 47.9 0.64 13.2 3.46 0.04 2.38 12.7 0.73 4.46 0.14 14.5 100.1
32 11.93 2.40 37 48.0 0.65 13.3 3.50 0.04 2.40 12.0 0.75 4.48 0.15 14.0 99.3

2 TFe,0 = total iron concentrations.
> LOI = loss on ignition.

moderate Al,03 (3.9%-13.7%), and minor Fe;O3; (1.9%-4.2%) and
MnO (0.01%-0.04%). P,Os ranges between 0.1%-2.3%. TOC ranges
from 0.5wt% to 4.8 wt%, (averages 2.51 wt%). High TOC samples
(> 4.0 wt%) are located approximately 9-10m from the base of the
Saergan Formation, close to the boundary of D. murchisoni and N. gra-
cilis graptolitic biozone (Fig. 4).

The effects of K metasomatism can be corrected by projecting each
data point back to its original (predicted) position on the A-CN-K
ternary diagram (Fig. 5; Fedo et al., 1995). CIA.., values, calculated
using major element abundances, cluster from 60.6 to 72.4. At the basal
Saergan Formation, CIA,, values are relatively higher (~71; Fig. 4)
then the CIA ., values decrease upwards, displaying a negative ex-
cursion (down to 60.64) though fluctuating. At approximately 11 m
from the base (around the start of the Upper Ordovician), CIA,,, values
start to increase to ~68 until the top. Uncorrected CIA values are
generally lower than CIA.,, values (from 61.0 to 67.0), but display
similar variation patterns (Fig. 4).

Between 0 and 3m P/Al values are low (< 0.02) and vary little.
Between 3 and ~11.5 m, values increase to a maximum values of 0.17
and vary widely between 0.03 and 0.17. Between ~11.5m and the top
of the section, values return to ~0.01 and vary little.

4.2. Trace elements

Trace element concentrations and enrichment factors are shown in
Tables 2 and 3, respectively. Generally, trace elements display slight
enrichment with respect to PAAS. Enrichment factors of V and Mo (EFy
and EFy,,) are slightly high, ranging between 1.6-4.9 and 0.8-25.2,
respectively. In contrast, U is the most enriched (EFy up to 49.2).
Furthermore, Mo/TOC (ppm/wt%) ranges from 0.15 to 1.84 (average
0.66). Vertically, these elements are more enriched in middle part
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compared with those in the basal and uppermost part of the section.
Micronutrients such as Ni, Cu, and Zn show enrichment factors (EFy;,
EFc,, and EFy,) ranging from 1.4-6.1, 2.4-8.5, and 1.3-10.9, respec-
tively. The enrichment factor for Ba is generally low (average 1.7). Ti/
Al values rise (0.055-0.063) between 0 and ~2.5m, then decrease
episodically from 0.063 to 0.053 between ~2.5 and ~11.5 m. Between
~11.5m and the top of the Saergan Formation, Ti/Al values fluctuate
between 0.053 and 0.056 (Fig. 4).

4.3. Mercury abundance

In the basal section (0-2m), the Hg abundance is relatively low
(65-138 ppb). Hg abundance is episodically fluctuating between 2 and
11 m, generally following the TOC variation pattern in the Saergan
Formation (Fig. 4). A negative excursion of Hg abundance is observed
at the interval between 4.5 and 8 m. In comparison, the Hg/TOC (ppb/
wt%) values show an apparent increase to a maximum of 138 in the
lower part of the Saergan Formation, and then decline through the rest
of the section.

5. Discussion

Before detailed interpretation, the Saergan Formation is subdivided
into three phases based on variation of geochemical parameter patterns.
Phase 1 (0-3 m) is characterized as an interval with low Hg abundance
(minimum to 65 ppb), negligible enrichment of redox sensitive (RSE)
and nutrient elements (e.g. U < 5.2 ppm, V < 153 ppm, Mo < 1.8 ppm,
P/Al < 0.02). In the Phase 1, Hg/TOC values increase from 14.7 to
138.4 ppb/wt%, Ti/Al values increase from 0.055 to 0.063, the CIA o
values decrease from 72.4 to 65.3. In Phase 2, the Hg abundance is
relatively higher (up to 338 ppb), the U moderately enriched (up to
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Fig. 5. A-CN-K ternary diagram of the studied samples, using the method de-
scribed by Nesbitt and Young (1982). Tonalite, granodiorite, and granite data
are from Condie (1993). CIA-Chemical Index of Alteration, A-Al,Os3,
CN-CaO* + Na,0, K-K,O (all in molar proportions), CaO*~CaO incorporated
in the silicate fraction of the sample, Pl-plagioclase, Kfs-K-feldspar,
Sm-smectite, Ka—kaolinite, Gi-gibbsite, Chl-chlorite, Mu—-muscovite.

14.6 ppm) and CIA.,,, values remain low relatively to Phase 1. In ad-
dition, both Hg/TOC and Ti/Al values decrease in Phase 2 and P/Al and
Ba/Al ratios are higher than those in Phase 1. Phase 3 (Sandbian Age;
11-13 m) witnessed continuous decrease of Hg/TOC ratios and increase
of Ti/Al and CIA., values, low RSE abundance, and P/Al and Ba/Al
ratios.

Table 2
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5.1. Hg anomalies and Darriwilian volcanism

Mercury (Hg) has been shown to be a valuable proxy to trace spe-
cific geological process, particularly the volcanism (Pyle and Mather,
2003; Gustin et al., 2008). On pre-anthropogenic Earth, volcanism was
the most efficient natural source of Hg to the atmosphere which could
be deposited in seawater (Pirrone et al., 2010). It then could be sca-
venged and transported to the seafloor via organic matter deposition,
resulting in a positive correlation between Hg abundance and TOC
(Sanei et al., 2012; Grasby et al., 2013; Sial et al., 2013a). However, the
origin of Hg anomalies should be carefully evaluated since Hg abun-
dance in sediments can be affected by a number of factors, including
sedimentation hiatus, lithological changes, extremely low TOC content,
and enhanced Hg-adsorption by sulphides and clay complexes (Gustin
et al., 2008; Font et al., 2016; Jones et al., 2017; Scaife et al., 2017).
The Saergan Formation is dominated by black shales and calcareous
shales generally rich in organic matter (Fig. 4), without distinct sedi-
mentation hiatus and lithological change. Furthermore, high abun-
dances of Hg (> 70 ppb) are found in samples with moderate TOC
contents (> 0.5 wt%, criteria following Jones et al., 2017), suggesting
Hg concentration was not entirely controlled by the rate of organic
matter deposition. In addition, Hg and Al concentrations are poorly
correlated (Fig. 6A), indicating Hg concentration was likely not con-
trolled by clay deposition. Moreover, enrichment patterns of U, Mo, and
V (Fig. 4) clearly suggest suboxic conditions during the Saergan shale
deposition (see Section 5.3), excluding enhanced Hg-adsorption by
sulphides as a mechanism for high Hg concentration. Therefore, the
elevated mercury abundance in this formation is likely resulted from
enhanced atmospheric Hg input via large-scale volcanism (Gustin et al.,
2008).

In addition, Hg/TOC values are generally comparable to those from
sediments of well-known critical geological events (Fig. 7), such as the
five mass extinction events (Sanei et al., 2012; Grasby et al., 2013; Sial

Selected trace element concentration of the Saergan Formation at Dawangou section, Tarim Basin, Northwestern China.

Sample no. Height (m) V (ug/g) U (ug/g) Mo (ug/g) Cr (ug/g) Co (ug/g) Ni(ug/g) Ba (ug/g) Cu (ug/g) Zn (ug/g) Th (ug/g) Zr (ug/g) Cd (ug/g) Sc (ng/g)

1 0.30 153.2 5.2 0.9 90.1 38.5
2 0.60 91.1 3.3 0.3 58.8 13.4
3 0.90 100.4 3.7 0.4 62.1 11.0
4 1.20 84.7 2.8 0.5 63.3 11.8
5 1.50 68.6 3.6 0.4 48.5 6.2
6 2.00 76.4 2.9 0.4 53.5 8.1
7 2.35 99.6 5.1 0.6 69.8 15.7
8 2.85 85.2 3.8 1.1 57.2 11.5
9 3.25 101.0 3.9 1.7 53.1 7.8
10 3.55 75.1 5.2 1.5 34.0 7.7
11 3.85 721 4.8 1.4 46.2 6.7
12 4.13 103.8 6.9 2.3 54.3 8.9
13 4.33 69.8 3.9 1.3 46.0 6.7
14 4.63 59.9 3.0 1.4 41.3 8.6
15 5.23 48.1 2.8 1.0 34.1 4.2
16 5.53 60.0 3.3 1.2 37.9 4.8
17 5.63 73.4 4.4 1.9 43.7 7.0
18 6.23 92.0 5.0 2.4 59.5 6.7
19 6.53 47.4 2.3 2.8 121.8 4.5
20 7.13 92.9 6.6 2.2 52.9 7.2
21 7.73 80.6 6.0 2.9 46.1 6.1
22 7.93 103.0 8.8 2.0 56.8 7.0
23 8.33 218.9 14.0 4.8 80.5 8.7
24 8.73 123.1 9.1 2.6 62.9 10.6
25 9.23 222.0 14.6 6.2 81.6 12.2
26 9.73 98.5 4.1 1.1 63.6 12.0
27 10.13 139.3 8.8 2.7 77.0 10.4
28 10.43 112.4 13.7 3.3 61.9 16.2
29 10.73 112.7 5.3 0.6 64.3 10.9
30 11.03 106.5 5.2 0.3 62.5 12.1
31 11.43 115.9 5.3 0.4 63.9 15.1
32 11.93 108.7 3.9 0.4 61.1 10.3

127.5 276.4 157.8 38.7 14.0 142.8 0.06 10.6
62.6 282.6 93.6 92.0 14.6 116.3 0.08 11.5
59.2 269.1 99.5 95.8 16.8 140.2 0.12 11.2
46.3 264.8 100.1 116.1 15.3 124.3 0.13 11.5
21.7 260.3 53.5 143.8 10.0 97.4 0.12 10.5
26.4 276.0 39.9 60.2 12.1 111.8 0.08 9.5
81.8 304.2 123.0 301.9 14.2 115.2 0.20 11.3
59.2 305.1 81.0 95.1 11.5 100.6 0.08 10.0
60.1 245.6 89.6 85.4 9.5 84.1 0.07 8.7
38.3 204.8 63.8 63.4 6.5 63.0 0.07 7.1
41.7 296.8 68.8 63.0 8.6 79.9 0.04 9.0
76.2 234.7 98.1 102.7 6.8 77.8 0.09 8.9
43.7 237.8 61.5 93.4 7.8 59.0 0.04 6.8
46.8 264.9 57.2 58.3 8.3 63.9 0.03 6.4
28.7 146.9 47.1 41.9 5.4 45.5 0.04 4.5
40.7 204.4 62.5 48.3 7.3 57.2 0.05 5.7
35.4 506.3 49.4 103.3 9.4 82.0 0.07 8.7
56.3 329.3 90.6 82.2 11.4 83.4 0.07 8.5
32.1 229.1 40.9 40.2 4.9 35.1 0.03 4.2
50.8 249.0 85.6 69.3 9.7 86.5 0.08 9.7
50.5 239.2 66.9 65.6 9.1 72.4 0.07 8.5
54.7 396.7 85.5 102.0 7.5 87.5 0.07 10.0
85.9 390.4 100.0 136.0 11.2 114.1 0.23 10.6
79.4 376.0 95.4 111.3 11.0 102.9 0.05 9.2
96.5 342.8 108.1 157.7 6.7 111.7 0.17 11.2
61.6 409.2 89.9 110.6 11.5 116.2 0.09 10.3
81.3 346.9 114.2 171.1 11.0 111.7 0.11 10.1
90.2 290.5 91.8 123.1 6.7 103.8 0.11 9.4
51.3 295.6 78.0 128.3 9.4 119.5 0.11 8.7
41.0 376.9 67.3 89.7 9.8 123.0 0.05 9.3
54.9 307.8 84.7 125.6 9.8 127.0 0.15 9.6
50.5 345.1 97.2 93.0 10.4 127.3 0.10 7.8
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Table 3
Essential inter-element ratios and element proxies of the Saergan Formation at Dawangou section, Tarim Basin, Northwestern China.

Sample no. Height (m) Hg/TOC (ppb/wt%) P/Al Ba/Al x 10~ # Ti/Al CIA ClIAcorr EFni" EFcy EFz, EFy EFymo EFy Mo/TOC x 10™*

1 0.30 14.7 0.01 38.2 0.055 66.0 70.9 6.1 8.2 1.3 2.9 2.3 149 0.8
2 0.60 48.6 0.01 43.0 0.058 66.9 71.8 3.3 5.4 3.3 1.9 0.9 104 0.15
3 0.90 46.6 0.01 37.9 0.058 67.0 724 2.9 5.3 3.1 1.9 1.0 10.8  0.20
4 1.20 87.7 0.01 35.8 0.059  66.1 71.3 2.2 5.1 3.7 1.6 1.2 7.9 0.30
5 1.50 120.0 0.02 48.7 0.062  66.3  70.0 1.4 3.8 6.4 1.7 1.4 142 0.71
6 2.00 138.4 0.01 43.7 0.063 65.6 69.8 1.4 2.4 2.3 1.6 1.2 9.4 0.73
7 2.35 76.1 0.02 46.5 0.058 65.0 69.3 4.3 7.1 109 21 1.6 16.0 0.19
8 2.85 129.7 0.02 51.6 0.060 65.0 68.9 3.4 5.2 3.8 1.9 3.4 13.3 0.58
9 3.25 88.5 0.01 51.8 0.058 63.8 66.9 4.4 7.1 4.3 2.9 6.7 17.2  0.62
10 3.55 98.5 0.06 57.1 0.060 63.5 65.3 3.7 6.7 4.2 2.8 7.8 30.1 0.86
11 3.85 74.6 0.10 69.4 0.061 63.6  65.9 3.4 6.1 3.5 2.3 6.3 235 0.76
12 4.13 79.7 0.12 53.9 0.057 62.2  65.0 6.0 8.5 5.6 3.2 9.8 331 0.69
13 4.33 75.9 0.03 71.5 0.058 62.3 64.2 4.5 7.0 6.6 2.8 7.3 245 0.58
14 4.63 108.0 0.02 717 0.057 63.0 65.7 4.4 5.9 3.7 2.2 7.2 16.7  0.80
15 5.23 63.0 0.07 56.6 0.056  61.1 60.6 3.8 6.9 3.8 2.5 7.2 22.7 0.66
16 5.53 65.7 0.10 65.1 0.057  62.1 63.7 4.5 7.5 3.6 2.6 6.9 22.0 0.53
17 5.63 110.9 0.08 106.4 0.057 643 66.7 2.6 3.9 5.1 2.1 7.6 19.4 1.37
18 6.23 67.6 0.03 68.2 0.058 63.3 65.8 4.0 7.1 4.0 2.6 9.4 214 0.85
19 6.53 82.4 0.03 109.3 0.058 61.0 61.7 5.3 7.4 4.5 3.1 25.2 23.1 1.84
20 7.13 80.6 0.13 46.9 0.056 645 67.0 3.3 6.1 3.1 2.4 7.6 25.6 1.07
21 7.73 61.5 0.08 58.1 0.055 625 64.6 4.2 6.1 3.8 2.6 13.4 30.3 0.97
22 7.93 66.7 0.17 76.2 0.056 629 65.5 3.6 6.2 4.6 2.7 7.3 352 0.72
23 8.33 63.4 0.06 61.4 0.056 62.6 64.7 4.6 5.9 5.1 4.6 14.2 45.8 1.05
24 8.73 67.9 0.08 64.2 0.055 622 64.1 4.7 6.2 4.5 2.8 8.3 32.1 0.60
25 9.23 75.3 0.16 55.7 0.053 629 65.2 5.4 6.6 6.1 4.9 19.1 49.2 1.39
26 9.73 53.4 0.01 60.8 0.055 64.0 66.7 3.1 5.1 3.9 2.0 3.0 12.8  0.43
27 10.13 43.2 0.09 52.5 0.053 63.5 65.6 4.2 6.5 6.1 2.9 7.8 27.8  0.63
28 10.43 61.4 0.16 48.4 0.054 62.7 64.2 5.2 5.8 4.8 2.5 10.3 47.3  0.76
29 10.73 22.6 0.02 42.5 0.055 63.9 67.0 2.5 4.2 4.4 2.2 1.7 15.8  0.23
30 11.03 42.5 0.01 53.1 0.056 649 68.6 2.0 3.6 3.0 2.0 0.8 153 0.19
31 11.43 20.0 0.01 44.0 0.055 646 68.4 2.7 4.6 4.2 2.2 1.2 15.8 0.19
32 11.93 15.4 0.01 48.9 0.055 645 683 2.5 5.2 3.1 21 1.0 11.6  0.16

@ EF = enrichment factor.
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Fig. 6. A) Crossplot of Hg vs. Al; B) Crossplot of Hg vs. TOC of samples of phase 1; C) Crossplot of Hg vs. TOC of samples of Phase 2 and Phase 3; D) Crossplot of Hg/
TOC vs. Ti/Al
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Fig. 7. Comparison of Hg/TOC (ppb/wt%) ratios from the Saergan Shale with
those from other major geological events. O-S: Ordovician-Silurian; F-F:
Frasnian-Famennian; P-Tr: Permian-Triassic; Tr-J: Triassic-Jurassic; K-T:
Cretaceous-Paleocene; O-S data quoted from Gong et al. (2017) and Jones et al.
(2017); F-F data from Racki et al. (2018); P-T data from Sanei et al. (2012),
Grasby et al. (2013) and Wang et al. (2018); T-J data from Thibodeau et al.
(2016); K-T data from Nascimento-Silva et al. (2011), Font et al. (2016) and Sial
et al. (2013a, 2013b); Toarcian OAE data from Percival et al. (2015); OAE 2 and
Mid Cenomanian Event data from Scaife et al. (2017).

et al., 2013a; Font et al., 2016; Thibodeau et al., 2016; Gong et al.,
2017; Jones et al., 2017; Racki et al., 2018; Sabatino et al., 2018; Wang
et al., 2018) and OAEs (oceanic anoxic events; Percival et al., 2015;
Scaife et al., 2017; Charbonnier et al., 2018), which have been proposed
to be related to coeval large-scale volcanism to varying extents. This
further suggests intensified volcanism likely occurred during deposition
of the Saergan Shale, most notably during the early stage of Phase 1,
disturbing the positive correlation between Hg and TOC (Fig. 6B).
Later, decreasing Hg/TOC values through Phase 2 and Phase 3 point to
attenuating volcanism and the recovery of positive correlation between
Hg and TOC concentrations (Fig. 6C). In addition, the positive re-
lationship between the Hg/TOC and Ti/Al ratios (Fig. 6D) supports an
increasing aeolian Hg input from volcanic eruptions since the Ti/Al
ratio is a valuable proxy indicative of aeolian flux (Yarincik et al., 2000;
Beckmann et al., 2005). The deposition of volcanic materials into
aqueous environments would lead to dissolution of adsorbed metal salts
and aerosols, increasing the bioavailability of key nutrient elements
(Jones and Gislason, 2008).

The Darriwilian volcanism is also consistent with coeval geochem-
ical records, including global sharp drop of 3”Sr/%°Sr (Fig. 8; Shields
et al., 2003) in the late Darriwilian, which has been proposed to be
linked to volcanism (Young et al., 2016). In addition, the post-MDICE
negative excursion (Sial et al., 2013b; Edwards and Saltzman, 2016;
Saltzman and Edwards, 2017), widespread K-bentonite beds from 450
to 470 Ma (Fig. 8; Kolata et al., 1998; Min et al., 2001; Astini et al.,
2007; Huff, 2008; Thompson et al., 2012; Sell et al., 2015), large con-
tinental dispersal of the Paleozoic, rapid sea-floor spreading during the
Middle Ordovician (Cocks and Torsvik, 2002; Torsvik and Cocks, 2013),
and superplume activity suggested by ophiolite obduction pulses
(Algeo, 1996; Vaughan and Scarrow, 2003; Barnes, 2004) further sug-
gest the enhancement of volcanic activities during the late Darriwilian
Age.

5.2. Paleoclimate conditions

The Early-Middle Ordovician epoch was characterized by a steady
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greenhouse climate with a long-term cooling trend, potentially facil-
itating the GOBE (Trotter et al., 2008). Conditions subsequently
evolved into an intense icehouse climate in the Late Ordovician epoch,
one of the only three major icehouse intervals in Earth's Phanerozoic
(Finnegan et al., 2012). Based on the MITgem model, the Gondwana
glaciation likely started in the late Darriwilian (Pohl et al., 2016). In
addition, paleontological studies suggested global cooling during Dar-
riwilian Age (Vandenbroucke et al., 2010; Rasmussen et al., 2016;
Rasumussen and Stouge, 2018). This contrasts with suggested sea sur-
face temperature of ~30 °C based on GEOCLIM model (Nardin et al.,
2011).

The CIA value of fine-grained argillites has been widely used to
evaluate the relative weathering intensity and climatic background
(Nesbitt and Young, 1982). Normally, CIA values higher than 70 re-
present clay mineral composition for warm, humid tropical climates,
and cold, arid climates fall below 50 (Nesbitt and Young, 1982, 1989;
Fagel, 2007). However, CIA may also be affected by provenance com-
positions, transport recycling, and potassium metasomatism (Fedo
et al., 1995; Bahlburg and Dobrzinski, 2011), which should be eval-
uated prior to application.

In fine-grained siliciclastic rocks, the distribution of major and trace
elements (e.g., Sc, Ti, Zr, and Th etc.) can provide valuable information
on sedimentary provenance (McLennan and Taylor, 1991; Garver and
Royce, 1996). Crossplots of Zr vs. TiO, (Hayashi et al., 1997) (Fig. 9A),
La/Sc vs. Th/Co ratios (Cullers, 2002) (Fig. 9B), and ternary diagram of
La-Th-Sc (Cullers and Podkovyrov, 2000) (Fig. 9C) consistently suggest
that Saergan Shale derived predominantly from felsic igneous rocks. A
stable provenance composition is also likely given the short duration
over which the Saergan Formation deposited (< 5Ma based on bios-
tratigraphy and astronomical calibration; Cooper et al., 2012b; Zhong
et al., 2018). Moreover, on a crossplot of Zr/Sc vs. Th/Sc ratios, data
fall within the trend of the first cycle of the parent rocks (Fig. 9D),
indicating limited transport recycling of their provenance rocks
(McLennan, 1993, 2001).

To minimize the effect of potassium metasomatism, CIA.,,, is used
to interpret the paleo-weathering intensity and climatic patterns (Fedo
et al., 1995; Bahlburg and Dobrzinski, 2011). In Phase 1 of the Saergan
Formation, CIA.,, values are generally higher than those in Phase 2
(Fig. 4) though a gentle decreasing trend, indicating a warmer and more
humid climate in Phase 1 (Fedo et al., 1995; Young and Nesbitt, 1999).
This scenario is consistent with coeval high Hg/TOC ratios since en-
hanced volcanism may have significantly increased greenhouse gas
(i.e., CO,) releasing into the atmosphere, potentially inducing climate
warming. The cooling started approximately at the late stage of Phase
1, corresponding with the shift of Hg/TOC ratios. In Phase 2, decreasing
CIA o values and subsequent fluctuating around a value of 65 indicate
waning weathering (or a cooling climate), likely due to the diminishing
greenhouse gas venting by waning volcanic activity as evidenced by the
decreasing Hg/TOC values. Although Phase 3 marked a transient re-
currence of climatic warming, collectively, a transition from warm to
cool climate is the general large-scale trend (Fig. 4). This transition to
cooling climate may represent the prelude to Late Ordovician glaciation
(Pohl et al., 2016) at least on a regional scale, which may have im-
pacted ocean circulation, favoring upwelling, nutrient redistribution
and increasing bioproductivity (Brumsack, 2006).

5.3. Marine redox environment

Redox-sensitive elements, such as Mo, V, U, are commonly used to
reconstruct paleo-oceanic redox state (Piper and Calvert, 2009; Little
et al., 2015; Robbins et al., 2016). To further unravel the paleo-oceanic
environment, enrichment factors of selected elements in the Saergan
Formation were compared with sediments from modern upwelling
zones and shales deposited during Cretaceous Oceanic Anoxic Events
(COAE; Fig. 10; Brumsack, 2006). It should be noted that data from
Brumsack (2006) were normalized to the average shale (Wedepohl,
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of this article.)

1970) rather than PAAS. However, the similarity in Al,O3; values be-
tween the average shale (16.7%; Wedepohl, 1970) and PAAS (18.9%;
Taylor and McLennan, 1985), enrichment factors calculated for up-
welling zones and COAE sediments (Brumsack, 2006) are comparable
to the Saergan Formation (Fig. 10).

Significant enrichment of authigenic Mo is generally associated with
the presence of H,S (i.e., euxinic conditions), which would favor the
transformation from stable molybdate to particle-reactive thiomo-
lybdates (Helz et al., 1996; Tribovillard et al., 2012). Mo content in the
Saergan Formation are not significantly enriched, indicating the ab-
sence of H,S in the water column. V is commonly released from sedi-
ments deposited under low-oxygen (but still oxygenated) conditions
and under normal bottom water oxygen levels where oxygen only pe-
netrates a few millimeters into the sediment (Morford and Emerson,
1999). Yet in the absence of oxygen, the vanadate is reduced to the
vanadyl form V(IV) (Emerson and Huested, 1991), which is highly
surface-reactive and removed to the sediment (Wanty and Goldhaber,
1992; Zhang et al., 2016), resulting in V enrichment in sediments below
an anoxic water column. In this context, the Saergan shales show
negligible V enrichment overall, most likely having been deposited in a
low-oxygen environment. In contrast to Mo and V, U is preferentially
taken up by sediments in suboxic conditions prior to the onset of sul-
phate reduction that would promote authigenic Mo and V accumulation
since U (VI) is reduced at the Fe(I)-Fe(IIl) redox boundary (McManus
et al., 2005; Morford et al., 2005). In this light, enrichment of U relative
to V and Mo in Phase 2 (Fig. 4) suggests a suboxic environment, which
is consistent with the depletion of Fe and Mn (Fig. 10; Brumsack, 2006).
In addition, the presences of benthic organisms (e.g., trilobites, Fig. 3B)
and graptolites in the Saergan Formation (Chen et al., 2012; Bergstrom
et al., 2017) further supports a suboxic environment as well (Cooper
et al., 2012a).
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5.4. Nutrient availability and organic matter enrichment

In general, enrichment of organic matters in sediments may be fa-
vored by high primary productivity and/or well preservation in the
anoxic seawater (Tyson, 2005), which could be indicative of either
coastal upwelling zones or Oceanic Anoxic Events (OAEs) (Demaison
and Moore, 1980; Tyson, 2005; Jenkyns, 2010), respectively. Organic-
rich shales (TOC: 0.54-4.79 wt%, Fig. 4; Table 1) of the Saergan For-
mation were likely deposited in a suboxic environment, which was not
optimal for organic matter preservation (Tyson, 2005). This indicates
high primary productivity (or organic exports) was likely crucial for
organic accumulation/enrichment which could have been driven by
coastal upwelling. In the Saergan Shale, nutrient elements such as P, Ni,
Cu, and Zn show enrichment factors (EFp, EFy;, EFc,, and EFz,) ranging
between 0.9-8.1, 1.4-6.1, 2.4-8.5, and 1.3-10.9, respectively. This
scenario agrees with geochemical features that are similar to those from
the coastal upwelling zone (Fig. 10), which have also been reported in
other continents during the Darriwilian (Pope and Steffen, 2003; Luan
et al., 2018; Rasumussen and Stouge, 2018).

Traditionally, phosphorus and selected trace elements (e.g., Ni, Cu,
Zn, Ba, Cr) are widely used to evaluate paleoproductivity (Algeo and
Maynard, 2004; Piper and Perkins, 2004; Tribovillard et al., 2004,
2006; Schoepfer et al., 2015). These elements generally show dis-
tinctive distribution patterns in sediments deposited in coastal upwel-
ling zones and silled anoxic marine basins (Fig. 10). In the Saergan
Formation, enrichment factors of paleo-productivity (P, Ni, Cu, Zn, Ba,
Cr) generally fall in the range of those from coastal upwelling zone
sediments (Fig. 10). More importantly, elevated P and Ba contents
(although fluctuating) in Phase 2 relative to Phase 1 and 3 (Fig. 4)
demonstrate an increase in primary productivity, suggesting deposition
in an upwelling zone where bio-limiting nutrients been pumped upward
from deep cold waters (Mullins et al., 1985). In addition, climatic
cooling starting in Phase 1, as evidenced by the CIA data (Fig. 4), could
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have also improved the ocean circulation to some extent, thereby en-
hancing the oceanic upwelling.

5.5. Environment implications during the major pulse of GOBE

The GOBE is a sum of diversification of multiple individual groups
that show rapid increases during different intervals (Webby et al., 2004;
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Servais and Harper, 2018). In the short time interval spanning from late
Middle Ordovician to early Late Ordovician, level-bottom benthic and
reef communities demonstrate a sharp increase of biodiversity at the
global scale (Fig. 8; Harper, 2006). It is commonly suggested that such a
large increase in biodiversity involved complex of geologic, geographic,
climatic, and oceanographic factors (Webby et al., 2004; Servais et al.,
2009, 2010; Zhang et al., 2010; Thompson et al., 2012; Edwards, 2018).

During the late Darriwilian age when the lower part of the Saergan
Formation was deposited (Phase 1), intense volcanism evidenced by
increasing Hg/TOC ratios (Fig. 4), and decreasing 8'3C (Albanesi et al.,
2013; Sial et al., 2013b; Edwards et al., 2015) and 8”Sr/%6Sr ratios (Qing
et al., 1998; Shields et al., 2003; Kah et al., 2016; Fig. 8), may have
released significant greenhouse gases into the atmosphere and bio-
limiting elements to the oceans and subsequently led to climate
warming. In turn, this would have enhanced chemical weathering and
riverine fluxes as evidenced by the high CIA values (Fig. 4). Subsequent
decrease of volcanogenic greenhouse gases in response to waning vol-
canism and resultant CO, drawdown by silicate weathering could have
collectively caused climate cooling, as shown by the episodic decreases
in CIA values through late Phase 1 to Phase 3 (Fig. 4). Climatic cooling
would have enhanced oceanic circulation, facilitating upwelling of
nutrient-rich deepwaters to surface waters along the shelf margin
(Fig. 11). In this scenario, the transition into a cooler climate and en-
hanced circulation of watermasses in the context of marine transgres-
sion (or highstand) may have increased habitable niche space in
shallow water regime for benthic dwellers, accelerating their coloni-
zation and expansion of living space in the shallow marine regime,
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thereby stimulating the great diversification of marine benthic fauna as
that has been extensively documented as the GOBE.

6. Conclusions

The Mid-Upper Ordovician Saergan Formation from the Dawangou
Section witnessed an episode of intensified, then attenuated volcanic
activity from the late Darriwilian to the earliest Sandbian age.
Enhanced volcanic activity could have greatly increased atmospheric
greenhouse gas concentration and nutrient inputs, causing climate
warming, enhanced chemical weathering and slowed oceanic circula-
tion (or ocean stratification). Subsequent waning volcanism would re-
duce greenhouse gas venting, inducing climate cooling, thereby en-
hancing oceanic circulation and upwelling in the context of sea-level
highstand. The transition into a cooler climate and ventilated ocean
could have created a more habitable and expanded niche in the
shallow-water regime, accelerating the colonization and diversification
of the benthic dwellers. Our geochemical data from the Middle-Upper
Ordovician Saergan Formation thus offer useful evidence for under-
standing of the life-environment co-evolution of the major pulse of the
GOBE during the Middle-Late Ordovician transition.
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