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ARTICLE INFO ABSTRACT

To understand the evolution of oceanic redox conditions and organic matter (OM) accumulation in the shelf and
slope regions of the Upper Yangtze Platform during Cambrian Stage 3, high-resolution geochemical data were
obtained from two wells respectively representing shelf and slope environments. Based on redox proxies,
widespread anoxic/euxinic waters with intermittent sulfidic water columns were formed from shallow shelf to
deep water slope and basinal regions during Stage 2 and early Stage 3; then, widespread anoxic waters were
reduced and oxic waters expanded during the middle Stage 3, after which fluctuating suboxic and oxic (occa-
sionally anoxic) environments became predominant during late Stage 3. The presence of hyalophane and po-
sitive Eu anomalies suggest strong Ba-rich hydrothermal activities in the shelf and deep basin regions during
early and middle Stage 3. The Ba-rich hydrothermal fluids and upwelling events enhanced the primary pro-
ductivity in surface waters and subsequently promoted organic matter enrichment. During Stage 2 and early
Stage 3, the high primary productivity driven by coastal upwelling and hydrothermal activity were the main
factors controlling OM enrichment; during middle Stage 3, the local anoxic water condition became responsible
for OM enrichment when oxic waters began to gradually expand; during late Stage 3, both primary productivity
and redox conditions became the main control factors for OM enrichment. According to the analysis of primary
productivity, redox conditions, hydrothermal activity and upwelling events, an evolution model is proposed to
account for the paleo-environmental variation and the OM enrichment from shallow shelf to slope regions during
Cambrian Stage 3.
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1. Introduction 2007; Och et al., 2013; Pi et al., 2013; Wang et al., 2012), which ap-

parently conflicts with the theory of immediate oceanic oxygenation.

The Ediacaran-Cambrian (E-C) transition was a critical time in
Earth history and many global environmental and biological change
events occurred at the time, including the stepwise oxygenation of the
global ocean and subsequent Cambrian radiation of animals (Amthor
et al., 2003; Kimura and Watanabe, 2001; Knoll and Carroll, 1999;
Marshall, 2006). Several lines of previous geochemical studies suggest
that the evident oxygenation of global ocean basins may have taken
place in the late Ediacaran and triggered the subsequent “Cambrian
Explosion” (Canfield et al., 2007; X. Chen et al., 2015; Fike et al., 2006;
Li et al., 2017; Scott et al., 2008). However, more geochemical proxies
provide evidence for the persistence of anoxic/ferruginous deeper wa-
ters across the Ediacaran-Cambrian transition, particularly in the
Yangtze Block of South China (Canfield et al., 2008; Goldberg et al.,

The widespread black shale successions on the Yangtze Block in South
China are characterized by a set of chert, phosphorite, abundant bio-
fossils and even unusual Ni-Mo polymetallic ore layers and thus provide
a unique opportunity to study the oceanic environmental changes at
this critical period of Earth history (Chen et al., 2009; Gao et al., 2018;
G. Jiang et al., 2007; S.Y. Jiang et al., 2007b; Jin et al., 2016; Pi et al.,
2013; Y. Zhang et al., 2017).

Early Cambrian ocean on the Yangtze Platform in South China has
been well studied with respect to ocean redox (Goldberg et al., 2007;
Lehmann et al., 2007; Li et al., 2018; D. Wang et al., 2015; Wang et al.,
2012; Xu et al., 2012), hydrothermal activities and upwelling events
(Chen et al., 2009; Gao et al., 2018; S.Y. Jiang et al., 2007a; Li et al.,
2015; Liu et al., 2015; Lott et al., 1999; Yeasmin et al., 2017). Previous
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studies suggested that organic-rich black shales were deposited under
anoxic to euxinic conditions due to global transgression during the
early Cambrian (Feng et al., 2014; Guo et al., 2007; Lehmann et al.,
2007; Och et al., 2013; Pi et al., 2013; Wang et al., 2012). The en-
richment of organic matter (OM) in this succession of shales may be
ascribed to (1) high primary productivity (Yeasmin et al., 2017); (2) a
high sea level and low sedimentation rate due to a rapid transgression
at the beginning of the Cambrian Period (Wang et al., 2013); (3) an
upwelling event around the slope region (Xia et al., 2015; Yeasmin
et al., 2017); (4) hydrothermal activity in local areas (Liu et al., 2015;
K. Zhang et al., 2017; Zhang et al., 2019); as well as (5) being an anoxic
sedimentary environment (Gao et al., 2016; Han et al., 2013; S. Wang
et al., 2015; Zhang et al., 2019; Y. Zhang et al., 2017). All these results
indicate that the OM enrichment in the Lower Cambrian shales is likely
controlled by multiple geological and geochemical processes which
may vary in different sedimentary environments.

Most early studies hold a viewpoint of widespread anoxic ocean,
especially in the deep ocean, during early Cambrian (Feng et al., 2014;
Jiang et al., 2009; Pi et al., 2014; Wang et al., 2012), which apparently
conflicts with an expected increase of ocean oxygenation immediately
during the latest Cambrian Stage 2 (ca. 521 Ma) (X. Chen et al., 2015).
Therefore, more work is needed to trace the stepwise expansion of
oxygenated deep waters across the Yangtze Block during early Cam-
brian in different sedimentary environments. At the same time, most
studies are focused on the influence of hydrothermal activity on the
formation of the Ni-Mo polymetallic ore layer during Cambrian Stage 2
(Chen et al., 2006; Gao et al., 2018; Han et al., 2015; S.Y. Jiang et al.,
2007a; Lott et al., 1999; Steiner et al., 2001; Wang et al., 2012), and less
attention has been paid to the influence of hydrothermal activity on OM
enrichment in black shales during Cambrian Stage 3.

In the present study, core samples of Lower Cambrian shales were
collected from a GMD-1 well of shelf region and a TX-1 well of slope
region for geochemical analyses. The main objectives of this study are
to (1) investigate changes in the primary productivity, redox condi-
tions, and hydrothermal activity and trace the stepwise oxygenation
from shallow shelf to slope regions during Cambrian Stage 3; (2) re-
construct the paleo-environmental variations and multiple controls on
OM enrichment of black shales.

2. Geological setting

The Upper Yangtze Platform is bounded by the Qinling-Dabie oro-
genic belt to the north, the Red River Fault Zone to the southwest, the
Xianshuihe Fault Zone to the west, and the Cathaysia Platform to the
southeast (Shu, 2012). During the E-C transition, the Upper Yangtze
Platform evolved from a rift basin to a passive continental margin basin,
and carbonate platform facies prevailed in most parts of the Yangtze
Platform (Wang and Li, 2003). Following the northwestward trans-
gression during the Early Cambrian, the sedimentary facies changed
from shallow water carbonate facies in the platform interior, through
transitional facies, to the deep water slope and basin facies in the
southeast region (Chen et al., 2009; Gao et al., 2018; Steiner et al.,
2001) (Fig. 1). As a result of large-scale marine transgression, organic-
rich black shales were widely formed from shallow shelf to deep water
slope and basin regions across the whole Yangtze Platform during the
early Cambrian (Feng et al., 2014). A diagnostic polymetallic Ni—
Mo-PGE-Au sulfide ore layer developed at the bottom of the Lower
Cambrian Niutitang Formation both in the transitional and deep basin
facies (S.Y. Jiang et al., 2007a; Xu et al., 2013). In addition, barite
deposits are also identified in the Lower Cambrian Niutitang Formation
where deep faults are present (Chen et al., 2009; Han et al., 2015).

The GMD-1 well (27°44’01”N and 107°30’35”E) in the shelf region
and the TX-1 well (27°24’32”N and 108°51’40”E) in the slope region
were selected for detailed geochemical analyses (Fig. 1). The GMD-1
well is located in the northwest of Meitan County, ~165 km northeast
of Guiyang City in Guizhou Province, while the TX-1 well is located in
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southeastern Cengong County, ~230 km east of Guiyang City in
Guizhou Province (Fig. 1). The Niutitang Formation of the GMD-1 well
is approximately 140 m thick, and the thickness of the Niutitang For-
mation of the TX-1 well is approximately 70 m. The sedimentary suc-
cessions penetrated by the GMD-1 well include the dolomite-dominated
Ediacaran Dengying Formation, the Cambrian Niutitang Formation that
unconformably overlies on the Dengying Formation and is composed
mainly of cherty shale, phosphorite, the Ni-Mo polymetallic ore layer,
carbonaceous shale, and silty shale (from bottom to top) (Fig. 2). The
TX-1 well penetrated the Ediacaran-Cambrian Liuchapo Formation
consisting mostly of chert, the Cambrian Niutitang Formation that
conformably overlaid on the Liuchapo Formation and is mainly com-
posed of phosphorite, carbonaceous shales and silty shales (from
bottom to top) (Fig. 2).

The E-C boundary is defined by the existence of small shelly faunas,
and a U-Pb age of 542 =+ 0.3 Ma has been widely accepted as the start
of the Cambrian Period (Amthor et al., 2003). More recently, a new U-
Pb age of 542.6 + 3.7 Ma was measured from the Bahuang Liuchapo
chert formation in the slope region, which approximates the E-C
boundary age (D. Chen et al., 2015) (Fig. 2). Jiang et al. (2009) re-
ported a U-Pb zircon age of 532.3 = 0.7 Ma for a volcanic ash bed at
the bottom of the Niutitang Formation in the Zhongnancun section
(Fig. 2). Considering that the Ni-Mo polymetallic ore layer is present in
the lowermost part of the Niutitang Formation with a thickness mostly
of 3 to 5 cm, it can act as a marker for lithostratigraphic correlation of
the Cambrian sedimentary rocks. Samples from the Ni-Mo polymetallic
ore layer in the Zhongnan section in the shelf facies yield a Re-Os age of
521 #= 5 Ma, which is consistent with a Tommotian or late Meishu-
cunian biostratigraphic age (Xu et al., 2011); D. Chen et al. (2015) also
reported a U-Pb age of 522.3 + 3.7 Ma for the Bahuang phosphorite at
the bottom of the Niutitang Formation in the slope facies, which is
consistent with the Re-Os age of the Ni-Mo polymetallic ore layer in the
shelf region. Therefore, the Ni-Mo layer may be treated as the ap-
proximate boundary of Stage 2 and Stage 3 in the study area (Fig. 2). In
addition, the small shelly fossil assemblages 1 to 3 (SSFs1-3) were
found widely in the shallow shelf region above the Ediacaran Dengying
Formation in South China, and considered to be formed during Cam-
brian Fortunian and Stage 2 (ca. 542-521) (Steiner et al., 2007; Zhu
et al., 2003). However, SSFs-containing strata are absent in the outer
shelf and slope regions (including GMD-1 and TX-1 wells) due to stra-
tigraphic unconformity at the boundary of Ediacaran and Cambrian
(Fig. 2), and therefore the appearance of Trilobite fossils was commonly
used to define the Cambrian Stage 3 (ca. 521-514 Ma) (Babcock et al.,
2005). The Trilobite fossils were found in the silty shales of Niutitang
Formation in the shallow shelf region at Jinsha section, ~50 km
southwest from GMD-1 well and corresponding to the similar silty
shales in the upper part of Niutitang Formation (Yang et al., 2014) and
the silty shales and muddy limestone at the Songtao section, ~60 km
northeast from TX-1 well and corresponding to the upper part of Niu-
titang Formation (Zhao et al., 2001). The bio-stratigraphic records and
radiometric ages jointly suggest that the black shale sequence was likely
formed during Stages 2 and 3 (ca. 529-514 Ma) of early Cambrian
(Feng et al., 2014).

In this study, the Niutitang Formation can be subdivided into three
units, i.e., the lower, middle and the upper units (Fig. 2). The lower unit
(20-74 m) is dominated by carbonaceous shales with cherty shale and
phosphatic nodules; the middle unit is thin (ca. 3-5 m) and char-
acterized by Ni, Mo and U enrichments, and the upper unit (32-35 m) is
mainly composed of interbedded mudstones and silty mudstones. Based
on the lithostratigraphic and biostratigraphic data in the study area
(Amthor et al., 2003; D. Chen et al., 2015; Xu et al., 2011; Y. Zhang
et al., 2017), the lower unit was formed from Stage 2 to early Stage 3,
the middle unit during middle Stage 3, and the upper unit during late
Stage 3.
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Fig. 1. Simplified paleogeographic map showing the Yangtze Block during the E-C transition.

(Modified after Chen et al. (2009) and Gao et al. (2018).)

3. Samples and methods

3.1. Samples

Based on the lithology and strata thickness, 126 core samples from
the GMD-1 well and 41 samples from the TX-1 well were collected for
TOC analysis; in terms of the TOC results, 44 samples from the GMD-1
well and 17 samples from the TX-1 well were subjected to elemental
analysis.

3.2. TOC, microscopic and FE-SEM observation

Measurements of total organic carbon (TOC) content were con-
ducted on a Leco CS230 carbon/sulfur analyzer after samples were
treated with 6 mol/L diluted hydrochloric acid solution (HCI) to re-
move carbonates. Microscopic observation of polished thin sections was
performed on a Leica DM2500P microscope. Scanning electron micro-
scopy observation was completed via high-resolution field emission
scanning electron microscopy (FE-SEM, Hitachi S-8000) equipped with
an energy dispersive spectrometer (EDS) instrument. To obtain a highly
smooth surface, samples were polished with an argon ion milling
system IM4000. The working distance for FE-SEM observation was
3.8-4 mm, and the voltage was 1.5 kV. The EDS analysis of some mi-
nerals was conducted under backscatter mode with a working distance

of 15 mm and a voltage of 15 kV.

3.3. Major, trace and rare earth elements

Fragments of core samples were ground into ca. 200 mesh size with
agate mortar. About 1200 mg of powdered samples were oxidized at
900 °C for 3 h, and then mixed with Li,B40; at a 1:8 ratio. The mixture
was melted at about 1200 °C to form fusion glasses and then major
oxides of powdered samples were determined by X-ray fluorescence
spectrometry (XRF, Philips PW2404) on these fusion glasses.
Concentrations of trace and rare earth elements were measured with
inductively coupled plasma mass spectrometry (ICP-MS, Thermo
Scientific Element XR). About 40 mg of powdered samples (200 mesh)
were digested with a mixture of HNO3 + HCl + HF + HCIO, in high-
pressure Teflon cups. To completely remove organic matter before
dissolution by acids, the carbonaceous samples were combusted in a
muffle oven at 650 °C for 4 h. The analytical procedures and instrument
parameters for trace and rare earth elements have been detailed by Li
et al. (2015). The Chinese national standards GSR1 (granite) and GSR3
(basalt) plus replicate samples were used to monitor the accuracy of
analytical data. The analytical precision was generally better than 7%
for trace elements and 10% for rare earth elements, as checked by in-
ternational standards and analysis of replicate samples. All these ana-
lyses were performed at the State Key Laboratory of Isotope
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Fig. 2. Lithologic columns of the Cambrian Niutitang Formation shales from shelf to slope and basin regions, including the sampled Well GMD-1 and Well TX-1,
Zhongnancun section (Pi et al., 2013), Bahuang section (D. Chen et al., 2015), Dahebian section (Han et al., 2015). The U-Pb ages for Zhongnan and Bahuang sections
are from Jiang et al. (2009) and D. Chen et al.(2015). The Re-Os age for Ni-Mo ore of Zhongnan section is from Xu et al. (2011). Locations of these typical sections are

shown in Fig. 1.

Geochemistry of Guangzhou Institute of Geochemistry (GIG), Chinese
Academy of Sciences (CAS), Guangzhou, China.

Element enrichment factors (EFs) were calculated according to
Xgr [X / ADsample / (X / ADpaas] (Calvert and Pedersen, 1993),
where X and Al represent the weight percent values of elements X and
Al, and the subscripts of sample and PAAS respectively denote the
sample under study and the Post-Archean Australian Shale (PAAS)
standard (Taylor and McLennan, 1985). Excess Ba (Bays) is assumed to
be equivalent to biogenic Ba and calculated as total Ba (Bay,) minus
detrital Ba: i~e-; Baxs = Batotal - (Ba / ADdetr X Alsample (Schoepfer
et al., 2015), where (Ba / Al)4er. is the ratio of detrital Ba to Al for the
PAAS, and Alg,mple denotes the concentration of Al in the studied
samples. Generally, element concentrations are normalized to alu-
minum (Al) content to diminish the dilution effect (Tribovillard et al.,
2006; Van der Weijden, 2002). In this study, element concentrations of
the PAAS vs. Al contents were used as the reference for comparison.
Cerium (Ce) and europium (Eu) anomalies were calculated according to
the formula proposed by Shields and Stille (2001), i.e., Ce/
Ce* = 3Cey / (2Lay + Ndy) and Eu/Eu* = Euy / (Smy X Gdyn)°5,
where N refers to elemental concentrations normalized to PAAS (Taylor
and McLennan, 1985).

4. Results
4.1. Petrology, mineralogy and organic geochemistry

The lithology of the upper unit is dominated by interbedded black
shales and silty gray shales with parallel beddings (Figs. 2 and 3a); the
lower unit is composed of organic-rich black shales (Fig. 2). Euhedral to
sub-euhedral hyalophane along the cracks and the association of hya-
lophane, quartz and K-feldspar were identified in the lower unit of the

Niutitang Formation in the GMD-1 well (Fig. 3b-f), and the elemental
compositions of hyalophane ((K, Ba) Al,Si»Og, Frondel et al. (1966)),
quartz and K-feldspar were confirmed by EDS spectra (Fig. 4a—c). Han
et al. (2015) also reported the presence of hyalophane in the barite
deposits in the Dahebian section. Hyalophane is generally associated
with barium-rich hydrothermal fluids, and therefore, its presence
usually indicates hydrothermal activity (Han et al., 2015; Hou et al.,
2001; Kribek et al., 1996).

Pyrite is widely distributed in our samples and is particularly
abundant in the lower unit (Fig. 3g). Pyrite is present either as euhedral
to sub-euhedral crystals with diameters of 5-18 pum (Figs. 3h and 4d) or
as aggregates of framboids with diameters of 2-8 pym (Fig. 3i). The
middle unit covers a thickness of several meters (Fig. 2) with calcite
fillings (Fig. 3j, k). Ni-Mo polymetallic ore at the basal Niutitang For-
mation of the GMD-1 well was clearly observed by SEM, consisting
largely of a MoSC phase, pyrite, NiS and other metal sulfidic minerals
(Figs. 31 and 4e). Sphalerite (ZnS) and chalcopyrite (CuFeS,), indicators
of the anoxic/euxinic environment (Morse and Luther, 1999), were also
observed in middle unit (Figs. 3n, o, and 4f, g).

Chert nodules surrounded by calcite bands were also observed at the
base of the lower unit (Fig. 3m). Phosphate nodules occur locally at the
basal Niutitang Formation, and their sizes vary from several millimeters
to tens of centimeters, with the majority of them being of centimeter
size (Fig. 3p). The phosphate nodules are mainly composed of crypto-
crystalline carbonate fluorapatite with the approximate composition of
[Cas (PO4)sF] (Figs. 3q, r, and 4h).

As shown in Table 1, samples from the GMD-1 well have TOC values
varying from 0.7 to 10.7% with an average of 5.2%, and the TOC values
for samples from the TX-1 well are in the range of 1.0-6.8% with an
average of 2.8%. In general, samples of the lower and middle units have
larger TOC values than those of the upper unit (Fig. 2). Microscopic
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examination of kerogen reveals that the organic macerals are domi-
nated by amorphous organic matter (Fig. 5a and b). Strips of organic
matter were observed by SEM in whole rock samples (Fig. 5¢). Micro-
scopic examination of whole rock also revealed abundant lower aquatic
fossils, such as small shelly fossils, sponge needles, and so on (Fig. 5d, e,
and f), further indicating that the organic matter in the Cambrian shales
is mainly derived from marine algae and other lower aquatic organisms.
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Fig. 3. Photos of representative litho-
facies and minerals from the Niutitang
Formation. OM = organic matter;
Q = quartz; Kf = K-feldspar;
Py = pyrite; Hy = hyalophane;
Cn = chert nodules; Pn = phosphatic
nodules; CFA = carbonate fluorapatite.
a: Black shales interbedded with silt-
stones in the upper Niutitang
Formation (GMD-1, 1603.42 m). Note
that the horizontal laminations with
the presence of local micro-erosive
bases in the siltstone interbeds; b: K-
feldspar surrounded by Hy (GMD-1,
1659.2 m); c: association of Hy, K-f
and Q (GMD-1, 1659.2 m); d: distribu-
tion of barite (GMD-1, 1643.9 m); e:
hyalophane-containing barite (GMD-1,
1643.9 m); f: idiomorphic-subhedral
Hy along cracks (GMD-1, 1630.7 m); g:
pyrite along bedding plane in the lower
Niutitang Formation (GMD-1,
1603.42 m); h: SEM photography
showing massive pyrite and organic
matter in the wupper Niutitang
Formation (GMD-1, 1603.42 m); i: ag-
gregates of framboid pyrites with dia-
meter of 3-9 um and organic matter
bands (GMD-1, 1655.77 m); j: carbo-
naceous mudstone of the middle unit
filled with striped calcite (GMD-1,
1628.18 m); k: carbonaceous mudstone
of the middle Unit (TX-1, 1788.57 m);
I: SEM electron image of Ni-Mo poly-
metallic ore in the basal Niutitang
Formation (GMD-1, 1699.5 m), con-
sisting of MoSC phase, Py, NiS and
other metal sulfidic minerals; m: chert
nodules surrounded by calcite rim
(GMD-1, 1706.99 m); n: sphalerite
(ZnS) with a width of about 80 pm in
the middle wunit of Well TX-1
(1788.57 m); o: chalcopyrite (CuFeS,)
in the middle unit of Well GMD-1
(1630.71 m); p: black shales with
abundant phosphatic nodules in the
basal Niutitang Formation (TX-1,
1817.14 m); q: photomicrograph of
CFA in basal chert (TX-1, 1817.14 m);
r: photomicrograph of CFA in basal
chert (GMD-1, 1698.88 m). Red cross
indicates the location for energy dis-
persive spectrometer (EDS) analysis
and see details in Fig. 4. (For inter-
pretation of the references to color in
this figure legend, the reader is referred
to the web version of this article.)

4.2. Elemental geochemistry

4.2.1. Major elements

The percentages of selected major elements, expressed as their
oxides, are listed in Table 1. For samples from the GMD-1 well, over
80% of the total oxides are composed of SiO, (average 63.4%), Al,O3
(average 10.7%) and Fe,O3 (average 4.2%). The total contents of TiO,,
P,0s and MnO account for < 1% of the total oxides. Generally, the
upper unit has a lower content of SiO, and higher contents of Al,03 and
Fe,O3 than the other two units. The content of P,Os is considerably
high at the base of the lower unit due to the presence of phosphorus
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Fig. 4. Energy dispersive spectrometer (EDS) spectra of representative minerals. The numbers of EDS spectra are indicated in Fig. 3. a: K-feldspar; b: quartz; c:
hyalophane; d: pyrite; e: MoSC phase in the Ni-Mo polymetallic ore; f: sphalerite (ZnS); g: chalcopyrite (CuFeS,); h: carbonate fluorapatite.

nodules. Similarly, the major elements in the TX-1 well are also
dominated by SiO, (average 59.6%), Al,O5 (average 12.3%) and Fe,03
(average 5.6%), but the P,Os content in the basal shales is as high as
3.7%, far higher than the value of 0.3% observed for the GMD-1 well
samples.

4.2.2. Trace elements

The concentrations of selected trace elements are listed in Table 2.
As illustrated in Figs. 6 and 7, a close correlation was observed between
trace elements and TOC. The upper unit of the GMD-1 well has sig-
nificantly lower concentrations of Baxs (avg. 8042 ppm), V (avg.
363 ppm), Ni (avg. 79 ppm) and the enrichment factors of Mo (avg. 27)
and U (avg. 8) than the lower unit whose respective average con-
centrations of Bays, V, and Ni are 20,480 ppm, 1734 ppm and 181 ppm
with average Mo and U enrichment factors of 130 and 38, respectively
(Figs. 6 and 7). It is worth noting that the lower and middle units are
characterized by abnormally high concentrations of Bays, ranging from
4266 to 76,679 ppm. The concentration of Ni and the Mo enrichment

factors of the middle unit have maximum values of 387 ppm and 418,
respectively, which are 3-6 times higher than those of the upper unit.

For the TX-1 well, the variation trend of trace element content is
similar to that for the GMD-1 well, and the upper unit displays notably
lower concentrations of Bayg (avg. 1590 ppm), V (avg. 323 ppm), Ni
(avg. 86 ppm) than those of the lower unit. Two samples from the
middle unit display extremely high enrichment factors of Mo (avg. 702)
and U (avg. 105). Compared to the GMD-1 well, the TX-1 well has
obviously low Bays concentrations (Figs. 6 and 7).

4.2.3. Rare earth elements

Concentrations of rare earth elements (REEs) and selected ratios are
listed in Table 3. The total concentrations of rare earth elements
(XREEs) of samples from the GMD-1 well range from 139 to 343 ppm
with a median value of 203 ppm, greater than the 185 ppm of the PAAS
standard; samples from the TX-1 well have ZREE values in the range of
154-686 ppm with an average of 254 ppm.

PAAS-normalized REEs reveals different distribution patterns
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Table 1
Concentrations of major oxides for studied samples.

Sample Depth Lithology Si0; (%) Al,03 (%) TFe;03 (%) CaO (%) MgO (%) K>0 (%) Nay0 (%) TiO, (%) P,0s5 (%) MnO (%)
GMD-1 1587.0 Gray silty shale 59.57 16.50 5.95 0.98 2.66 2.95 1.88 0.66 0.16 0.05
GMD-2 1590.0 Gray silty shale 61.93 16.23 5.86 0.95 2.69 2.98 2.05 0.71 0.16 0.05
GMD-3 1592.8 Gray silty shale 63.76 13.74 6.22 1.95 2.71 2.01 2.20 0.65 0.19 0.09
GMD-4 1599.3 Gray silty shale 60.18 15.80 5.52 1.73 2.74 2.58 2.53 0.69 0.16 0.07
GMD-5 1603.4 Gray silty shale 59.81 14.29 5.79 212 1.86 2.54 2.46 0.66 0.20 0.06
GMD-6 1607.2 Gray silty shale 60.63 15.61 3.23 2.04 2.16 2.76 2.75 0.58 0.12 0.06
GMD-7 1611.3 Gray silty shale 59.75 12.94 4.55 2.34 2.10 1.99 3.31 0.52 0.17 0.04
GMD-8 1614.2 Carbonaceous shale 55.80 13.47 4.47 3.86 2.78 2.04 3.36 0.50 0.13 0.06
GMD-9 1616.1 Carbonaceous shale 53.60 14.38 6.83 2.70 2.30 2.21 3.10 0.50 0.13 0.05
GMD-10 1618.1 Carbonaceous shale 53.38 12.89 4.25 5.02 3.21 2.07 2.84 0.49 0.16 0.07
GMD-11 1622.4 Carbonaceous shale 53.78 13.08 4.69 3.06 1.94 1.92 2.16 0.47 0.12 0.01
GMD-12 1625.0 Carbonaceous shale 55.15 10.87 4.13 4.77 1.28 1.78 1.58 0.41 0.18 0.01
GMD-13 1628.2 Carbonaceous shale 59.85 9.29 2.96 2.21 1.52 1.64 0.52 0.37 0.15 -
GMD-14 1630.7 Carbonaceous shale 62.44 6.92 3.40 3.46 0.71 1.34 0.04 0.30 0.19 -
GMD-15 1632.9 Carbonaceous shale 64.89 10.30 3.90 0.56 0.42 2.10 1.24 0.51 0.17 -
GMD-16 1635.1 Carbonaceous shale 58.80 10.24 4.13 0.34 0.71 2.34 0.59 0.51 0.17 -
GMD-17 1638.3 Carbonaceous shale 65.59 9.22 3.81 0.53 0.48 2.00 0.86 0.46 0.15 -
GMD-18 1641.6 Carbonaceous shale 65.15 10.14 4.02 0.60 0.45 2.02 1.23 0.48 0.17 -
GMD-19 1643.9 Carbonaceous shale 64.30 10.26 4.11 0.69 0.33 2.14 1.62 0.52 0.16 -
GMD-20 1647.9 Carbonaceous shale 63.59 11.33 3.93 0.95 0.58 2.55 1.90 0.60 0.17 -
GMD-21 1653.1 Carbonaceous shale 62.56 11.14 4.69 0.95 0.60 2.45 1.74 0.58 0.16 -
GMD-22 1655.8 Carbonaceous shale 65.72 9.53 3.45 0.79 0.88 2.03 1.31 0.52 0.16 -
GMD-23 1659.2 Carbonaceous shale 56.68 12.21 3.89 0.51 1.45 2.18 1.50 0.67 0.22 -
GMD-24 1663.1 Carbonaceous shale 62.60 11.60 4.19 0.53 0.35 2.06 2.42 0.60 0.17 -
GMD-25 1665.1 Carbonaceous shale 62.34 11.32 5.16 0.72 0.58 2.17 2.51 0.58 0.16 -
GMD-26 1668.1 Carbonaceous shale 63.32 10.94 5.46 1.36 1.64 2.10 2.37 0.54 0.14 0.02
GMD-27 1670.8 Carbonaceous shale 66.36 11.62 3.59 1.02 0.83 2.46 2.45 0.61 0.22 0.01
GMD-28 1673.1 Carbonaceous shale 66.29 10.84 2.92 0.68 0.65 2.28 2.51 0.57 0.16 0.00
GMD-29 1676.8 Carbonaceous shale 62.04 5.82 2.26 8.88 1.35 1.01 1.07 0.29 0.11 0.06
GMD-30 1677.9 Carbonaceous shale 68.91 9.43 2.83 1.95 0.70 1.90 1.92 0.50 0.18 0.02
GMD-31 1680.7 Carbonaceous shale 67.45 9.82 3.19 2.43 0.90 1.85 2.03 0.50 0.22 0.02
GMD-32 1683.0 Carbonaceous shale 60.97 7.11 3.82 6.06 2.35 1.07 1.59 0.35 0.16 0.05
GMD-33 1685.4 Carbonaceous shale 66.08 9.01 4.43 1.81 0.53 1.94 2.00 0.46 0.14 0.02
GMD-34 1689.7 Carbonaceous shale 63.70 8.98 6.33 2.29 0.59 2.04 2.10 0.46 0.17 0.03
GMD-35 1690.5 Carbonaceous shale 68.82 10.00 3.11 1.00 1.05 2.20 2.02 0.50 0.19 0.02
GMD-36 1692.9 Carbonaceous shale 67.94 9.24 3.92 1.91 0.66 2.06 2.14 0.48 0.21 0.02
GMD-37 1693.5 Carbonaceous shale 68.30 9.80 3.60 1.54 0.98 2.14 1.82 0.51 0.20 0.02
GMD-38 1695.0 Carbonaceous shale 68.19 9.67 4.36 1.64 0.64 2.13 2.12 0.50 0.19 0.02
GMD-39 1696.4 Carbonaceous shale 71.49 7.94 3.15 1.91 0.83 1.62 1.38 0.40 0.16 0.03
GMD-40 1698.9 Carbonaceous shale 65.98 6.10 2.77 4.43 5.59 0.85 0.81 0.28 0.30 0.06
GMD-41 1701.9 Cherty shale 67.44 8.32 3.96 2.22 217 1.64 1.57 0.40 0.17 0.03
GMD-42 1702.1 Cherty shale 67.64 8.67 3.71 1.77 1.00 1.94 1.65 0.45 0.15 0.02
GMD-43 1704.1 Cherty shale 69.49 8.16 3.25 1.88 0.74 1.63 1.54 0.39 0.15 0.02
GMD-44 1707.0 Phosphorous shale 75.22 5.19 2.90 1.80 0.68 1.09 0.48 0.22 0.29 0.01
TX-1 1751.1 Gray silty shale 56.70 20.08 6.73 0.22 2.43 4.58 1.04 0.83 0.09 0.05
TX-2 1754.2 Gray silty shale 60.02 14.83 5.63 1.05 2.27 3.40 1.21 0.60 0.09 0.05
TX-3 1758.6 Gray silty shale 59.21 17.13 7.29 0.35 2.87 4.01 1.54 0.63 0.05 0.04
TX-4 1762.1 Gray silty shale 59.55 18.00 6.86 0.29 2.22 3.89 1.08 0.83 0.07 0.05
TX-5 1766.2 Gray silty shale 65.66 13.79 5.29 1.01 2.15 3.15 1.27 0.58 0.07 0.05
TX-6 1769.1 Gray silty shale 49.93 22.80 7.47 0.25 2.88 5.87 0.94 1.00 0.11 0.04
TX-7 1772.2 Gray silty shale 57.39 18.55 6.33 0.43 2.65 4.45 1.32 0.78 0.11 0.04
TX-8 1775.6 Carbonaceous shale 62.94 11.33 3.96 1.58 1.58 2.51 1.01 0.45 0.14 0.04
TX-9 1779.1 Carbonaceous shale 57.77 11.11 6.14 1.99 1.58 2.51 1.43 0.47 0.21 0.05
TX-10 1783.2 Carbonaceous shale 60.60 8.93 5.54 2.04 1.20 1.95 1.46 0.38 0.14 0.05
TX-11 1788.6 Carbonaceous shale 69.66 6.27 3.17 2.37 0.83 1.41 0.89 0.27 0.27 0.05
TX-12 1791.1 Carbonaceous shale 63.99 6.50 4.27 3.60 0.95 1.45 1.04 0.30 0.32 0.05
TX-13 1797.3 Carbonaceous shale 72.02 5.35 3.16 2.14 0.57 1.19 0.89 0.27 0.18 0.05
TX-14 1800.1 Carbonaceous shale 58.99 11.13 5.80 1.19 0.88 2.41 1.99 0.65 0.32 0.04
TX-15 1804.8 Carbonaceous shale 56.91 10.39 4.00 4.06 1.40 2.41 1.55 0.55 1.72 0.04
TX-16 1813.7 Carbonaceous shale 50.64 6.18 5.66 5.28 0.92 1.43 0.89 0.38 0.11 0.04
TX-17 1817.1 Phosphatic shale 51.71 6.20 7.13 6.44 1.70 1.45 0.62 0.27 3.71 0.06

-, the concentration of major element oxides is < 0.0015%.

between samples of the two wells. Samples of the GMD-1 well display a 5. Discussion

convex pattern with strongly positive Eu anomalies (1.7-15.9) and

slightly negative Ce anomalies (0.3-0.8) (Fig. 8a, ¢, and e), which is 5.1. Primary productivity
similar to the Dahebian section, where positive Eu anomalies (3.2-8.4)

(Fig. 8g and h) are also present; however, samples of the TX-1 well A variety of geochemical proxies have been used to investigate the
exhibit a relatively flat pattern with slightly negative Ce anomalies changes in primary productivity, including carbon and nitrogen stable
(0.4-1.0) and slightly positive Eu anomalies (0.9-1.5) (Fig. 8b, d, and isotopes, molecular biomarkers, total organic carbon content and the
f). abundances of selected trace metals (Ba, P, Cu, Ni, and Zn) (Algeo et al.,

2011; Schenau et al., 2005; Schoepfer et al., 2015; Tribovillard et al.,
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Fig. 5. Photomicrographs showing OM and bio-fossils in the Niutitang Formation shales. SSF = small shelly fossils. a: Kerogen macerals of GMD-1 well (1655.77 m);
b: kerogen macerals of TX-1well (1800.12 m); c: SEM image showing stripped organic matter (GMD-1, 1690.53 m); d: SSF filled with silica in the lower unit of GMD-1
well (1632.87 m); e: SSF in the lower unit of GMD-1 well (1648.18 m); f: SSF in the lower unit of TX-1 well (1788.57 m).

2006; Tyrrell, 1999; Wei et al., 2012). In this study, the primary pro-
ductivity will be estimated according to the TOC and Baxs as well as the
contents of nutrient elements such as P, Cu and Ni.

Excess Ba concentrations are commonly elevated
(~1000-5000 ppm) in high productivity regions of the modern equa-
torial Pacific (Murray and Leinen, 1993). For the GMD-1 well in the
shelf region, most samples of the upper unit exhibit moderate values of
Ba,; (avg. 8042 ppm), whereas samples from the lower and middle units
have much higher Ba,s concentrations ranging from 4267 to
76,679 ppm with an average of 21,984 ppm (Fig. 6). For the TX-1 well
in the slope region, Bays concentrations in the upper unit range from
109 to 5301 ppm with an average of 1590 ppm, whereas their average
value is as high as 6663 ppm in the lower unit (Fig. 7). Based on Ba,g
concentrations, the lower unit has a higher marine productivity than
the upper unit.

Some authors argued that some Bays may originate from hydro-
thermal sources (Han et al., 2015; Liu et al., 2007; Xia et al., 2005; Yang
et al., 2008), therefore, the Ba, alone cannot reflect the true primary
marine productivity and the relationship between TOC and Bays has to
be examined for the validity of Ba,s as indicator of marine productivity
(McManus et al., 1999; Schoepfer et al., 2015; Gao et al., 2016; Zhang
et al., 2016). In this study, there is a good positive correlation between
TOC and Ba,s concentrations (r = 0.8, P () < 0.01, n = 17) for
samples from the TX-1 well, indicating that both proxies can be used to
estimate marine productivity (Fig. 9). For samples from the GMD-1
well, a moderate correlation between TOC and Bays was observed with
a correlation coefficient of r = 0.47,P (o) < 0.01,n = 44 (Fig. 9), and
such a low correlation is probably influenced by the Ba-rich hydro-
thermal inputs. Although more studies are needed to identify the sharp
increase in Ba,s concentration, the high Ba,s concentration can still be
used to indicate elevated productivity in surface waters during the early
Cambrian (Li et al., 2018; Zhang et al., 2016).

Some nutrient elements, including P, Cu and Ni, are also considered
productivity proxies (Schenau et al., 2005; Schoepfer et al., 2015;
Tribovillard et al., 2006; Tyrrell, 1999; Wei et al., 2012). As illustrated
in Fig. 6, samples of the GMD-1 well have greater P/Al and Ni/Al ratios
than the PAAS/Al baselines, indicating high primary productivity; in
particular, these ratios in the upper unit are lower than those in the
lower and middle units (Fig. 6), reflecting a decreasing primary pro-
ductivity with time. A similar trend of the P/Al and Ni/Al ratios is also
observed in the TX-1 well in the slope region (Fig. 7). In summary, the

marine productivity was higher during the deposition of the lower and
middle units than that during the deposition of the upper unit.

5.2. Evolution of redox conditions

Many redox geochemical proxies, including sensitive trace element
concentrations and their ratios, the Mo-U relationship, and Fe specia-
tion, have been widely used as indicators of redox conditions (Algeo
and Maynard, 2004; Algeo and Tribovillard, 2009; Canfield et al., 2008;
Hatch and Leventhal, 1992; Rimmer, 2004; Tribovillard et al., 2012). It
is also necessary to study the hydrographic conditions to determine
whether the early Cambrian ocean in South China is well connected
with the open ocean before discussing local redox conditions. The
crossplot of Mo-TOC has been proposed as an indicator of water re-
striction, and it primarily depends on the fact that the Mo concentration
in sediments is related to the aqueous concentration of Mo and OM
abundance (Algeo and Lyons, 2006; Algeo and Rowe, 2012). As illu-
strated in Fig. 10, the Mo/TOC ratios of the TX-1 well and Dahebian
section in the slope to basinal regions fall between those of modern
Cariaco and Framvaren basins, indicating weakly to moderately re-
stricted water conditions; however, samples from the GMD-1 well in the
shelf exhibit lower Mo/TOC ratios that are close to those of modern
Framvaren basins (Fig. 10), indicating moderately restricted water
conditions. Based on the stratigraphic correlations, redox conditions for
the different units from the shallow shelf to the deep water slope during
the early Cambrian on the Yangtze carbonate platform are discussed
and explored below with redox geochemical proxies.

5.2.1. Deposition of the lower unit: widespread anoxic/euxinic conditions

Some trace elements (Mo, U, V) are redox sensitive and become
moderately to highly enriched under anoxic bottom water conditions
(Algeo and Maynard, 2004; Algeo and Rowe, 2012; Tribovillard et al.,
2006). U/Th ratios of > 1.25, 0.75-1.25 and < 0.75 indicate suboxic-
anoxic, dysoxic and oxic waters, respectively (Jones and Manning,
1994). Patterns of Mogp-Ugr covariations are also used to identify var-
ious redox conditions and particulate shuttles of marine systems based
on the study of three different modern marine environments (Algeo and
Tribovillard, 2009; Tribovillard et al., 2012). In this study, samples
from the lower unit of the GMD-1 well in the shallow shelf show high
concentrations of V (avg. 1734 ppm), Mo (avg. 62 ppm), and U (avg.
55 ppm), indicating possible anoxic bottom waters. The trace element
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Table 2 (continued)

Zn/Al Cu/Al Ni/Al P/Al U/Th Mo Usr

Mo Ni Cr/Al

Bays

TOC (wt%)

Depth (m) Lithology

Sample

x1074 x1074 x1074 x107*4

x107*

ppm

18.10
32.86

140.82

3.00
4.77
6.09

153.06

24.49

24.42

26.02
27.70
130.42

45.41

19.40
17.90
13.10

599.00 144.00

82.80
89.40

33.00
147.50

4843.80

5.11

e
e
e
e
e
e
e
e

189.01

126.85

19.03
65.06

28.20
106.69

71.25
168.07

90.00
216.00

48.18 184.00
1547.00

5300.65

5.80
5.10

47.35

444.28

361.45

50.69

48.73
173.80

4856.60
7768.30

18.10 959.59 162.98

406.98

28.90

82.27
40.64
36.50
685.09

51.74

150.18

367.00 13.20
11.00
13.90
18.30
21.30

662.00

330.10

6.77

95.17

30.04 282.69 12.10 397.88
5.51
2.24
4.38
10.01

40.41

30.28

83.49 112.60 108.00 85.00
238.00

6133.85
5091.15

6.02

31.69

135.14

237.69
1363.64

14.45
89.95

67.23
148.36

622.00
3321.00

79.60
67.50
73.00
93.50

57.86

6.04
5.49
5.51
5.05

15.74
26.37

122.73

35.64
39.14

196.00

26.84

4235.70
14,318.45

223.24

152.91
4939.02

58.72 19.30
150.30

1964.02

113.76

128.00

1410.00
7496.00

26.73

Carbonaceous shal

1779.1

TX-9
TX-10

Carbonaceous sha

1783.2

Carbonaceous sha

1788.6

TX-11

Carbonaceous shal

1791.1

TX-12

Carbonaceous shal

1797.3

TX-13

Carbonaceous sha

1800.1

TX-14

Carbonaceous sha

1804.8

TX-15

Carbonaceous shal

1813.7

TX-16

69.89

285.06

66.46

896.34

13.00

218.00

71.06

4238.40

Phosphatic shale

1817.1

TX-17
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ratios of U/Th (avg. 6.5) also indicate anoxic water conditions (Fig. 6).
This inference is consistent with the high and variable enrichment
factors of Mo and U, and the Mogg/Ugr ratios are 1-3 times that of
seawater, indicating predominant anoxic conditions with intermittent
redox changes from anoxic to euxinic (Fig. 11). Similar high con-
centrations of sensitive trace elements and U/Th ratios are also ob-
served in samples from the lower unit of the TX-1 well in the deep water
slope region (Fig. 7) and the contemporaneous black shales of the Da-
hebian section in the basinal region (Han et al., 2015), suggesting the
extensive presence of anoxic water from the shallow shelf to the deep
water slope and basinal regions. Early studies also argued for the
widespread anoxic and ferruginous water conditions from the shallow
shelf to slope regions on the Yangtze Platform based on Fe speciation
data during Cambrian Stage 2 and 3 (Jin et al., 2016; Wang et al., 2012;
Y. Zhang et al., 2017). It is worth noting that temporarily sulfidic water
conditions may exist during the deposition of the widespread poly-
metallic Ni-Mo sulfidic layer at the base of the lower unit (S.Y. Jiang
et al., 2007a; Lehmann et al., 2007; Wille et al., 2008; Xu et al., 2013).
All these facts indicate that dominant anoxic/euxinic with intermittent
sulfide water conditions prevailed from the shallow shelf to deep water
slope and basinal regions during Stage 2 and early Stage 3.

5.2.2. Deposition of the middle unit: diminishing anoxic water conditions

Compared with the lower unit, the middle units of both the GMD-1
well and TX-1 well show obviously high concentrations of Mo (avg.
125 ppm and 239 ppm, respectively) and U (avg. 83 ppm and 111 ppm,
respectively), indicating more reducing water conditions. For the GMD-
1 well in the shallow shelf, the relatively high trace element ratios of U/
Th (avg. 10) suggest anoxic water conditions (Fig. 6). These parameters
from the middle unit of TX-1 in the slope setting also reflect similar
anoxic water conditions. These results are also supported by the dia-
gram of Ugg-Mogr (Fig. 11) and most samples from the middle units of
the GMD-1 well and the TX-1 well are plotted in the region of anoxic to
euxinic conditions. It is worthy to note that the middle unit samples of
the GMD-1 and TX-1 wells show higher enrichment factors of Mo (avg.
151 and 702, respectively) and U (avg. 56 and 105, respectively)
(Figs. 6 and 7) than the samples of the lower units. Algeo and Maynard
(2004) investigated the contrasting behavior of trace elements under
different sedimentary environments and proposed that relatively high
concurrent enrichments of U, V and Mo could reflect euxinic water
conditions. The evident increase of Mo and U concentrations in the
middle units of the two wells may indicate the transition from persis-
tent anoxic to euxinic water conditions during their deposition. How-
ever, early studies suggested a stepwise oxygenation of the ocean
during Stage 3 based on the iron speciation data (Wang et al., 2012; Li
et al., 2017), and therefore higher enrichment factors of Mo and U in
the middle units may be related to the relative enrichment of Mo and U
in local diminishing anoxic waters while there was an expansion of oxic
waters in the shelf and slope regions.

5.2.3. Deposition of the upper unit: widespread oxic water conditions
Along with expanding oxic water of the early Cambrian ocean, the
low concentrations of V (avg. 363 ppm), Mo (avg. 20 ppm) and U (avg.
18 ppm) from the upper unit of the GMD-1 well in the shallow shelf
suggest oxic/suboxic water conditions. Low concentrations of these
redox-sensitive elements are also observed in the upper unit of the TX-1
well in the deep water slope region, reflecting possible large-scale oxic
water conditions during late Stage 3. This inference is also supported by
the low ratios of U/Th from the middle units of two wells (Figs. 6 and
7). In the diagram of Ugg-Mogg (Fig. 11), most of the upper unit samples
of the GMD-1 well are plotted in the region of suboxic, whereas the
upper unit samples of the TX-1 well shows low EFs of U (0.9-10.5, 2.9
on average) and moderate EFs of Mo (9.2-140.7, 34.6 on average),
most of which fall into particulate shuttling region. This particulate
shuttling may occur in oxic water with short-term anoxic episodes. This
inference is also consistent with the results from age-equivalent gray
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Fig. 6. Vertical variations of multiple geochemical proxies from the Niutitang Formation of GMD-1 well. Representative concentrations of P and Ni from PAAS
(Taylor and McLennan, 1985) vs. Al (P/Al = 70 x 10~ % Ni/Al = 5.5 x 10~ *) and the U/Th ratio of 1.25 tentatively used to distinguish anoxic/suboxic from
dysoxic conditions (Jones and Manning, 1994) are indicated by the red vertical dashed lines. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

black shales of Shatan/Jinsha/Longbizui sections from shallow shelf to
slope facies (Jin et al., 2016; K. Zhang et al., 2017; Y. Zhang et al.,
2017). All these results suggest a wide expansion of oxic waters from
the shallow shelf to deep water slope settings during late Stage 3.

5.3. Hydrothermal activity

Early studies proposed that the origin of the Ni-Mo polymetallic ore
layer in the basal Niutitang Formation was mainly due to seafloor hy-
drothermal venting during Cambrian Stage 2 (Chen et al., 2006; Gao
et al., 2018; Han et al., 2015; Jiang et al., 2007a; Lott et al., 1999;

Steiner et al., 2001; Wang et al., 2012). In the present study area,
several lines of evidence indicate that active hydrothermal activity may
also occur in the shelf region during the deposition of OM-rich black
shales of Cambrian Stage 3.

5.3.1. Insights from mineralogy

Previous studies have identified several minerals indicative of hy-
drothermal activity within Dahebian barite deposits in South China,
including galena, chalcopyrite, siderite and hyalophane (Han et al.,
2015; Xia et al., 2005; Yang et al., 2008). Hyalophane is a member of
the feldspar group of tectosilicates and is considered to be a barium

)
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Fig. 7. Vertical variations of multiple geochemical proxies from the Niutitang Formation of TX-1 well. Representative concentrations of P and Ni from PAAS (Taylor
and McLennan, 1985) vs. Al (P/Al = 70 x 10~ % Ni/Al = 5.5 x 10~ *) and the U/Th ratio of 1.25 tentatively used to distinguish anoxic/suboxic from dysoxic
conditions (Jones and Manning, 1994) are indicated by the red vertical dashed lines. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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% feldspar commonly described from low- to medium-grade metamorphic
Q W N NOWOYT N . . P .
3 29222222 % and volcanic or magmatic systems as a substitution for feldspar mi-
nerals (Essene et al., 2005; Gao et al., 2018; Zhang et al., 1993). Hya-
;3 DOIeRATIS lophane is frequently associated with Ba-rich hydrothermal fluids and
2 ~ -3 33333 thus generally regarded as evidence of hydrothermal activity (Gao
et al., 2018; Han et al., 2015; Hou et al., 2001; Kribek et al., 1996). The
% § E § § § 5 § E E samples showing no hyalophane from TX-1 well yield moderate cor-
> MmO mmoaa s relation coefficients (r) between Baxs and typical elements of terrestrial
= Ioa 23ISR inputs Ti, Al, Sc (r = —0.67, —0.78, +0.38, respectively, n = 17)
E 2392 g g g § (Fig. 12), indicating the contribution of terrestrial Ba inputs; however,
the samples containing hyalophane from GMD-1 well show poor cor-
= AELHIERHS relation coefficients (r) between Bays and typical elements of terrestrial
g = E § % e § E E ?,) inputs Ti, Al, and Sc (r = +0.07, —0.07, +0.03, respectively, n = 44)
o @ o @ (Fig. 12), ruling out significant or dominant terrestrial Ba inputs.
s rengcenae In addition, some authors explored the relationship between hya-
& AIKISIRAE lophane and surrounding minerals in ore deposits and proposed that the
N O NN O OGN presence of hyalophane is related to hydrothermally induced diagenetic
3 3333333 s2 alteration of K-feldspar (Gao et al., 2018; Kribek et al., 1996; Riegler
NN oo T and McClenaghan, 2017). For example, Gao et al. (2018) investigated
e RIS S 5 the close association of hyalophane, K-feldspar, and quartz in the
phosphate nodules and black shales of Niutitang Formation at Rongxi
£ REEB8LZIRS section, and suggested that K-feldspar may have been largely replaced
= ceececse~ed by hydrothermal Ba** with the following reaction: 2KAISizOg (K-feld-
233888584 spar) + Ba®" = (K, Ba)Al,Si,Og (hyalophane) + 2 K* + 4SiO,. Such
& YOO awess an association of hyalophane, K-feldspar, and quartz were also observed
N®B ot oo in the present study and the K-feldspar is surrounded by hyalophane
2 SCoTI3ERRER (Fig. 3b and c). Besides, the barite ores at Dahebian section were gen-
© 06D oA O erally ascribed to Ba-rich hydrothermal activity and the hyalophane-
Teanegaze containing barite was widely distributed in these ore deposits (Han
> DI et al., 2015). Similarly, hyalophane-containing barite was also clearly
TEATRTRS Y identified in our samples (Fig. 3d and e), suggesting Ba-rich hydro-
& R R R thermal activity. Therefore all these observations indicate that the
origin of hyalophane is most likely related to the invasion of Ba-rich
2 § § E E E E 5 5 5 hydrothermal fluids to black shales and subsequent reactions between
Ba-rich fluids and K-feldspar.
- 5 E 5 5 § g % § 5 The concentrations of Bayg in the lower unit of the GMD-1 well
© A range from 4267 to 76,679 ppm, with an average value of 21,984 ppm,
Byooeungsg and these values are 5-100 times higher than that of PAAS (650 ppm)
3 N A e and notably exceed the average value of 4495 ppm for samples from the
NN mme o upper unit. This suggested that the hydrothermal fluids became more
g SoaegLaaa Ba-enriched over time during the deposition of the lower and middle
@ - units and then gradually weakened or disappeared during the deposi-
°oge8rg88e8rg tion of the upper unit in the shelf region. In contrast, no hyalophane
3 FEIRNFITHS § was identified in the TX-1 well, and their concentrations of Baxg
(3679 ppm on average) were also lower than those of the GMD-1 well,
% § E S N § § § E suggesting no hydrothermal fluid activity in the slope region.
=Y — — — =~ N
L BRI I 5.3.2. Insights from positive Eu anomalies
3 §8c883RE3 . Early studle':s. illustrated tha.t hydrothermal activity may a.lso be in-
dicated by positive Eu anomalies (Barrett et al., 1990; Douville et al.,
INIIReLax 1999; Graf, 1977; Steiner et al., 2001). Eu anomalies have been re-
= % FISESET 8 Y é’ ported for the Ediacaran—-Cambrian black shales in Guizhou and Hunan
provinces and invoked for evidence of hydrothermal input (Chen et al.,
SEEEEEEE o 2006; Chen et al., 2009; Gao et al., 2018; S.Y. Jiang et al., 2007a; Li
5 2 2 ; 5 2 ; 2 ;‘: et al., 2015; Steiner et al., 2001; Wang et al., 2012). At the Dahebian
o 88832883 8¢ section, stronger positive Eu anomalies are present in barite ore samples
Z g g g § g g g g —g (3.2-8.4) than in other shale samples (1.1-1.4), indicating strong hy-
£ EEESEEEES drothermal activity during the formation of barite ore (Han et al., 2015)
. A (Fig. 8g and h). For the GMD-1 well, positive Eu anomalies are present
| E in all samples and range from 2.2-15.9 in the lower unit through
3 e Teeotzagc 7.9-9.6 in the middle unit to 1.7-4.1 in the upper unit (Fig. 8a, c, and
§ g‘ E g g E g '% § & o e). These strongly positive Eu anomalies in the lower and middle units
S are comparable to those of barite ore samples at the Dahebian section,
@ = WSO N TN g indicating strong hydrothermal activities during the formation of black
= | § BB KRR KR shales in the shelf region. In addition, positive Eu anomalies of the
g7 CEmEEEEEE upper unit are obviously lower than those of the lower unit, indicating
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Fig. 8. PAAS-normalized rare earth element compositions of samples analyzed in this study. a: The upper unit of GMD-1well; b: the upper unit of TX-1 well; c: the
middle unit of GMD-1 well; d: the middle unit of TX-1 well; e: the lower unit of GMD-1 well; f: the lower unit of TX-1 well; g: barite ores of Dahebian section (Han

et al., 2015); h: black shales of Dahebian section (Han et al., 2015).

weakening hydrothermal activity during the deposition of the upper
unit. In contrast, only minor Eu anomalies of 0.9-1.5 (on average 1.1)
are present in the TX-1 well (Fig. 8b, d, and f), indicating no or minor
hydrothermal activity in the slope region.

It is worth noting that care must be taken in the interpretation of Eu
anomalies measured by ICP-MS due to interference of various Ba-con-
taining compounds (Dulski, 1994). Such an interference may be evi-
denced by the positive correlation between Eu/Eu* and Baxs
(r +0.88, P () < 0.01, n = 31) (Fig. 13). However, a close ex-
amination of the red rectangular dotted line of Fig. 13 reveals that in

the range of Bays concentrations of 4000-14,000 ppm, Eu/Eu* ratios in
the TX-1 well vary between 0.9 and 1.5 (1.0 on average), showing no
obvious anomalies; however, considerably high Eu/Eu* ratios of
1.7-4.1 (3.3 on average) are present in samples from the GMD-1 well.
This comparison illustrates that although Eu/Eu* ratios may be influ-
enced by Ba-containing compounds, the strongly positive Eu anomalies
observed for the GMD-1 well are indeed related to the hydrothermal
activities in the shelf region.

In summary, except for the slope region, there were strong Ba-en-
riched hydrothermal activities in the regions of the shelf and deep basin

14



Y. Wu, et al.

100001
-~
g

o 1000
A4
v
]
<
=]

100+ @ TX-1Niutitang Fm
A GMD-1 Niutitang Fm
10 T v r r r
0 2 4 6 8 10 12

TOC(%)

Fig. 9. Cross plot of TOC versus Bays for GMD-1 well and TX-1 well samples.

00 . 5
o TX-1 upper unit . ;?,
o TX-1 middle unit f’
350 o TX-1 lower unit %‘b',’
GMD-1 upper unit [ 4
+« GMD-1 middle unit 4
300 +« GMD-1 lower unit ,’ 0& -“)c‘ Pa
+ Dahebian Section s c‘b‘z g
—~ ’ \0 i
g 250 R e
=) 73 .
n‘ /qp, . P4
- 200 ’« R s“-‘cta
E e . ately
150 S e (L
Vs 'Se A *
’ 4 ® * rey
100 R4 PEe sy A N an—‘“—v"
’ Rl Asf. - =" A
’ - VY. S S U ck Sea)
50 ///,,/ —A“kﬂal_t_‘__——;'l'—_
Ny L, iy ricte
0 ‘_,,-‘L'_ w Strongly rest
0 2 4 6 8 10 12

TOC(%)

Fig. 10. Cross plot of Mo concentration versus TOC. Dashed lines represent the
regression trends for four modern anoxic marine systems (Saanich Inlet, Cariaco
Basin, Framvaren Fjord, and Black sea), indicating variable degrees of hydro-
graphic restriction (Algeo and Lyons, 2006).

during the deposition of the lower and middle units (Stage 2 to middle
Stage 3), and the hydrothermal activities gradually weakened or dis-
appeared during the deposition of the upper unit (late Stage 3).

5.4. Paleo-environmental model and OM enrichment

The three units of two wells reflect various oceanographic condi-
tions from shelf to slope facies during the early Cambrian, including
Stage 2 to early Stage 3, middle Stage 3, and late Stage 3. Organic
matter enrichment in these sediments, especially in the lower unit,
likely reflects the interaction of multiple factors, including redox con-
ditions, upwelling events and submarine hydrothermal activity. Based
on the results of redox conditions from earlier sections on the Yangtze
Platform during Cambrian Stage 3, including Xiaotan section in inner
shelf (Och et al., 2013), Weng'an section in outer shelf (Jin et al., 2016;
Y. Zhang et al., 2017), Songtao section in the slope region (Feng et al.,
2014), and Dahebian section in the basin (Han et al., 2015) and the
present results of productivity, redox conditions, hydrothermal activity,
an integrated environmental and organic matter enrichment model
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Fig. 11. Plot of Mogg versus Ugr for GMD-1, TX-1 wells and Dahebian section
samples. The diagonal dotted lines represent different Mo:U ratios of modern
seawater (0.3, 1, and 3). The gray field represents the “unrestricted marine”
trend from suboxic to euxinic regions, whereas the green field represents the
“particulate shuttle” trend. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
(Modified from Algeo and Tribovillard (2009).)

from shelf to slope facies during Stage 3 is established for the study area
(Fig. 14).

5.4.1. Stage 2 and early Stage 3 (deposition of the lower unit)

On the restricted carbonate platform of the Yangtze Block, Dengying
dolomites were deposited under shallow water and oxic environments
during the E-C transition. With the rapid rise of sea level during
Fortunian and Stage 2, the sedimentary environment changed from oxic
to anoxic in the study area (Jiang et al., 2009), and a sequence of black
shales with chert and phosphorus nodules was deposited. In the slope
region, the cherts in the Liuchapo Formation were deposited under
relatively deep water during the E-C transition, and the sea level rise
further deepened the water depth and strengthened the anoxia of wa-
ters in this region, finally forming a lithologic sequence of organic-rich
shales with phosphorus nodules. Modern marine phosphorites and
phosphate nodules deposits are commonly present in the continental
shelf regions and ascribed to upwelling event along the shelf transect,
such as the Gulf of California, Chile, Peru, and Namibia (Baturin, 1982;
Froelich et al., 1988; Follmi, 1996). Similarly, widespread phosphorites
and phosphate nodule deposits were also developed at the base of
Niutitang Formation in the wells GMD-1 and TX-1 (Fig. 3p-r) and at
other sections such as Zhongnanchun, Bahuang and Rongxi (D. Chen
et al., 2015; Gao et al., 2018; Jiang et al., 2009; Pi et al., 2013), in-
dicating the existence of upwelling event on the Yangtze Platform
during the early Cambrian. Yeasmin et al. (2017) also proposed that
there were upwelling events on the Yangtze Platform that were induced
by the enhanced trade winds during the early Cambrian based on paleo-
magnetic data and paleo-geographic setting (Scotese et al., 1999;
Golonka, 2007). The upwelling events, which may bring basinal nu-
trient-rich waters into shallow shelf, could have stimulated the pros-
perity of photosynthetic phytoplankton and enhanced the primary
productivity in the surface water, thus promoting organic matter en-
richment and burial in the relatively shallow marginal shelf and slope
regions (Chen et al., 2009; Coale et al., 1996; Resing et al., 2015;
Yeasmin et al., 2017). In addition, during the latest Stage 2, the wide
range of sulfur isotopes from Ni-Mo sulfide ores at the base of Niutitang
Formation can be interpreted as biologically mediated fractionation due
to bacterial sulfate reduction (BSR) in anoxic water columns, producing
a large volume of H,S and forming sulfidic waters (Feng et al., 2014;
Lott et al., 1999; Murowchick et al., 1994). At the same time, submarine
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Fig. 12. Plot of Bayg versus typical elements of terrestrial inputs (Ti, Al, and Sc) for samples from the GMD-1 and TX-1 wells.
18 . study, the Ba-rich hydrothermal fluid venting along with deep-seated
° TX-1 upper unit faults in the shelf and basinal regions might result in nutrient-rich
° TX-1 middle unit A bottom waters during early Stage 3. In addition, significant upwelling
15 * TX-1 lower unit events brought the nutrient-rich bottom waters, likely aided by the
* GMD-1 upper unit concurrent basinal submarine hydrothermal fluids containing Ba, Ni,
* 12 GMD-1 middle “fm Zn, Cu and so on, into the surface waters in the shelf and transitional
é * GMD-1 lower unit slope regions (Fig. 14a). Therefore, the productivity of surface water is
~ greatly improved in this period.
5 9 The TOC values from the lower unit of the GMD-1 well (3.9-10.7%)
and the Weng'an Section (6.1-9.8%) in the shelf region are relatively
6 higher than those from the lower unit of the TX-1 well (5.1-6.8%) in the
. A slope region (Fig. 14a). Since anoxic water conditions are widespread
A fya 2 from the shelf to slope regions, this difference in TOC contents may be
3 AL “ ascribed to higher primary productivity in the shelf region driven by
IF - 000 & ---- 2 f ;....._ U S coastal upwelling and hydrothermal activity. Therefore, it is the pri-
0100 1000 10000 100000 mary productivity instead of redox that controlled the organic enrich-

Ba,(ppm)

Fig. 13. Plot of Eu/Eu* versus Bayg for GMD-1 well and TX-1 well core samples.

hydrothermal activities might vent both metal ions such as Ba®>*, Ni**,
Fe?™ and As®™ besides H,S (Gao et al., 2016; Och et al., 2013). Sub-
sequently, the exposure of metallic ions to H,S contributes to the for-
mation of sulfidized organic compounds (MoSC phase) and metallic
sulfide minerals such as millerite, gersdorffite and sphalerite (Xu et al.,
2013). Finally, a wide distribution of the Ni-Mo-PGE-Au sulfide ore
layer formed on the Yangtze carbonate platform (Feng et al., 2014;
Lehmann et al., 2007; Lott et al., 1999; Och et al., 2013; Steiner et al.,
2001; Xu et al., 2013).

Subsequently, the sedimentary environments changed from sulfidic
to anoxic waters with occasional euxinic waters during early Stage 3,
which is evidenced by the redox indices of the lower unit of Niutitang
shales. At the same time, Ba-rich hydrothermal activities occurred in
the shelf and basin regions, as shown by the concentrations of Baxs,
hyalophane and positive Eu anomalies. Based on the investigation of
hydrothermal activity and activity intensity of organisms in modern
hydrothermal active Fiji basin, Halbach et al. (2001) proposed that the
closer to the hydrothermal active area, the higher the intensity of
biological activity, and the organism activity intensity in the surface
waters could be 1-3 orders of magnitude higher than other ordinary
modern ocean. McKibben et al. (1990) and Korzhinsky et al. (1994) also
considered that hydrothermal activity was commonly accompanied by
the release of bio-limiting nutrients, including N, P, Si, Fe, and Zn,
which can significantly enhance marine primary productivity in the
photic zone. In South China, the black chert successions and Ni-Mo
sulfidic layer on the Yangtze Platform were formed mainly due to hy-
drothermal venting of Si, Ni, Ba, Fe, and Zn during the early Cambrian,
which, at the same time, may also carry a large amount of other nu-
trients necessary for marine life (Chen et al., 2009; Gao et al., 2016;
Jiang et al., 2007a; S.Y. Jiang et al., 2007a; Liu et al., 2015). In this
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ment during this period. It is worth noting that the TOC values of
Songtao Section in the slope region (6.2-11.8%) are highest due to the
presence of sulfidic-dominated water (Feng et al., 2014), indicating that
high primary productivity and sulfidic water might jointly control the
OM enrichment in this area.

5.4.2. Middle Stage 3 (deposition of the middle unit)

During the deposition of the middle unit, the sea level remained
high but a gradual increase in oceanic oxygen levels might have ap-
peared (X. Chen et al., 2015; Cheng et al., 2017; Jin et al., 2016; Li
et al., 2017). A decrease in the area of wide anoxic waters and en-
largement of oxic waters may occur from the shallow shelf to slope
setting during this time. For the moderately restricted outer shelf where
the GMD-1 well is located, high productivity in the surface water could
have gradually led to anoxic conditions in the bottom water caused by
aerobic degradation of OM in the process of its passage to the sea floor
(Demaison and Moore, 1980). Anoxic/euxinic water conditions might
only occur in the locally restricted bottom water, while oxic water
conditions spread throughout other regions of the shallow shelf
(Fig. 14b). For the TX-1 well in the upper slope region, the area of
anoxic water was reduced and the interface of chemocline deepened,
and anoxic water might have existed where TX-1 is located as well as in
the deep water lower slope and basinal regions (Fig. 14b). The TOC
values from the middle unit of the GMD-1 well in the shelf region
(5.2-6.9%) are similar to those from the middle unit of the TX-1 well in
the slope region (5.1-6.8%) (Fig. 14b). The local anoxic water condi-
tion, which was beneficial to the preservation of organic matter, was
responsible for OM enrichment during this period.

5.4.3. Late Stage 3 (deposition of the upper unit)

The sea level began to fall slowly, and oceanic oxygen levels con-
tinued to increase during late Stage 3 (Y. Zhang et al., 2017). Wide-
spread oxic waters with occasional anoxic waters occurred from the
shallow shelf to deep water slope regions, as shown by the redox indices
from the upper units, and gave rise to a sequence of interbedded shales
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Fig. 14. A model illustrating the Early Cambrian marine redox stratification, distribution of organic-rich shale and spatial variation of TOC in the Yangtze Block
during (a) Stage 2 and early Stage 3, (b) middle Stage 3 and (c) late Stage 3. The results of redox conditions from earlier sections include Xiaotan section in inner shelf
(Och et al., 2013), Weng'an section in outer shelf (Jin et al., 2016; Y. Zhang et al., 2017), Songtao section in the slope region (Feng et al., 2014), and Dahebian section
in the basin (Han et al., 2015). The TOC values of Weng'an and Songtao sections are from Y. Zhang et al. (2017), and Dahebian section are from Han et al. (2015).

and silty shales (Fig. 14c). The Ba-enriched hydrothermal activity units, and therefore the primary productivity and redox conditions
gradually weakened or ceased, and the primary productivity also de- became equally important for OM enrichment in this period.

creased as indicated by the reduced Bays content and P/Al (x10~%)

ratios. The TOC values of the upper unit samples of both wells

(0.7-5.1%) were lower compared to those of the lower and middle
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6. Conclusions

Based on the present geochemical proxies and early studies, wide-
spread anoxic/euxinic water with intermittent sulfidic water columns
might be formed from the shallow shelf to deep water slope and basinal
regions during Stage 2 and early Stage 3. Then, a decrease in the area of
wide anoxic water and an enlargement of oxic water occurred during
middle Stage 3, after which fluctuating suboxic and oxic (even occa-
sional anoxic) water conditions predominated during late Stage 3.
Strong Ba-enriched hydrothermal activities in the shelf and basin re-
gions occurred during Stage 2 to middle Stage 3 but they gradually
weakened or disappeared during late Stage 3; by contrast, no obvious
hydrothermal activity is identified in the slope region at the time. The
Ba-rich hydrothermal activity and subsequent upwelling event en-
hanced the primary productivity in surface water and thus promoted
OM enrichment. During Stage 2 and early Stage 3, the high primary
productivity driven by coastal upwelling and hydrothermal activity
were the main factors controlling OM enrichment; during middle Stage
3, the local anoxic water condition became responsible for OM en-
richment when oxic waters began to gradually expand; during late
Stage 3, both primary productivity and redox conditions became the
main control factors for OM enrichment.
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