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Abstract

The basal unit of the Early Cambrian black shale sequence of South China hosts sulfide-rich polymetallic units, non-sulfidic
vanadium-rich black shales, sapropelic alginite (combustible shale), barite, and phosphorite. This rock spectrum occurs in a
paleoceanographic similar, and stratigraphically correlated, transgressive upwelling setting on the passive continental margin
of the Neoproterozoic Yangtze Platform. Several centimeter-thick polymetallic sulfidic units (3—13 wt% Mo+Ni, 100-600
ppm U) have relatively light Mo (6°®*Mo = 1.1 + 0.2%0) and relatively heavy U isotope composition (8**¥?%U = 0.2 +
0.1%o0). Several meter-thick V-rich shales with multiple ore-grade layers (0.1-0.8 wt% V, < 100 ppm U, Mo and Ni ~ 100
ppm) have isotopically lighter Mo (8°**Mo = 0.3 + 0.4%0) and heavier U composition (5**¥?°U = 0.4 + 0.2%¢ and up
to 0.7%o). The inverse Mo versus U isotope correlation suggests that both metals were enriched by removal from anoxic to
strongly euxinic bottom water in restricted basins along the rifted continental margin. Metal replenishment probably occurred
via the cycling of Fe—-Mn-oxyhydroxide particles across the redox boundary, with sorption/desorption of Mo (and likely
Ni) in a stratified water column. In contrast, V enrichment with much lower Mo, Ni, and U contents, but more fractionated
Mo and U isotope composition, reflects non-sulfidic anoxic depositional conditions in a partly open system with higher
bottom water renewal rates. While Mo isotope fractionation likely occurred in the water column, U isotope fractionation
may dominantly have occurred at the water-sediment interface, perhaps in a benthic organic flocculent layer. These findings
indicate that local hydrodynamic control and stratified water column redox conditions may explain the observed variation
of metal enrichment (Mo—Ni versus V) in the black shales. Furthermore, the high §°***Mo values up to 2.6%o of the black
shales studied and the correlated U and Mo isotope data suggest that Early Cambrian seawater was at least episodically
broadly similar to modern seawater.
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isotopic composition of §°¥*Mo ~ 2.3%o, due to the fact
that deep-sea Fe—-Mn sediments adsorb isotopically light Mo
(Barling and Anbar 2004). Modern euxinic sediments (e.g.,
the Black Sea sapropels) with near-quantitative Mo capture
display the open ocean Mo isotopic signal without isotope
fractionation (Kendall et al. 2017). Therefore, Mo isotope
compositions of euxinic sediments from the past may serve
as proxies of paleoceanic redox conditions. Mo isotope data
with high values of up to 2.5%¢ 8°**Mo for black shales
and organic-rich cherts point to modern-like oxygenated sea-
water in the Early Cambrian (Chen et al. 2015; Wen et al.
2015; Cheng et al. 2020) and already in the Late Ediacaran
(Kendall et al. 2015). This finding is in conflict with the
interpretation of earlier Mo isotope data which suggested an
overall much less oxygenated Early Cambrian Ocean with

about 1.1 + 0.1%0 8°%**Mo, based on Mo isotope data from
extremely sulfide- and metal-rich black shales (Lehmann
et al. 2007; Wille et al. 2008; Xu et al. 2012, 2013). How-
ever, these lower values likely are due to the redox cycling
of Mo via the “manganese and iron shuttle” (Scholz et al.
2013) which can generate Mo isotope signatures in between
riverine input and seawater (see below).

The southeastern margin of the Late Neoproterozoic
Yangtze carbonate-shale platform in South China is overlain
by a transgressive sequence of Early Cambrian black shales
(Niutitang Formation and equivalents) which in their basal
part hosts synsedimentary polymetallic nickel-molybdenum,
vanadium, phosphorite, barite, and sapropelic alginite (com-
bustible shale/“stone coal”) deposits (Fig. 1(a), Coveney Jr.
et al. 1994; Mao et al. 2002; Xu et al. 2011, 2013; Lehmann
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Fig.1 (a) Early Cambrian paleogeographic situation of South China
with black shale deposition on the margin of the rifted Yangtze Plat-
form under conditions of high biological productivity in redox-strati-
fied and sediment-starved marginal basins (modified from Lehmann
et al. 2016). The metalliferous black shales are in the sediment-
starved epicontinental ocean (light blue color), which is bordered
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by the Yangtze carbonate platform (very light blue) and the deep-
sea basin (blue). The grey shaded areas are paleoislands. (b) Metal-
logenetic zonation of the polymetallic Ni-Mo-rich and V-rich black
shales in the Zhangjiajie district. (¢) Polymetallic Ni-Mo-rich shale
in the Sancha mine. (d) Vanadium-rich shale in the Xiongjiata mine
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etal. 2016, 2022; Yin et al. 2017). Paleogeographic and geo-
chronological studies reveal that the polymetallic Ni-Mo-
rich units and the V-rich shales are stratigraphically cor-
related (Xu et al. 2011; Xu and Mao 2021; Wu et al. 2021)
but that the polymetallic Ni-Mo-rich unit dominantly occurs
near the bottom of the sequence, whereas the V-rich shale
can occur in several layers within a few tens of meters of
stratigraphic thickness. Such a metal zonation pattern pro-
vides an opportunity to better understand the depositional
heterogeneity of Early Cambrian marginal seas and, perhaps,
a perspective on Cambrian paleo-seawater composition.

Molybdenum and uranium are highly redox-sensitive
elements, and their isotopes are fractionated according to
changes in seawater redox conditions (Andersen et al. 2017,
Kendall et al. 2017). Mo is a conservative element with a
long residence time of 760 kyr, which creates a homogene-
ous distribution of Mo in the ocean (Kendall et al. 2017).
The Mo isotope composition of modern seawater is con-
trolled by the preferential adsorption of isotopically light
Mo to ferromanganese oxides and hydroxide phases in oxic
sediments, resulting in Mo isotope fractionation of up to
2.7%o in 8°¥*Mo (Barling and Anbar 2004; Wasylenki
et al. 2008; Goldberg et al. 2009). Under euxinic conditions,
where dissolved [H,S],, exceeds a “switch point™ at ~ 11
uM, dissolved molybdate (MoO,>") is near quantitatively
converted to highly particle-reactive tetra-thiomolybdate
(MoS42_), essentially without or only small isotopic frac-
tionation (Barling et al. 2001; Tossell 2005; Neubert et al.
2008). The Mo isotope composition of marine sediments
with near quantitative Mo uptake that formed under such
reducing conditions, therefore, is close to coeval open ocean
seawater (present-day seawater: 8°%**Mo = 2.3 + 0.1%o)
(Kendall et al. 2017). Under weakly euxinic or suboxic con-
ditions with [H,S],, below the switch point, only a fraction
of molybdate is removed from seawater through thiomolyb-
date intermediate complexes (MoO,S, ,*), resulting in sig-
nificantly lower and variable 8°***Mo values in sediments,
depending on the [H,S], level (Kerl et al. 2017). Alterna-
tively, authigenic Mo can also be accumulated in reducing
sediments via the Fe—Mn-oxyhydroxide particulate shuttle
process: Fe- and Mn-oxyhydroxides adsorb the molybdate
oxyanion in the oxic portion of the water column and trans-
fer it to the sediment-water interface by particle sinking.
Reductive dissolution of the particles then liberates Mo
which may react with sulfide or organic matter or diffuse
back into the water column (Algeo and Lyons 2006). Such
cycling of Fe—-Mn oxide particules in a weakly restricted
redox-stratified ocean has been shown to generate Mo iso-
tope signatures between the composition of seawater and
oxic ferromanganese sediments (Kendall et al. 2017; Scholz
et al. 2013; Noordmann et al. 2015).

Like Mo, U is also a conservative element with a resi-
dence time of ~ 400 kyr and a homogeneous distribution

in the ocean (Ku et al. 1977). In modern oxic oceans, ura-
nium occurs primarily in the highly soluble U®* oxidation
state, dominantly in the form of the uranyl carbonate com-
plex UY0,(CO;);*". Biogenic carbonates and suboxic and
anoxic sediments account for the main sinks of U in the
modern ocean (Dunk et al. 2002). Modern seawater has a
uniform 6232350 of —0.39 + 0.02%0 (Weyer et al. 2008;
Tissot and Dauphas 2015; Andersen et al. 2017). Under oxic
conditions, U can be removed from the water column by
adsorption onto Fe-Mn-oxyhydroxide particles with rela-
tively small isotopic fractionation from seawater of about
—0.2%o0 (Brennecka et al. 2011; Goto et al. 2014). In con-
trast, the reduction of U to U** generates large isotopic
fractionation of up to 1.2%o¢ (Fujii et al. 2006; Abe et al.
2008; Stylo et al. 2015; Wang et al. 2015), dominated by the
nuclear field shift process. Uranium isotope fractionation
has been traditionally suggested to mainly occur in reducing
pore waters of sediments. While U precipitated by reduc-
tion of soluble U®* to insoluble U** may result in a range of
82382351 values from —0.4 to 0.6%o, many modern organic-
rich sediments show 8**¥23°U between 0 and 0.2%o, equal
to APYEIY o water OF ~ 0.6%0 (Andersen et al. 2014,
2017). This value is lower than the expected isotope frac-
tionation induced by the nuclear field shift process and is
likely muted by reactive transport during U diffusion in pore
water in a closed system (Clark and Johnson 2008; Abe et al.
2008; Andersen et al. 2014). However, authigenic 8238235y
values higher than 0.2%o are reported in some ancient black
shales and modern analogs (e.g., Black Sea slope sediments
or Eastern Mediterranean sapropels), suggesting that ura-
nium reduction may occur both in the sediments and at the
sediment-water interface (e.g., an organic flocculent layer)
under open-system conditions. Such conditions could cre-
ate uranium isotope fractionation of about 1.2%o (Andersen
et al. 2018, 2020; Briiske et al. 2020; Cheng et al. 2020;
Kendall et al. 2020; Clarkson et al. 2023).

In this study, we analyzed Mo and U isotope composi-
tions of the Early Cambrian polymetallic Ni-Mo-rich and
V-rich black shale in South China to shed light on the Cam-
brian seawater redox conditions in marginal sea settings and
their influence on the formation of the polymetallic Ni-Mo
and V mineralization. These data are interpreted in combi-
nation with Mo and U isotope and elemental data on barren
black shale from the same stratigraphic setting (Han et al.
2018; Cheng et al. 2020).

Geological background

The Early Cambrian black shales (Niutitang Formation
and stratigraphic equivalents) in South China represent
a condensed transgressive shelf sequence that is well
exposed along the southeastern margin of the Yangtze
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Platform. The Ediacaran-Cambrian paleogeographic
reconstruction reveals shallow shelf facies of the karstic
carbonate platform in the northwest toward transitional
and deep basinal facies of black shale and chert in the
southeast (Fig. 1(a), Zhu et al. 2003). Based on a com-
prehensive comparison of sections from the carbonate
platform to the deep basin, Zhu et al. (2003) identified a
protected offshore basin situation at the transitional zone
with a peneplained hinterland that was separated to the
southeastward open ocean by carbonate seamounts. The
black shale sequence displays variable thickness from
tens of meters to hundreds of meters. The Early Cambrian
black shales of the Niutitang Formation unconformably
overlie massive dolomite of the Neoproterozoic Dengy-
ing Formation and are overlain by clastic and carbonate
sedimentary rocks. The unconformity has been taken as
the Precambrian-Cambrian boundary at 542 Ma (Li et al.
2009).

The polymetallic Ni-Mo-rich and V-rich black shales
occur along the NE-striking belt of the transitional zone.
The former has a Re—Os isochron age of 521 + 5 Ma
(Xu et al. 2011), in agreement with a zircon SHRIMP
U-Pb age of 532 + 1 Ma for a volcanic ash bed below the
Ni—Mo-rich layer (Jiang et al. 2009). A rough calcula-
tion indicates a sedimentation rate for the Ni-Mo-rich
layer several hundred times lower than in modern eux-
inic sediments, such as in the Black Sea and the Cari-
aco basin (Lehmann et al. 2007, 2016). The polymetal-
lic Ni-Mo-rich black shale occurs as a 3-20-cm-thick
layer and has exceptionally high concentrations of Ni (up
to 6.3 wt%) and Mo (up to 9.3 wt%). This layer is also
rich in vanadium, uranium, selenium, and several other
transition elements, as well as platinum group elements
(PGEs) and Au (Coveney Jr. and Chen 1991; Steiner et al.
2001; Ktibek et al. 2007; Orberger et al. 2007; Xu et al.
2012, 2013). The black shale of the Niutitang Formation
is overall vanadium enriched and locally hosts meter-
thick shale units above the cut-off grade of about 0.5% V
for economic mining in China. The ore-grade vanadium
layers are reported as stratigraphically equivalent to the
polymetallic Ni-Mo-rich layer (Xu and Mao 2021). A
recent zircon U-Pb age of 521 + 1 Ma (Wu et al. 2021)
from a tuff layer interbedded with the vanadium ore at
the Bagong mine, eastern Guizhou, is consistent with
the age of the polymetallic Ni-Mo-rich layer (Xu et al.
2011). The polymetallic Ni-Mo-rich and V-rich black
shales show a paleogeographically controlled zonation
pattern. In the Zhangjiajie district, Hunan province, the
polymetallic Ni-Mo-rich black shale (Sancha deposit) in
the northeast grades into V-rich black shale (Xiongjiata
deposit) in the southwest over a distance of about 25 km
along strike (Fig. 1(b)).

@ Springer

Sampling details

We examined three categories of samples: polymetallic
Ni—Mo-rich shale (n = 11), V-rich shale (n = 9), and their
host black shales (n = 10, including one phosphorite sam-
ple). The polymetallic Ni-Mo-rich black shales are from
the Maluhe (MLH) and Dazhuliushui (DZLS) mining dis-
tricts in Guizhou province and the Sancha (SC) mine site
in the Zhangjiajie district (Hunan province), which is ~
400 km northeast of Dazhuliushui (Fig. 1(a)). Sampling
at the Maluhe, Dazhuliushui, and Sancha mines includes
the 3—-5-cm-thick polymetallic Ni-Mo-rich black shales
and the underlying and overlying host black shales. The
V-rich samples were collected at the Xiongjiata mine
(Zhangjiajie district), comprising the drill core ZK3001
and the Xiongjiata (XJT) road-cut samples (Fig. 1(b)). The
Xiongjiata mine is ~ 20 km southwest of the Sancha poly-
metallic Ni-Mo-rich black shales. The total stratigraphic
thickness of the V-rich black shales at the Xiongjiata mine
in drill core ZK3001 and the road-cut section XJT are ~ 23
m and ~ 5 m, respectively. Samples from each section were
collected to represent the full V-rich stratigraphic interval.
All samples from Maluhe, Dazhuliushui, and Sancha were
from underground mines. We carefully removed the super-
ficial layer of samples from the Xiongjiata road-cut section
to avoid the potential effects of weathering.

Analysis
Bulk sample geochemical analysis

Bulk samples of 0.5 to 1.0 kg weight were crushed, split,
and subsequently powdered to ~ 200 mesh with an agate
shatter box, prior to chemical analysis. The powdered bulk
samples were analyzed for selected major and trace ele-
ment compositions using a Finnigan MAT ELEMENT
high-resolution ICP-MS at the Chinese National Research
Center of Geoanalysis in Beijing, following Balaram et al.
(1995) and Wu et al. (1996). Analytical reagent-grade HF
and HNO; were used and purified before use by sub-boil-
ing distillation. The PTFE pressure vessels were cleaned
for 1 h using 20 vol% HNO; heated to 100 °C. Approxi-
mately 100 mg of powdered sample was digested with
I mL HF and 0.5 mL HNOj; in screw-top, PTFE-lined
stainless pressure vessels at 190 °C for 12 h. The solution
was then drained and evaporated to dryness with 0.5 mL
HNO;. This procedure was repeated twice. The final resi-
due was re-dissolved by adding 8 mL of 40 vol% HNO;.
Subsequently, the pressure vessel was resealed and heated
in an electric oven at 110 °C for 3 h. After cooling to room
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temperature, the final solution was diluted to 100 mL by
adding distilled de-ionized water. The reagent blanks were
treated following the same procedures as the samples.
Total analytical errors for trace elements in this study are
within + 6% (1 o).

Mo isotope analysis

Molybdenum isotope measurements were done at the Insti-
tute of Geochemistry in Guiyang, China, with a Nu Plasma
MC-ICP-MS following the methods of Wen et al. (2010,
2015). Molybdenum content was determined before isotope
measurement. Powdered samples containing approximately
> 100 ng Mo were oxidized at 400 °C for 6 h in an oven
and then transferred to a Teflon beaker. The sample was
digested using a mixture of HF and HNO; (1:2) at 100 °C
for more than 16 h for complete sample dissolution. An
updated anion/cation exchange resin double-column proce-
dure designed by Zhang et al. (2009) was applied to yield
an improved Mo recovery of 97.5 £ 0.3%. Column #1 was
equipped with 5 mL 100-200 mesh Dowex AG 1-X8 resin
and cleaned using 40 mL 1 M HCI. The column was washed
with 20 mL 6 M HCI. Less than 3 mL sample solution was
uploaded and rewashed with 30 mL. 6 M HCI. Mo was finally
collected by successively adding 45 mL. 1 M HCI and 30 mL
5 M HNOj;. Column #2 was equipped with 3.5 mL 200400
mesh Dowex AG 50W-X8 resin and cleaned with 30 mL 1.4

8*%/%Mo (%0) = [(**Mo/** Moy, )/ (**Mo/**Moyysrsi34) —

M HCI. Less than 2 mL sample solution was uploaded and
collected with 11 mL 1.4 M HCI solution. This procedure
provides for a negligible level of interference elements (e.g.,
Zr, Fe, and Mn) relative to Mo and uses a low volume of
Mo elution solution. Mo isotope fractionation is negligible
during sample dissolution and Mo purification (Zhang et al.
2009; Wen et al. 2010).

For Mo isotope measurement, samples were introduced
into the MC-ICP-MS instrument in a free aspiration mode
using a cyclonic chamber system equipped with a PFA pneu-
matic nebulizer. All samples and bracketing reference solu-
tions were run in 2 blocks of 15 cycles of measurement on
each amu. After each run, the nebulizer and spray chamber
were rinsed with 0.6 M HNO; to obtain a stable signal of
%Mo to the original background level. The standard-sample
bracketing method was used to calculate delta values. A NIST
SRM 3134 Mo solution (1ot#891307) was used as an internal
reference standard. The signal of a blank solution was sub-
tracted for all measured masses, and instrumental drift was
calibrated by averaging the measured ratios of the bracketing
reference solution. A measured reference solution that pre-
sents linear or smooth drifting was considered for calculating
sample delta values. Repeated measurements of pure Mo solu-
tions yielded a reproducibility of better than + 0.08 %o, which
was used as the analytical uncertainty for the rock samples.
The §°¥°>Mo values are reported by + 0.25%o for inter-lab
comparison, as recommended by Nagler et al. (2014).

1] x 1000 + 0.25

U isotope analysis

For the chemical preparation of samples for U isotope analy-
sis, approximately 200 mg powdered bulk sample was ashed
in ceramic vessels at 550 °C overnight. The residue was
digested with a concentrated HF/HNO;/HClO,, acid mixture
(3:1:1) in Paar® high-pressure vessels at 180 °C. The sam-
ples were repeatedly treated with 6 M HNO; and 6 M HCl to
dissolve any remaining fluorides. The samples were finally
re-dissolved in 6 M HCI for U purification. The U double-
spike IRMM 3636-A (236U and 2*3U mixture of 1:1, Richter
et al. 2008) was added before separating U from the sample
matrix by anion exchange chromatography, following the
procedure described by Weyer et al. (2008).

All U isotope analyses (33U, 2PU, 20U, and 2*%U) were
conducted on a Thermo Scientific Neptune MC-ICP-MS at
the Leibniz University of Hannover, using a Cetac Aridus
system with a 50 pL. PFA nebulizer for sample introduc-
tion, following the methods of Weyer et al. (2008), Montoya-
Pino et al. (2010), and Noordmann et al. (2015). The 238U
isotope was measured on a 10'9 Q resistor, and the other

three isotopes were measured on a 10'! Q resistor due to
their lower intensities. The U double-spike IRMM 3636-A
was used to calibrate instrument mass bias during U iso-
tope analysis. The spike/sample ratios were optimized to
n(>**U/**3U) » 3, to minimize tailing effects from n(***U) on
n(**%U) and from n(***U) on n(***U), respectively. Uranium
isotope analyses were obtained by standard bracketing rela-
tive to the U standard NBL CRM 112-A with a precision
better than 0.05%o. The results of the isotope measurements
are provided in the delta notation as follows:

§38/235(%0) = [(238U/235Usample)/(238U/235U51andard) _ 1] % 1000

Results

The chemical compositions of samples analyzed for Mo and
U isotopes are listed in Table 1. The sulfidic polymetallic
Ni—Mo-rich black shales (n = 11) have 3300-92,800 ppm
Mo (mean: 57,200 ppm), 27,800-62,700 ppm Ni (mean:

@ Springer
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45,100 ppm), and 109-595 ppm U (mean: 284 ppm), much
higher than that of the V-rich black shales (n = 9), which
have 18.0-370 ppm Mo (mean: 141 ppm), 84.5-442 ppm Ni
(mean: 284 ppm), and 42.6—177 ppm U (mean: 67.3 ppm).
In contrast, the V-rich black shales have higher V concen-
trations of 1190-7860 ppm (mean: 4350 ppm) than that of
the Ni-Mo-rich samples of 329-3780 (mean: 1030 ppm).
Compared to the Ni-Mo-rich and V-rich black shales, the
barren black shales have relatively lower Mo, Ni, U, and V,
with 2.70-180 ppm Mo (mean: 67.7 ppm), 36.2-359 ppm
Ni (mean: 189 ppm), 8.30-517 ppm U (mean: 80.5 ppm),
and 121-847 ppm V (mean: 436 ppm).

The Mo and U isotope data are presented in Table 1. The
isotope data are plotted in Fig. 2 together with the dataset
from Xu et al. (2012) and Cheng et al. (2020). The sam-
ple set shows an overall inverse covariation pattern of Mo
versus U isotope data (R?> = 0.55). The sulfidic polymetal-
lic Ni-Mo-rich samples have authigenic §°**Mo values
ranging from 0.50 to 1.38%o (mean: 1.1 £ 0.2%o, 1 6) and
authigenic 82*¥23U values from 0 to 0.43%o (mean: 0.2 +
0.1%o, 1 ©). The V-rich shale samples have variable but low
8°%% Mo values from —0.27 to 0.76%o (mean: 0.3 + 0.4%o,
1 6) and elevated authigenic *****°U values from —0.10
t0 0.70%0 (mean: 0.4 + 0.2%o, 1 ). The barren black shale
samples display a large spread of Mo and U isotope data
with 8°¥%Mo ranging from 0.67 to 2.61%o (mean: 1.5 +
0.6%o, 1 6) and 8***?*U ranging from —0.51 to 0.65%o
(mean: 0 + 0.3%o, 1 o).

The inverse correlation of Mo and U isotope composi-
tions (Fig. 2) is more significant (R* = 0.68), if excluding
three samples with elevated P content from 9-30 wt% P,O;
(corresponding to 23-75 wt% apatite, Fig. 2). These sam-
ples reflect an external bioclastic component from a suboxic
distal slope environment (Kiibek et al. 2007). The sample
with the lowest §**%23U value of —0.51%o is phosphorite.

598/95M0,

authigenic

— (698/95M0

measure

§238/23815

authigenic

In the above equations, Moy, ia1 = MOy /Al X
Almeasured and Udetrita] = chc/ Alucc X Almeasured’ respeCtively~
We use 87 Moy = 0-3%0 (Voegelin et al. 2014) and
8%3¥235U il = —0.30%o0, respectively (Tissot and Dauphas
2015; Noordmann et al. 2016), for the isotope composition
of the detrital component.

The detrital contributions are very low for all polym-
etallic Ni-Mo-rich samples (< 0.5% of total Mo and U,
respectively, Table 1), in line with a very low clastic sedi-
mentation rate (Lehmann et al. 2016). Although the detrital
components of the V-rich black shales are slightly higher

98
a X Momeasured -0 Modelrilal X Modetrital)/MO

— 238/235 238
- (5 Umeasured X Umeasured -4 Udetrital X Udetrital)/U

Discussion
Detrital vs. authigenic components

The Mo and U concentrations and their isotope composi-
tions in sediments deposited in oceanic basins are a mixture
of detrital input and authigenic metal enrichment (Asael
et al. 2013; Noordmann et al. 2015). Before using Mo and
U concentrations and their isotope composition as tracers of
paleo-ocean redox conditions, it is essential to estimate the
contributions of detrital and authigenic fractions, as only
authigenic fractions are meaningful for paleoenvironmental
interpretations. In the detrital lithogenic component, U and
Mo are physically transported and deposited as a solid phase.
The U in authigenic phases may be associated with biogenic
carbonate or organic biomass or derived from reductive
authigenic precipitation from pore waters (Dunk et al. 2002).
Mo in authigenic phases is associated with molybdate or
thiomolybdate. The detrital component in sediments is often
estimated by normalization to Al content and assumed litho-
genic U/Al and Mo/Al ratios. The authigenic components
are calculated by the following equations:

Moa = Momeasured - (Moucc /Alucc X Al

uthigenic measured )

U = Umeasured - (chc /Alucc X Al

authigenic measured )

To estimate the detrital component of U and Mo of our
samples, we use [Al] = 8 wt%, [U] = 2.8 ppm, and [Mo] =
1.5 ppm of average upper continental crust (UCC) as sug-
gested by Taylor and McLennan (1995). Based on the iso-
topic mass balance, authigenic Mo and U isotope composi-
tions can be calculated by the following equations:

authigenic

authigenic

than that of the polymetallic Ni-Mo-rich samples, they are
still low, with less than 3 wt% detrital Mo and 5 wt% detrital
U. The authigenic metal components are also dominant in
the barren black shale, but a few samples have significant
detrital Mo and V. For example, sample XJT-3 from the
Xiongjiata road-cut contains as much as 48% detrital Mo and
29% detrital U. In combination with detrital Mo and detrital
U calculation, we infer that the host black shale samples
from the Xiongjiata drill core (XJT samples) have relatively
larger detrital components than the host black shales from
other sites. Because of the overall low detrital contributions,
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Fig.2 Plot of 8%¥23U versus §°¥**Mo for the polymetallic Ni-Mo-
rich shale, V-rich shale, and the host barren black shale from the
southeastern margin of the Yangtze Platform, South China. Modern
seawater isotope composition of Mo and U according to Kendall et al.
(2017) and Andersen et al. (2017), respectively. Three P-rich samples
(9-30 wt% P,05) deviate from the trend and are indicated by brackets

the calculated authigenic Mo and U isotope values are very
close to the measured values but with the exception of sam-
ple XJT-3 with significant detrital U and Mo.

Heterogeneity of the marginal sea and its influence
on the Mo (Ni)-V mineralization

The U isotopic composition of Early Cambrian seawater
was likely similar to present-day, considering it was domi-
nantly oxidized (Chen et al. 2015). The highly metalliferous
Mo-Ni- and V-rich shale units are within a > 100-m-thick
black shale sequence with 8°%°Mo up to 2.6%0 and
82382350 as low as —0.5%o (Fig. 2). These values are close
to those of modern seawater. This suggests that (1) Early
Cambrian seawater may have had a similar Mo and U iso-
tope composition to modern seawater which would require
significant Mo and U sinks in oxic or suboxic environments;
(2) both Mo and U were almost quantitatively scavenged
from seawater, in an environment similar to the Black Sea,
with euxinic conditions characterized by elevated H,S in
the water column. Such a redox-stratified paleo-ocean is
also suggested by Se, Hg, Cr, and Cd isotopes from black
shales of the Niutitang Formation (Wen and Carignan 2011;
Yin et al. 2017; Frei et al. 2021). However, most of our
black shale samples display significant Mo and U isotope
fractionation relative to modern seawater and hypothetical
Early Cambrian seawater.

@ Springer

The V-rich shale unit displays relatively light Mo isotope
and heavy U isotope compositions (Fig. 2), resulting in cor-
related Mo and U isotope fractionation relative to seawater
during Mo and U reduction and deposition. The light Mo
isotope composition is consistent with Mo scavenging under
anoxic depositional conditions of the V-rich shale, resulting
in significant Mo isotope fractionation. The heavy U iso-
tope composition implies that U reduction likely occurred
in an open system such as the bottom water column or at
the water-sediment interface. This is different from recent
organic-rich shales where a relatively constant U isotope
fractionation of up to 0.6%o is typically observed and inter-
preted to be the result of diffusion-limited U isotope frac-
tionation during U reduction in the sediment pore water
(Andersen et al. 2014, 2018; Briiske et al. 2020). In contrast,
larger U isotope fractionation up to the theoretical limit of
1.2%0 may occur during U reduction in the water column or
near a bottom floating flocculent layer of organic material
in an open system (Andersen et al. 2020; Briiske et al. 2020;
Cheng et al. 2020; Clarkson et al. 2023).

In contrast to the V-rich black shales, the Mo—Ni-rich
sulfidic black shale has an intermediate Mo and U isotope
composition. Given the extreme enrichment of Mo and Ni,
this shale unit represents an unusually efficient case of metal
scavenging which has been much debated in the literature
(Lehmann et al. 2022). Intriguingly, this unit is significantly
fractionated in Mo and Ni isotope composition compared
to modern seawater and some barren black shale samples,
with A98/95Mosmple_Seawaler of about —1%o (Lehmann et al.
2007; Xu et al. 2012) and A®"*Ni, 1o covarer OF about —1
to —2%o (Pasava et al. 2019) but also with respect to euxinic
sediments in general. The distinct Mo and Ni signature may
be the result of a ferromanganese oxyhydroxide particulate
shuttle process, which can imprint a shift of §°**Mo and
5%058N toward lower values (Goldberg et al. 2009; Kendall
et al. 2017; Little et al. 2020), because of the high Mo con-
centration and light Mo isotope composition of manganese
oxyhydroxides (Barling and Anbar 2004). In addition, it has
been shown experimentally that iron oxyhydroxides, such
as goethite and ferrihydrite, also fractionate Mo isotopes by
about —1.0 to —1.5%0 (Goldberg et al. 2009). Manganese
oxides also fractionate Ni isotopes by about —3%o (Sorensen
et al. 2020). During the particulate shuttle process, parti-
cle-reactive elements, such as Mo and Ni, are adsorbed
by Fe—-Mn-oxyhydroxide particles in the oxic zone. These
particles, enriched in isotopically light Mo and Ni, would
then settle through the water column and release these met-
als under reducing conditions in the euxinic bottom water
where they are fixed as sulfides. Isotopic mass balance mod-
eling demonstrates that the Fe-Mn-oxyhydroxide shuttle on
euxinic continental margins can bury isotopically light Mo
and significantly modify the Mo isotope composition of the
water column (Qin et al. 2022). The low Mn bulk content of
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Fig.3 a—c Mo-Ni—V-U relationships in the Early Cambrian black »

shale sequence on the Yangtze Platform. Note the deviation of the
Mo-U and Ni-U trends for the samples of Mo-Ni-rich sulfidic black
shale, attributed to enhanced accumulation of authigenic Mo and Ni
over U due to particulate shuttle process. The enrichment of V in the
vanadium-rich shale is in line with the barren black shale and sug-
gests that the V-rich shale is part of the normal black shale popula-
tion, but with less clastic dilution

the euxinic sediments can be explained by reductive dissolu-
tion of the Mn component which is cycled out of the system,
while Fe becomes fixed as pyrite.

The negative correlation between 8°**Mo and §2¥238U
indicates changes in the local depositional environment,
different from the expected positive correlation for global
ocean redox variations (Kendall et al. 2020). Such an
inverse correlation of Mo and U isotope compositions is
not only observed in the Early Cambrian black shales in
South China but also in organic-rich shales that formed in
local (semi-)restricted basins throughout geological history
(Asael et al. 2013; Kendall et al. 2015, 2020; Andersen et al.
2020; Briiske et al. 2020; Li et al. 2022). The inverse cor-
relation could be attributed to changes in dissolved sulfide
concentrations and sulfate reduction rates related to deep
water renewal rates and metal removal to sediment (Bura-
Nakic et al. 2018). In restricted basins, the renewal rate of
deep water would be lower than that of shallow water. Shales
deposited under reducing deep water conditions with pore-
water of high sulfide concentrations have isotopically unfrac-
tionated Mo due to quantitative transformation from molyb-
date to thiomolybdate. However, these shales are depleted in
238U because of U reduction and removal to sediments (Li
et al. 2022). In contrast, shallow sedimentary basins with
a better connection to the open ocean have a faster bottom
water renewal rate. As a result, the transformation from
molybdate to thiomolybdate in the water column would be
less quantitative, and U reduction and removal to sediments
would be less efficient. Shales formed under such condi-
tions, therefore, have lower %Mo and higher §238235y
values. The commonly observed inverse correlations of Mo
and U isotopes in black shales demonstrate that local (semi-)
restricted basins were not rare in geological history (Asael
et al. 2013; Andersen et al. 2020; Briiske et al. 2020; Kendall
et al. 2015, 2020; Li et al. 2022).

The Mo—-Ni—V-U inter-element relationships in Fig. 3a—
display the extreme enrichment of Mo and Ni in the sulfidic
black shale. This is different from the non-sulfidic V-rich
shale which displays enrichment patterns in Ni, Mo, and V
with respect to U which are less extreme and which are con-
tinuous with barren black shale. The deviation in Mo and Ni
in the Ni-Mo sulfide unit (Mo and Ni in the percent range)
by up to two orders of magnitude from normal black shales
requires a specific enrichment process, which could be the
Fe—Mn-oxyhydroxide particulate shuttle described above.
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Fast accumulation of authigenic Mo over authigenic U by
about one order of magnitude, associated with Fe—Mn redox
cycling, was observed in the Cariaco basin, Venezuela, and
the Gotland Deep of the Baltic Sea between Sweden and
the Baltic countries (Algeo and Tribovillard 2009; Scholz
et al. 2013).

While the Mo/U ratio of the normal black shale and the
V-rich shale crudely reflects the Mo/U ratio of seawater,
their Ni/U ratio is 10-100 times more elevated than in sea-
water but is close to the Ni/U ratio in marine microbiota
(Miyake et al. 1970; Piper 1994), which suggests that part
of the Ni component could be of biogenic origin, released
during mineralization of organic material. The anoxic V-rich
shale did not form in the sulfidic environment required for
the fixation of Mo and Ni, and these metals are then cycled
back to seawater. In addition to elevated Ni/U ratios, the
V-rich shale also has V/U ratios above seawater, which are
close to those of marine microbiota (Miyake et al. 1970;
Piper 1994). The fixation of V depends on the Al content,
because V is fixed in a variety of clay minerals under anoxic
conditions. The V enrichment process seems to be the same
as for normal black shale, because both rock units are on
the same V-U correlation trend (Fig. 3c) but with more pro-
nounced V and U enrichment in the ore-grade units.

A refined metallogenic model

Although the Early Cambrian seawater on the continental
margins of the Yangtze Platform was dominantly oxidized
(Chen et al. 2015), the rifted margin and its karstic geog-
raphy created semi-restricted basins with variably reduc-
ing conditions and low clastic sedimentation. Upwelling of
deep ocean water along the continental margin allowed high
bioproductivity in the photic zone and a rain of biological

N

debris, which led to sulfidic bottom water conditions in
restricted basins (Fig. 4). The water column was redox-strat-
ified, and possibly also salinity-stratified, given the paleo-
geographic setting (near-equatorial restricted basins), which
favors vertical particulate cycling (Algeo and Lyons 2006;
Goldberg et al. 2009; Cheng et al. 2020). The particle-reac-
tive Mo and Ni were captured by Fe-Mn-oxyhydroxide part-
icules in the oxic zone which settled down into the euxinic
bottom waters, where Mo and Ni were released, and Fe, Mo,
and Ni were fixed as sulfide. The sulfide concentration was
likely insufficient to form alabandite (MnS), which requires
extremely low fO,, and thus, Mn was cycled out of the sys-
tem. Locally strong bottom currents are indicated by textural
features such as synsedimentary clasts of organic material
and sulfides in a pyrobitumen-sulfide-clay matrix (Steiner
et al. 2001) and reworked subaquatic phosphatic hardground
(Kfibek et al. 2007). The “ferromanganese oxyhydroxide
shuttle” (Goldberg et al. 2009) was likely a major vector to
imprint the relatively light Mo and Ni isotope composition
on the sulfide-rich bottom sediments. These sediments may
also have a Mo component from quantitative Mo scavenging
directly from seawater by sulfide particles and became iso-
topically homogenized at and below the sediment interface.

Such conditions of a starved redox-stratified basin with
elevated biological productivity in the photic zone also favor
the enrichment of vanadium in the clay fraction of the sedi-
ment. However, unlike Mo that is only fixed as tetra-thiomo-
lybdate under strongly euxinic conditions, vanadium enrich-
ment can occur under anoxic/moderately euxinic or even
suboxic conditions by adsorption of the [VO(OH)];~ com-
plex on clay minerals (Emerson and Huested 1991). In such
spatially broader suboxic to anoxic environments, Mo and U
remain in the water column due to the lack of a sufficiently
low oxidation state with high H,S activity. The V enrichment
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process is continuous with the distribution of black shale and
mainly reflects the sediment accumulation rate.

Conclusions

The inversely correlated Mo and U isotope data from Early
Cambrian black shales on the Yangtze Platform identify a
diverse spectrum of local depositional environments in bio-
logically highly productive and physically dynamic redox-
stratified marginal basins. Polymetallic sulfidic units suggest
quantitative Mo and U removal from euxinic bottom water
fed by the adsorbed metal load of vertically cycling ferro-
manganese oxide particules. Less quantitative Mo and U
removal from anoxic or weakly sulfidic bottom water and
sediment pore water resulted in large sediment-seawater iso-
tope fractionation with lighter Mo and heavier U isotopes,
accompanied by efficient V enrichment. Both end-member
variants may occur in temporally and spatially variable pro-
portions in fluctuating paleohydrographic settings within the
same stratigraphic sequence, such as on the Neoproterozoic/
Early Cambrian Yangtze Platform, or in some Early Paleo-
zoic marginal basins in North America (Gadd et al. 2020;
Crawford et al. 2021). Coupled Mo and U isotope data from
Early Cambrian metalliferous black shales on the Yangtze
Platform show temporally and spatially variable hydrody-
namic/environmental conditions in a marginal basin with
starved clastic deposition but with elevated bioproductivity.
The black shale host sequence shows an inverse correlation
trend of Mo and U isotope composition similar to modern
environments, and we infer that the global Early Cambrian
seawater was at least episodically similar to modern seawa-
ter, with dominantly oxic Mo sinks in the oceans.
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