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Abstract: The early Cambrian is a critical interval of dra-
matic oceanic and biochemical changes in geological his-
tory. The black shale deposits, which are rich in Mo, Ni,
V, and platinum group elements (PGE), are a reflection of
that interval. Among all known Cambrian black shale
deposits in South China, the vanadium deposits are
poorly constrained by geochronology. The newly discov-
ered tuff layer in the Sansui Bagong vanadium deposit in
Guizhou Province can provide excellent constraints on
the age of vanadium deposits. In this study, we obtain
a new zircon U-Pb isotopic age, which can constrain the
age of the vanadium deposit. This tuff occurs in the
middle part of the ore bed, and the age of the tuff layer
can reflect the mineralization age of the V deposit. Laser
ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) is used in this study to obtain the zircon
U-Pb age of the tuff and indicates that the event of vol-
canic activity took place at 520.9 + 1 Ma. This age is close
to the boundary between the Cambrian Terreneuvian
and Series 2. This result provides a good constraint on
the age of the vanadium deposits in South China and
makes the vanadium deposits to be comparable with
other Mo—-Ni-PGE deposits. The alteration of organic
carbon isotope (513C0rg) values can reflect changes in
the marine environment and is widely used in strati-
graphic correlation. The analysis of the §"°C,,, values of
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the ore bed in the present study reveals a positive excur-
sion at the bottom of the deposit and a negative excursion
in the V-enriched layer. The §"°C,, values in the Bagong
section are comparable to those in the Xiaotan and
Longbizui sections. The ages of the Sansui vanadium
deposit constrained by the U-Pb isotopic age of the tuff
and the 6"C,, values are consistent. All of the data lead
us to infer that the vanadium deposit formed at approxi-
mately 521 Ma.
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1 Introduction

South China is an ideal area for studying changes in
marine environment and early biological evolution because
of the wide distribution of strata and abundant fossils from
the Precambrian-Cambrian Period in this region. The lower
Cambrian black shales are an important ore-bearing layer
rich in Mo, Ni, V, U, and other elements. Great insights
into palaeontology and palaeo-marine environments have
been achieved through studies of the lower Cambrian strata
in this area [1-10]. However, a number of geological pro-
blems, such as the location of the Precambrian-Cambrian
boundary and the relative ages of some layers, have not
been fully solved [11-15].

Black shale vanadium deposits are widely distributed
in the lower Cambrian strata of South China [10,16]. The
metallogenic belt of these deposits extends from north-
eastern Yunnan Province to southwestern Hubei Province
[10,16—-18]. The lithology of the vanadium-enriched black
shales is stable; it is an ideal correlation stratum as a
making layer. The metallogenic age of V deposit is a rela-
tively complex and controversial issue in the study of earl
Cambrian. Through division and contrast of metallogenic
sequence, Li et al. indicated that the age of V deposit is
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more than Mo-Ni deposits [19]. Wei et al. thought that
the mineralization of vanadium began earlier than that
of Mo—Ni, but the end of mineralization may have occurred
later than Mo—Ni deposits [20]. The studies of Mao et al.
(2002) and Jiang et al. (2003) showed the age of Mo-Ni-
PGE is 541 + 16 and 537 + 10 Ma, respectively. Some newer
studies have found that the age of Mo-Ni deposits is
about 521 Ma [21,22]. By the study of Mo-Ni-V-PGE-
enriched layer at Hunan and Guizhou, Fu et al. indicated
that the age of Mo—-Ni-V-enriched layer is 520.3 + 9.1 Ma
[23]. It can be seen that there is a lack of data on the age
of V deposit.

In this study, new zircon U-Pb age data were obtained
by analysing zircons from a newly discovered tuff layer in
the Bagong V deposit. The tuff is located in the middle part
of the V-enriched layers, and this is the first study with a
direct evidence about the age of V-enriched layers in South
China.

2 Geological setting

The tectonic setting of the southern and eastern Yangtze
Platform in the early Cambrian was a passive continental
margin, and the seawater depth gradually increased from
northwest to southeast [1,4,27]. Three facies belts can be
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distinguished based on water depth and sedimentary
rocks on the Yangtze Platform, South China. From north-
west to southeast, the sequence of sedimentary facies
is a shallow platform, continental slope, and deep-water
basin (see Figure 1a). The sedimentary facies of East
Guizhou included continental slope facies and deep-
water basin.

In the study area, the strata from old to young are
the Ediacaran Nantuo Formation and Doushantuo Forma-
tion Liuchapo Formation (lower part), and the Cambrian
Liuchapo Formation (upper part), Jiumenchong Forma-
tion, Bianmachong Formation, and Balang Formation
(see Figure 1b). The rocks that can be seen in the Bagong
section represent the Doushantuo Formation, Liuchapo
Formation, and Jiumenchong Formation. The lower part
of the Doushantuo Formation comprises mainly dolomite,
and the upper part is black shale, which contains the
Wonghui biota. The Liuchapo Formation is a diachronous
unit from the Ediacaran to the lower Cambrian; it is com-
posed of siliceous rocks in the lower to middle part and of
carbonaceous shale and siliceous rocks in the upper part.
The Jiumenchong Formation is in conformable contact
with the underlying Liuchapo Formation. Jiumenchong
Formation is also named the Niutitang Formation in
Hunan and northern Guizhou. The Niutitang Formation
is composed mainly of carbonaceous shale and is the
position where the earliest trilobites appear [14,25]. The
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Figure 1: (a) Palaeogeography of the Early Cambrian in the Yangtze block, South China. (modified after [24,26]). (b) Geological map of the

study area. 1. Ediacaran Nantuo Formation; 2. Member 1 of Ediacaran

Doushantuo Formation; 3. Member 2 of Ediacaran Doushantuo

Formation; 4. Cambrian Liuchapo Formation; 5. Cambrian Jiumenchong Formation; 6. Member 1 of Cambrian Bianmachong Formation; 7.
Member 2 of Cambrian Bianmachong Formation; 8. Member 3 of Cambrian Bianmachong Formation; 9. Cambrian Balang Formation; 10.

Quaternary; 11. Outcrop line of vanadium ore bed; 12. Fault; 13. River.
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Mo-Ni-enriched layer is located at the bottom of the Niu-
titang Formation, and the vanadium deposits are found in
the upper Liuchapo Formation.

An important metallogenic belt of Ni-Mo-V-platinum
group elements (PGE) developed in South China. This
metallogenic belt is associated with the black shale and
extends for up to 2,000 km from northeast to southwest
[28]. The Bagong vanadium deposit is located 2 km west
of Sansui County, eastern Guizhou Province. Mainly,
Ediacaran and Cambrian strata are exposed in this area
(see Figure 1b). The vanadium deposit occurs in the
upper Liuchapo Formation, with a thickness of 2-3m
(see Figure 2a). Many phosphorous nodules can be observed
in the roof of the deposit (see Figure 2b). The vanadium
deposit is associated with specific rocks, including
siliceous rocks, carbonaceous rocks, and phosphorous
nodules. Among them, the siliceous rocks and the phos-
phorus nodules are surrounding rocks of seam and the
carbonaceous shale is the ore. The siliceous rocks in the
deposit are lenticular, wedge-shaped, or stratiform, and
the vanadium-rich carbonaceous shales are interbedded
with the siliceous rocks.
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3 Methods

Tuff samples were collected in the Bagong vanadium
deposit, Sansui, Guizhou Province. The sample location
was approximately 70 cm below the Jiumenchong Forma-
tion carbonaceous shale and 1.5m above the underlying
Doushantuo Formation limestone (see Figure 2a and c). Con-
tamination by the surrounding rock fragments was strictly
avoided during sample collection. In total, 15 kg of tuffac-
eous material was collected. Zircons were separated from the
tuffaceous samples using standard gravitational separation
techniques. Zircon grains were handpicked under a bino-
cular microscope, and only grains without cracks and inclu-
sions were selected.

These grains were mounted in epoxy resin and then
polished to expose the crystals for analysis. Internal
structures were examined and imaged using cathodolu-
minescence (CL) prior to inductively coupled plasma
mass spectrometry (ICP-MS) analyses. The CL imaging
was completed at Chongqing Yujin Technology Co., Ltd.

Zircon U-Pb isotope measurements were completed
at Nanjing FocuMS Technology Co., Ltd. The laser ablation
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Figure 2: Field photographs of the V-rich black shale in the Liuchapo Formation, Guizhou Province. (a) The vanadium seam (in the area
between two orange dotted lines) is located in the Liuchapo Formation (LCP F), which is mainly composed of siliceous rocks with thin-
bedded carbonaceous shales. The red dotted lines mark the boundary of formations. DST F = Doushantuo Formation; JMC F = Jiumenchong
Formation. The violet dotted line marks the layer of tuff. (b) Many phosphorous nodules can be observed in the roof of deposit. (c) The tuff in
the Bagong vanadium deposit, Guizhou. This is the sampled layer for testing in present study. The positions of (b) and (c) are shown in

yellow (b) and green (c) boxes in (a).
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was performed with a Geo-Las Pro 193nm ArF excimer
laser made by Lamda Physik, and the ICP-MS was per-
formed with an Agilent 7700x instrument. The energy den-
sity of the ultraviolet laser was 5.12J/cm?, the diameter was
33 um, the frequency was 6 Hz, and the time of laser abla-
tion was 40s. Zircon aerosols were introduced into the
mass spectrometer by helium for analysis. Euhedral zir-
cons free of inclusions and cracks, commonly with clear
oscillatory rims, were selected for age measurements.
Zircon 91500 was used as primary standard reference
material, and GJ-1 (600 Ma) and Plesovice (337 Ma) zircons
were used as blind samples. The calibration of the Pb
content in the zircons was conducted by applying Si as
an internal standard and SRM610 as the primary standard
reference material. In addition, Zr was used as an internal
standard to calibrate other trace elements in the zircons
[27,29]. The raw data were analysed using ICPMSDataCal
[30,31]. The zircon U-Pb concordia age diagram and average
weight calculation of ages were processed using Isoplot
3.0 [31].

The uncertainty of laser ablation ICP-MS (LA-ICP-MS)
zircon U-Pb dating is approximately 4% (2RSD) [32,33].
However, this value is the external error obtained using
the same experimental method. The accuracy of sensitive
high-resolution ion microprobe (SHRIMP) analysis is higher
than LA-ICP-MS in determinations of single zircon ages, but
the U-Pb concordia ages are nearly consistent between the
methods [34]. For the simple-genesis zircons in this study,
by increasing the number of test points and using a narrow
laser ablation beam, an acceptable accuracy of LA-ICP-MS
was obtained.
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The Th, U, and TOC content tests were completed at
the ALS Minerals-ALS Chemes, Guangzhou, China. The
analysis of Th and U contents was performed with ICP-
MS61 method. The data of TOC content based on the cal-
culation of loss on ignition (LOI) samples were ground to
200 mesh powder and were dried at 110°C for 2h, and
then calcined at 500°C for 4h. The weight difference
between the calcined and after is the LOI. The conversion
relationship between LOI and TOC is:

Weroc) = %

The conversion factor between LOI and TOC that we
used in this study is 2.125; this conversion factor is based
on the study of traditional conversion relationship between
LOI and TOC in shale by Qiu et al. [35]; the relative error is
less than 2% [35].

The 6"C,,¢ analysis was completed at the Institute of
Geochemistry, Chinese Academy of Sciences. The sam-
ples for 513C0,rg analysis were ground into powder together
with the samples used for element content determination.
The 6“C,, values were analysed with a ThermoFisher
MAT 253 isotope mass spectrometer. The results are pre-
sented in Table 2, and the sampling locations can be seen
in Figure 5.

4 Results

Most of the zircon grains from the tuff in the Sansui vana-
dium deposit have high transparency under a microscope

Table 2: Organic carbon and oxygen isotopes and selected redox proxies record of the Bagong section

Sample 613Corg (%o VPDB) std error*t (%) U (ppm) Th (ppm) Th/U LOI (wt%) TOC (wt%)
SH-16 -33.62 0.021 30 20 0.67 14.01 6.59
SH-15 -33.81 0.033 70 20 0.29 8.92 4.20
SH-14 -33.77 0.019 50 <20 <0.4 16.44 7.74
SH-13 -33.83 0.031 20 <20 <1 8.72 4.10
SH-12 -33.86 0.008 40 20 0.5 14.59 6.87
SH-11 -33.41 0.005 50 <20 <0.4 3.71 1.75
SH-10 -33.08 0.018 80 <20 <0.25 2.17 1.02
SH-9 -33.49 0.007 80 <20 <0.25 23.52 11.07
SH-8 -31.58 0.027 10 <20 <2 2.34 1.10
SH-7 -31.79 0.009 40 <20 <0.5 11.83 5.57
SH-6 -30.63 0.012 10 <20 <2 3.01 1.42
SH-5 -30.97 0.018 <10 <20 - 32.02 15.07
SH-4 -30.04 0.009 10 <20 <2 35.15 16.54
SH-3 -30.86 0.024 310 <20 <0.06 42.83 20.16
SH-2 -31.01 0.024 20 <20 <1 24.37 11.47
SH-1 -31.2 0.015 80 <20 <0.25 3.15 1.48
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Figure 3: (a) CL images of zircons from the tuff layer, Bagong, Guizhou. The circles are LA-ICP-MS analytical spots. (b) U-Pb concordia
diagrams of zircon analyses from Bagong; The weighted mean age. Weighted mean 2°°Pb/?33U ages are shown at the 95% confidence level
for the main group of zircons. (MSWD: mean square weighted deviation).

and a pale yellow to light brown colour. Most of the zir-
cons are short, columnar, and idiomorphic, with lengths
of 50-140 um, widths of 30-60 pm, and length-width
ratios of 1:1-2.5:1 (see Figure 3a). The zircons in the tuff
have variable Th and U contents; thus, the CL images
differ in intensity. Some zircons are darker; most of
them are brighter in the CL images. Most exhibit primary
oscillatory zoning in the CL images, and the Th/U ratios
of all concordant zircons are greater than 0.4, which indi-
cates a magmatic origin. All of the points located for the
test were in obvious oscillatory zones. Thirty two points
were tested, which have a concordance of more than
90%. The evaluation results and age calculations are pro-
vided in Table 1. The U-Pb concordia ages of the zircons
are shown in Figure 3. Points with greater than 95% con-
cordance were adopted (points L0269-06 and 27 were
deducted); point L0269-01 has abnormally high Th and
U contents, which may represent contamination, so the
data were excluded. The zircon U-Pb ages from the tuffin
the Sansui vanadium deposit are within the range of
507.1-528.9 Ma, with an isochron age of 520.9 + 1.0 Ma
(see Figure 3b). There were 26 points in conformity after
common 2**Pb correction [36] (points L0269-12, 28, and
29 were removed).

The TOC content is high in most samples from the
Bagong section, ranging from 1.06 to 20.16%. Variation
range of 613C0rg content is from -30.04 to —33.86%0 and
decreases gradually from the bottom to the top along the
section; the maximum top-bottom difference is 3.82%o.
The ratio of Th/U is <1 in most samples. The results of
6"Corg and element are provided in Table 2.

5 Discussion

5.1 Effects of post-diagenesis on §°C,q

The (SBCorg values of sediments may be altered by micro-
bial degradation in the early diagenetic stage and by late
thermal metamorphism. The values of §°C,,g in sediments
decrease slightly in the early diagenetic stage, but by less
than 1-2%o [37-41]. Hydrocarbons rich in *C are prefer-
entially decomposed when sedimentary rocks are affected
by later thermal metamorphism. As a result, the §”Coyg of
residual organic matter increases by less than 2%o [42,43].
Compared with the time of deposit formation, the duration
of volcanic eruptions is short and thus has little effect on
the 613C0rg values of the entire deposit. The correlation
between the §"C,yg values and TOC contents in the Bagong
vanadium deposit is low (R? = 0.1593), which indicates the
8"Corg values were not obviously transformed post-diag-
enesis (see Figure 4).

5.2 Stratigraphic correlation framework of
the Yangtze platform established by
613Corg

In addition to U-Pb aging, carbon and oxygen isotope
analyses are effective methods to establish stratigraphic
correlations. From the late Ediacaran to the Cambrian,
the carbon and oxygen isotopes of the global marine
biota fluctuated significantly [44-52]. Two significant
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Figure 4: Cross-plot of 613Corg versus TOC contents of the Bagong
section.

6C isotope negative excursions have been identified
during the early Cambrian in the Yangtze Platform. The
first 6"C negative excursion event, the basal Cambrian
negative carbon isotope excursion (BACE), occurred
before the small shelly fossil (SSF) assemblage zone of
Anabarites trisulcatus appeared [44]. Since evidence of
the BACE event has been found in many regions across
the world, the BACE can be considered a sign of the
beginning of the Cambrian [44,45], and it marks the
extinction of the Ediacaran biota. The second negative
6"C excursion event, called the Shiyantou negative
carbon isotope excursion (SHICE), appears in the upper
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part of the second stage of the Cambrian and marks the
boundary of the Terreneuvian and Series 2 [44]. Most
studies suggest that this negative carbon isotope excur-
sion is related to the rise in global sea level [44,46]. With
the rise of sea level, upwelling of the deep anoxic sea-
water occurred and led to the extinction of the Small
Shelly Biota [11]. Th is not sensitive to redox conditions,
whereas U exists as U®* that is soluble under oxic condi-
tions and as insoluble U** in anoxic conditions, so U will
become enriched in reduced sediments. Therefore, the
Th/U ratio is higher in oxic conditions than in anoxic
ones due to the release of U from sediment to seawater;
in anoxic environments, the ratio is usually 0-2 [47]. An
anoxic state was evident from the low Th/U ratios (<1) in
the samples from the Bagong section.

There is a 6°°C positive excursion event between the
two negative excursions, which corresponds to the SSF
Watsonella crosbyi assemblage zone of the Zhujiaqging
Formation in eastern Yunnan [11,48,49]. In South China,
this positive excursion event is named the Zhujiaqing
positive carbon isotope excursion (ZHUCE) [38]. The 6§°C
positive excursion in this period has been discovered not
only in Yangtze Platform but also in Siberia, Mongolia, and
Morocco [50-53]. It can be used as a sign of the beginning
of the second stage of the Cambrian [45].

As the water depth was greater in Sansui, Guizhou,
than in Meishucun and Xiaotan, Yunnan, the sedimenta-
tion rate at Sansui may have been slower. Compared
with shallow-water facies, a well-developed condensed
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section can be formed in Bagong [54,55]. There is a clear
stratigraphic contact relationship in the Bagong deposit.
The 6"Co¢ data in the samples from the floor part of the
deposit represent positive excursions. According to the
lithostratigraphic correlation, the bottom of the Bagong
deposit belongs to the Liuchapo Formation, and the posi-
tive excursions of 6”Co anomaly correspond to the
ZHUCE. In the Bagong deposit, the tuff layer is in the
middle of the V-enriched layer, and the §°C,, of this
layer has a significant negative excursion. From the
zircon U-Pb isotopic age of the tuff and the occurrence
of phosphorous nodules at the top of the deposit, it
can be inferred that the negative 513COrg excursion in
the V-enriched layer corresponds to the SHICE event
(see Figure 5).

The current evidence is not conclusive; however,
based on comparisons of the ages of the tuff and K-
bentonite in several sections of Yunnan, Hunan, and
Guizhou, most researchers believe that the ZHUCE started
at 532Ma and ended at 522Ma [23,56-58]. The lower
boundary of the Bagong deposit should not be older
than the start of the ZHUCE. The present study revealed
a significant negative §°°C,,q excursion in the V-enriched
layer, which corresponds to the SHICE found in Mo-Ni
deposits in Hunan and eastern Yunnan [49,59,60]. As a
sign of upwelling currents [61,62], phosphorus nodules
are a consistent feature of the vanadium deposits as they
are interbedded in the V-enriched layer. Their presence
shows that upwelling currents occurred during the miner-
alization period of vanadium. In addition, the SHICE is
considered to have been caused by the rise of anoxic
water, and the upwelling currents of anoxic water led to
the extinction of the Small Shelly Biota [12].

5.3 The age of the Liuchapo formation

The Liuchapo Formation is mainly composed of a set of
strata of siliceous and carbonaceous rocks that represent
the sediments of deep water to continental slope facies
[25,63,64]. However, because reliable evidence from palaeon-
tology and geochronology has been lacking, the age of
Liuchapo Formation has been controversial. It is gener-
ally considered a diachronic stratum from the Ediacaran
to the Cambrian.

An important event in the early Cambrian was the
change of the marine environment from stratified to oxi-
dizing [65]. The cause of this shift is still a matter of
debate, but this change in the ocean environment may
have been one of the main causes of the Cambrian
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explosion [66-70]. According to the mainstream views,
the revolutionary evolution of life in the early Cambrian
began in the shallow sea, so if the appropriate species
could have settled in deep water, the deep sea would also
have been oxidized [70]. The Liuchapo Formation repre-
sents a series of sediments that formed under deep water.
Shallow-water fauna are hard to find in this formation
because the life was limited by the stratified ocean envir-
onment. Therefore, biostratigraphic methods may be lim-
ited in the stratigraphic correlation of different facies belts
in early Cambrian rocks. Geochemical marker layers that
can be compared among different sections and isotopic
ages are more accurate means for stratigraphic correlation.

The appearance of SSF is generally regarded as a sign
of the beginning of the Cambrian [71,72]. Wang and Zhu
discovered SSF in siliceous rocks and siltstone in the
second member of the Liuchapo Formation, suggesting
that the age of the upper Liuchapo Formation spanned
the Cambrian [73]. Yang and Qian discovered abundant
primitive pyramidal microfossils in dolomite from the
first member of the Liuchapo Formation, suggesting that
the bottom of the Liuchapo Formation may belong to
the Ediacaran [63]. Therefore, based on evidence from
palaeontology, the geological boundary between the Edia-
caran and Cambrian in South China should be located in
the lower part of the second member of the Liuchapo For-
mation or at the boundary between the first and second
members. As a result of accurate U-Pb dating of zircons in
different places of the world, the Precambrian-Cambrian
boundary has been defined at 542 + 1Ma [74,75]. Chen
et al. reported that the zircon SHRIMP ages of tuff from
the Liuchapo Formation at the Bahuang section, Guizhou
Province, and the Guanziping section, Hunan Province,
were 542.6 + 3.7 and 542.1 + 5.0 Ma, respectively [76]. In
another study, Chen et al. analysed the zircons U-Pb age
(536 + 5.5 Ma) of a tuff layer from Ganziping section, and
the tuff may be related to a widespread volcanic activity
occurred in South China at approximately 536 Ma [4]. This
volcanic activity may be of great significance in the earth’s
history as the event that promoted the evolution of mol-
lusks to animals with shells [14,77,78]. Recently, Wang
et al. reported that new ages of the K-bentonite from the
upper part of the Liuchapo Formation in the Pingyin sec-
tion were measured by CA-ID-TIMS method. The ages of
the K-bentonite in the middle and upper Liuchapo Forma-
tion were 541.48 + 0.47 and 536.4 + 0.47 Ma, respectively
[79], and the stratum thickness between the K-bentonite
layers (age 536.4 + 0.47 Ma) and the bottom of the Niuti-
tang Formation is more than 1 m. Therefore, the age of the
middle Liuchapo Formation is not younger than 536 Ma
and not older than 542 Ma.



DE GRUYTER

The zircon U-Pb age of the vanadium deposit that
occurred in Liuchapo Formation in Bagong section is
obtained in the present study and is 520.9 + 1Ma. This
age is approaching the boundary between the Cambrian
Terreneuvian and Series 2; it is obviously younger than
the age estimated of the middle part of the Liuchapo
Formation (see Figure 6). The age of the V-enriched layer
is close to the Mo—Ni layer at the bottom of the Niutitang
Formation that was determined by Zhou et al. (521 + 5 Ma)
and Xu et al. (521 + 5 Ma) [14,22]. Thus, the middle-upper
Liuchapo Formation in eastern Guizhou may represent
the same epoch as the bottom of the Niutitang Formation
in northern Guizhou. The reason for this phenomenon
may be that eastern Guizhou is in a deep-water sedimentary
environment, the sediment phase change from northern to
eastern Guizhou. This shows that lithostratigraphic correla-
tion is not accurate in early Cambrian. Because of the
absence of palaeontological fossils, the stratigraphic time
obtained from lithology of the lower Cambrian strata in
South China is less reliable than that obtained using geo-
chemical markers.

The tuff in the Bagong vanadium deposit, Sansui, is
located in the middle of the V-enriched layer (see Figure 2a),
The V-enriched layer is an ideal geochemical marker
that can be observed in many sections in South China
[10,17,18,20]. The zircon U-Pb age of the tuff in Bagong

Meishucun,Yunnan Ganziping,Hunan Longbizui,Hunan
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deposit should represent the age of the V-enriched layers
in eastern Guizhou and even South China. The upper part
of the Liuchapo Formation belongs to the Cambrian
System. In Bagong section, the age of V-enriched layer
is same with Mo-Ni-enriched layer in the bottom of Niu-
titang Formation in northern Guizhou; the difference of
lithostratigraphy is caused by sedimentary phase change.

5.4 Metallogenic age of V-Mo-Ni-PGE
deposits in South China

The Mo—Ni-V-PGE-enriched layer of South China is found
in lower Cambrian black shales. This mineralized belt can
be traced along the same stratigraphic horizon over dis-
tances up to 2,000 km [22]. This stratigraphic horizon can
be used as an important geochemical marker layer for the
division and comparison of the lower Cambrian rocks in
South China [16,59,60].

There are many deposits (ore spots) in this belt, such
as those in Songlin, Ganziping, and Huitong, in which
Mo and Ni are main ore-forming elements. However,
in some other sections, such as Sansui and Jiangkou, V
is the main metallogenic element [20]. Some scholars
believe that the Mo-Ni and V deposits formed in the
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same period and that the differentiation of mineral ele-
ments is controlled by paleogeography and marine redox
conditions [38,39,54]. There is also the view that the for-
mation age of the V deposits is earlier than that of the
Mo-Ni deposits [80]. The Mo—Ni-enriched layer is a geo-
chemical marker layer, not only in South China but
also elsewhere. Based on a study of Mo isotopic composi-
tion in Hunan and Morocco, Wille et al. concluded that
the worldwide anoxic upwelling in the early Cambrian
induced the formation of the Mo-Ni—-V-PGE deposits
and then led to the extinction of the Ediacaran biota
[12,81]. Some studies mentioned that the sedimentary
rate is low in anoxic environments and is conductive
to the deposition and preservation of metal elements
[22,82,83]. The low sedimentary rate of the upper Liu-
chapo Formation was caused by the sea level rise [22].
Although the views of the age of Mo-Ni-V-PGE are not
completely unified, most researchers agree that the for-
mation of Mo—Ni polymetallic deposits was induced by
the oceanic anoxic events [22,63,82,84]. As the anoxic
upwelling current flowed from the basin to the slope, V
deposits that formed in deep water can represent the age
of marine environment transformation better than Mo-Ni
deposits.

In the 1990s, Horan et al. conducted the first Re-Os
dating study of the lower Cambrian Ni-Mo polymetallic
layer on the Yangtze Platform and determined its age as
560 + 50 Ma [85]. Since the beginning of the 21st century,
different scholars have successively performed isotope
dating studies on this layer. Wille et al. got the age of
Ni-Mo-bearing polymetallic layer as 541 + 16 Ma, and
they regarded this layer as a horizon at the Precam-
brian-Cambrian boundary comparable to the volcanic
ash beds in the A4 carbonate rocks in the bottom of
the Ara Group, Oman (U-Pb age of 541 + 0.13 Ma) [12].
That is the internationally recognized marker beds of the
Precambrian-Cambrian boundary. Through the studies of
Ni—Mo-PGE sulfide beds in South China, Li et al. [86] and
Jiang et al. [87] obtained Re-Os isochron ages of 542 + 11
and 537 + 10 Ma, respectively. However, authors of some
later studies subsequently questioned Wille’s global com-
parison scheme through zircon SHRIMP U-Pb dating and
regional stratigraphic correlation studies on the volcanic
ash layers from the bottom of the Niutitang Formation
[5,88]. In the early studies, although the ages of Ni—Mo-
bearing polymetallic layers are consistent, the analytical
accuracy is low. Recently, Xu et al. reported that the Re-
Os isochron age of the Ni-Mo-bearing polymetallic layer
is 521 + 5Ma, which is the highest-precision Re-Os iso-
chron age obtained thus far [22].
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The zircon SHRIMP U-Pb age of K-bentonites at the
bottom of the Niutitang Formation in the Jianpo section
of Songlin, Zunyi, reported by Zhou et al. is 518 + 5Ma
[21]. Later, Jiang et al. applied zircon SHRIMP U-Pb
dating to the same layers of K-bentonites and obtained
an age of 532.3 + 0.7 Ma [5]. Zhou et al. considered the age
of the Mo-Ni-bearing strata to be less than 536 + 5Ma
after the study on the K-bentonites overlying the Laobao
Formation in Jiangkou, Guizhou Province [14]. Chen et al.
obtained ages of 524.2 + 5.1 and 522.3 + 3.7 Ma measured
at the top of the Liuchapo Formation, western Hunan,
and considered these ages to be close to or slightly earlier
than the formation of the Mo-Ni and V-enriched layers
[76]. In a study of Re-Os isotopic data from the metalli-
ferous deposits in the lower part of the Niutitang Forma-
tion, Fu et al. concluded that the age of the V-enriched
layer was 520.3 + 9.1 Ma [23]. This age is closed with the
conclusion of present study.

In addition to studies of isotopic absolute age, some
researches establishing stratigraphic correlations have
been conducted by comparisons with the variable char-
acteristics of carbon and oxygen isotopes [30,53,89-91].
The Zhujiaging-Shiyantou Formation in Yunnan, which
corresponds to the Liuchapo-Niutitang Formation in Guizhou,
records an obvious positive 6C excursion, which can be
globally correlated. The age of the positive §°C excursion
event is 525.34 + 0.09 Ma in the lower Cambrian rocks of
Morocco [53,91]. Therefore, the bottom age of the Niutitang
Formation should not be less than 525 Ma.

A direct and feasible method of stratigraphic correla-
tion for the lower Cambrian strata that is lacking of
biological fossils is to use absolute age data. Most studies
about the age of Mo—Ni-V-PGE-enriched layer are focused
on Mo-Ni deposits; however, whether the genesis of V
deposit is consistent with that of Mo—Ni deposits is still
controversial. For this reason, a direct age evidence from V
deposit would be an important evidence to prove that the
V deposit and Mo—-Ni deposits were formed at the same
metallogenic period. In the Bagong vanadium deposit, the
tuff is directly intercalated into the V-enriched layer with
clear contact relationship. Therefore, the zircon U-Pb age
of the tuff can accurately reflect the age of the vanadium
deposit. The zircon U-Pb age of Bagong vanadium deposit
is 520.9 + 1 Ma, which is close to the age of Mo—Ni deposits
in other sections in South China. This similarity means that
these Mo—-Ni-V deposits in south China may have formed
in the same metallogenic event.

Some additional studies emphasized that the formation
of the Mo—-Ni and V deposits in South China was mainly
restricted by marine chemical conditions [17,18,54,92].
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The V deposits were formed in the bottom to middle of the
continental slope, while the Mo-Ni deposits were mainly
formed in the upper continental slope and the shelf. A sig-
nificant event in the early Cambrian caused the global
oceans to change from anoxic to oxic [93]. Some environ-
mental fluctuations occurred during this process, but the
time interval coincided with the metallogenic period of
Mo-Ni-V-PGE deposits in South China. The V" can form
the stable oxides in oxidation environment because the
lower Cambrian vanadium deposits in South China are
mostly located in the lower or middle part of the continental
slope facies, indicating that the V* formed stable oxides
in the oxidation environment. Therefore, the vanadium
deposits may have been formed before the ocean oxidation
event. These observations indicate that the complete oxida-
tion time of the ocean should not be earlier than the forma-
tion of the vanadium deposits at approximately 521 Ma.

Studies on the §°C,,, in other sections of Yangtze
platform have shown that the age of SHICE is consistent
with the Mo-Ni layer [28,32,55,58,90]. The 6"C,q evi-
dence from Sansui indicates that the SHICE is related
to the formation of V deposits. Thus, the age of the V
deposits and the Mo—Ni deposits should be very close
or the same.

6 Conclusion

Based on the analysis of zircon U-Pb age and the strati-
graphic correlation based on 6"C,,q values, the upper part
of the Liuchapo Formation in eastern Guizhou belongs
to the Cambrian. The age of the vanadium deposits is
approximately 521 Ma, which is close to the boundary
between the Terreneuvian and Series 2 of the Cambrian.
This age coincides with the time when the global marine
environment changed from anoxic to oxic in the early
Cambrian. The organic carbon isotope data from the V-
enriched layer are comparable to those of SHICE; this
negative carbon isotope excursion event corresponds to
the upper part of the Cambrian Stage 2.

The ages of the Mo-Ni polymetallic layer and V
deposits in South China are very similar and both reflect
the early Cambrian changes in the marine environment.
Because V deposits were mainly formed in deep water,
when the upwelling current was enhanced by anoxic sea-
water from the depths, the formation of the V deposits
may have occurred slightly earlier than that of the Mo—Ni
deposits, which formed mainly in shallow-water in response
to environmental changes. The ages of the metallogenic
times between the Mo—Ni and V deposits are very close,
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which means that these deposits should be attributed to
the same metallogenic event.

The Mo-Ni-V-enriched layer is an important geo-
chemical marker for identifying lower Cambrian strata,
but it is only limited to the shallow-water facies in South
China. However, the V-enriched layer could be a new
geochemical marker to identify lower Cambrian strata
in continental slope facies.
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