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Abstract: The Ediacaran and early Cambrian black shales are widespread across the South China
Craton (Yangtze and Cathaysia blocks). However, the trace element distribution patterns of the
Ediacaran and early Cambrian black shales in the Cathaysia Block are still unclear. In this study, thirty-
four black shale samples in the Lechangxia Group (Ediacaran) and thirteen black shale samples in the
lower Bacun Group (early Cambrian) from Guangning area, western Guangdong Province, South
China, were analyzed for major and trace elements concentrations. Compared to the upper continental
crust, the Ediacaran black shales exhibit strongly enriched Se, Ga, and As with enrichment factor values
(EF) higher than 10, significantly enriched Bi and Rb (10>EF>5), weakly enriched Mo, Ba, Cs, V, In, Be,
Tl, and Th (5>EF>2), normal U, Cr, Cd, Sc, Pb, Cu, and Li (2>EF>0.5), and depleted Ni, Zn, Sr, and Co.
Early Cambrian black shales display strongly enriched Se, Ga, and As, significantly enriched Ba, Bi, and
Rb, weakly enriched Mo, Cs, Cd, V, U, Be, In, and TI, normal Sc, Th, Cr, Li, Cu, Ni, and Pb and
depleted Co, Zn, and Sr. Moreover, Se is the most enriched trace element in the Ediacaran and early
Cambrian black shales: concentrations vary from 0.25 to 30.09 ppm and 0.54 to 5.01 ppm, and averaging
4.84 and 1.72 ppm, with average EF values of 96.87 and 34.32, for the Ediacaran and early Cambrian
shales respectively. The average concentration of Se in the Ediacaran black shales is 2.8 times higher
than that of early Cambrian black shales. Se contents in the Ediacaran and early Cambrian black shales
exhibit significant variation (P = 0.03). Provenance analysis showed that Se contents of both the
Ediacaran and early Cambrian black shales were without detrital provenance and volcanoclastic
sources, but of hydrothermal origin. The deep sources of Se and the presence of pyrite may explain the
higher Se contents in the Ediacaran black shales. Similar with the Se-rich characteristics of the
contemporaneous black shales in the south Qingling Mountain and Yangtze block, the Ediacaran and
early Cambrian black shales in Guangning area, Cathaysia, are also enriched in Se, which may provide a
clue for looking for the selenium-rich resources in western Guangdong Province.
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1 Introduction

The Ediacaran and early Cambrian are two crucial
periods in Earth’s history (Knoll and Carroll, 1999; Shen
et al., 2010). They witnessed the breakup of the Rodinia
supercontinent and the assembly of Gondwanaland (Li et
al., 2008; Zhao and Cawood, 2012), oxidation of the ocean
-atmosphere system (Fike, 2006; Scott et al., 2008; Sahoo

* Corresponding author. E-mail: luokl@jigsnrr.ac.cn

et al., 2012; Chen et al., 2015), and diversification of early
metazoans and “Cambrian Explosion” (Conway Morris,
2000; Knoll et al., 2004; Fike, 2006; Shen et al., 2010;
Zhang Xingliang and Shu Degan, 2014).

The South China Craton, which consists of the
Cathaysia and Yangtze blocks (Fig. 1a), is one of the
largest Precambrian cratons in eastern Asia (Zhao and
Cawood, 2012; Li et al.,, 2014). Black shales, often
regarded as “multi-element bearing deposit” (Fan Delian
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et al., 1973), always exhibit enriched metallic elements
(e.g., platinum family elements, V, U, Mo, Cu, Co, Au,
Ag, and Pt), metalloid elements (e.g., As and Se), and rare
earth elements (REEs). Widespread thick black shales
deposit during the Ediacaran and early Cambrian period in
the South China Craton, which represents multi-episodic
oceanic anoxic events (Wu Chaodong et al., 1999; Steiner
et al., 2001; Scott et al., 2008). Decades of intense
geochemical research have already been conducted on the
Ediacaran and the early Cambrian black shales in the
Yangtze block (Zhuang Hanping et al., 1998; Li Renwei et
al., 1999; Zhang Qiuying, 2000; Feng et al., 2004; Feng et
al., 2012; Cheng Lixue et al., 2013; Wang Libo et al.,
2013; Yu Lingang et al., 2014; Xia Wei et al., 2015).
However, little geochemical work has been done on the
contemporaneous black shales of the Cathaysia Block.
This study is focused on the trace element distribution
patterns of the Ediacaran and early Cambrian black shales
in the Cathaysia Block.

The average content of selenium (Se) in the upper
continental crust is only 0.05 ppm (Taylor and McLennan,
1985; McLennan, 2001). However, the Ediacaran and
early Cambrian black shales in the south Qingling
Mountain and Yangtze block show Se enrichment (Li
Shuangying, 1994; Wen and Qiu, 2002; Feng et al., 2004;
Fan et al., 2011), possibly due to hydrothermal fluid, deep
source, and/or volcanic influence (Wen and Qiu, 2002;
Fan et al., 2011; Feng et al., 2012). Furthermore, the Se-
enriched black shales can affect the modern environment.
It has been reported that the Se-rich early Cambrian and
Ediacaran black rock series (including black shales) are
the primary source of the seleniferous environment in
Taoyuan Country, Hunan Province of South China (Ni et
al., 2015). Additionally, Luo et al. (2004) reported that the
sources of extremely high-Se soil in selenosis area at
southern Shaanxi Province resulted from the weathering of
the local Ediacaran and early Cambrian high-Se strata.
Thus, the research for the trace element distribution
patterns in the Ediacaran and early Cambrian black shales
is particularly necessary to evaluate Se in the modern
environment.

The Guangning area (Fig. la) in western Guangdong
Province has a subtropical monsoon climate and
vegetation is well-developed (Qiu Zhihua et al., 2011).
The biological and physical weathering of the rocks is
intense. However, new artificially-exposed outcrops
provide an unsurpassed opportunity to collect the fresh
Ediacaran and early Cambrian black shales of the
Cathaysia Block. Additionally, chronostratigraphical
research has been made in this area (Zhang Zhilan et al.,
1992).

In this study, we analyzed the major and trace element

contents of the Ediacaran and early Cambrian black shales
collected from Guangning area and documented their
distribution patterns to discuss the origin of the selenium.

2 Geological Setting and Samples

The 2750 m thick Lechangxia Group is a flysch deposit
that conformably overlies the Yingyangguan Group with a
basal pebbly sandstone. The Lechangxia Group underlies
the carbonaceous shale of the Cambrian Bacun Group
(BGMRGD, 1988; Peng Shaomei et al., 1991; Zhang
Zhilan et al., 1992). The pebbly sandstone of
Yingyangguan Group has been correlated with the glacial
diamictite of Nantuo Formation in the Yangtze block
(BGMRGD, 1988; Zhang Zhilan et al., 1992). The upper
part of Lechangxia Group contains an algae-rich horizon
with  Protoleiosphaeridium-Zonooidium  assemblages,
which is similar to the Ediacaran Dengying (551-541 Ma)
and Doushantuo Formations (635-551 Ma) (Condon et al.,
2005) in the Yangtze block of South China (Zhang Zhilan
et al,, 1992). The lower age bound of the Lechangxia
Group is constrained by Pb-Pb detrital zircon age of 995 +
9 Ma from a tuffaceous siltstone (Zhang Zhilan et al.,
1992). Zhang et al. (1992) presented the respective ages of
535 Ma and 556 Ma of the lower part (carbonaceous slate)
and the bottom (siliceous-carbonaceous slate) of the
Bacun Group and 612 + 3 Ma of the top part (siliceous
layer) of Lechangxia Group by the Pb-Pb whole rock
isochron method. In the Guangning area, study area, the
Lechangxia Group is ca. 4299 m-thick with more silicalite
and carbonaceous shale (BGMRGD, 1988; Zhang Zhilan
etal., 1992).

Two sections were measured in this study. The Linwu
section (N23°38.077'; E112°20.699") is located beside
Linwu village (Fig. 1b), 7 km to the southeast of the town
of Gushui. Fresh black shales of the Lechangxia Group are
well exposed in a newly excavated surface at the north
side of Linwu village (Fig. 1b). Based on the regional
stratigraphic sequences, we confirm that the ages of the
black shales in Linwu section are older than 612 + 3 Ma
(Zhang Zhilan et al., 1992), which could correlate with the
lower part of Ediacaran Doushantuo Formation in Yangtze
Gorges area. A total of 34 black shale samples were
collected over stratigraphic intervals ranging from 0.54 m
to 2.53 m (Fig. 1c and d). The Guangyang section is
located beside the Guangyang Hydroelectric Power
Station in the town of Gushui (N23°43.460'; E112°
20.215") (Fig. 1b) and ten black shales were collected from
the outcrop along an unsurfaced road (Figs. 1c and e). The
bottom portion (ca. 20 m) of early Cambrian strata as
covered, and thus no samples were collected from this
section. In addition, other three artificially-exposed fresh
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black shales were randomly collected, which were
excavated when the new Maoerling Tunnel opened (N23°
40.052'; E112°15.437") (Fig. 1b). These three black shales
overlie the limestone of the late Ediacaran and could be
ensured that they belong to early Cambrian of Bacun
Group.

3 Analytical Methods

3.1 Analytical methods

Prior to chemical analyses, the oxide surface of the
black shale sample was stripped and fresh parts were
chipped and pulverized into powder (less than 200 mesh)
for analyses of major, trace and rare earth elements (REE).
All samples were analyzed at Laboratory of Analytical and
Testing Center (LATC) of the Institute of Geographic
Sciences and Natural Resources Research (IGSNRR),
Chinese Academy of Sciences (CAS), Beijing, China.

3.1.1 Major and trace elements analysis

Fifty milligrams of powder sample was digested with
HNO;-HF-HCIO, using an electric hot plate at 180 + 10°C
in a 100-ml PTFE-beaker with a PTFE-beaker cover (Luo,
2011; Tian et al., 2017a; Tian Xinglei and Luo Kunli,
2017b). The PTFE beakers were cleaned for 0.5 h using
20% HNOs; (v/v) heated to 100°C in advance. Major, trace
and rare earth element concentrations were measured
using an Elan DRC-e Inductively Coupled Plasma Optical
Emission Spectrometer (ICP-OES) and Perkin-Elmer
Optima 5300DV Inductively Coupled Plasma Mass
Spectrometry (ICP-MS).

3.1.2 As and Se analysis

Fifty milligrams of powdered sample was used for Se
and As analyses. Analytical details are described by Ni et
al. (2015). Se and As concentrations were determined by
Hydride Generation Atomic Fluorescence Spectrometry
(HG-AFS9780; Beijing Haiguang Instruments Co. Ltd).

3.1.3 Loss on ignition (LOI) analysis

A clean porcelain-crucible was placed in a muffle
furnace and heated to 900°C for 30 minutes. The porcelain
crucible was removed from the furnace when the
temperature fell to 500°C, and was quickly placed in a
desiccator. After 10-20 minutes, the weight of the
porcelain crucible (m;) was measured. 1.0 g of powdered
sample (m;) was put in the known-weight of porcelain-
crucible and the heating process was repeated as described
above. The weight of the heated sample was measured
(m3). The calculated LOI values are as follows: LOI (%) =
{(m; + m,) — m3}/m, x 100.

3.2 Quality control

Standard samples were prepared identically to the
unknowns. Four standards (soil standards GBW07401,
GBW07403, and GBW07406, and rock standard GBW
07112 from the Chinese Standard Sample Study Center,
Chinese Academy of Measurement Sciences) were used to
calibrate element concentrations of the measured samples.
Parallel samples, blank experiment and repeated
measurements were also used. RSD is commonly better
than 10% for both major and trace elements.

4 Results and Discussions

Major and trace elements contents of the samples are
given in Table 1-3. An enrichment factor (EF) was
calculated as mean elemental concentration/upper
continental crust (UCC) according to McLennan (2001).
The ratios of Eu/Eu” were calculated by using published
formulae from Bau and Dulski (1996), Eu/Eu’ = 2Euy/
(Smy + Gdy), and the subscript N in the equation
represents the Post-Archean Australian Shale (PAAS)
normalized value of the element, and the data for PAAS
are from Nance and Taylor (1976). Percentage
composition of SiO, was estimated as follows: SiO,(%) =
100 — LOI(%) — (Al,O3+ CaO + Fe,03+ K,0 + Na,O +
MgO + MnO + P,05+ Ti0;)(%).

4.1 Major element oxides

Compared to average values for PAAS (Taylor and
McLennan, 1985; McLennan, 2001), Ediacaran black
shales contain a slightly higher content of K,O and SiO,,
and lower proportions of other major element oxides
(Table 4). Early Cambrian black shales exhibit a slightly
higher content of K,O, ALO;, and SiO,, while lower
proportions of other major element oxides relative to
average values for PAAS (Table 4) (Taylor and
McLennan, 1985; McLennan, 2001).

4.2 Trace elements

According to their degree of enrichment, the elements
in the samples can be divided into five categories: strongly
enriched (EF>10), significantly enriched (10>EF>5),
weakly enriched (5>EF>2), normal (2>EF>0.5), and
depleted (0.5>EF).

Se, Ga, and As are strongly enriched in the Ediacaran
black shales, Bi and Rb are significantly enriched, Mo, Ba,
Cs, V, In, Be, Tl, and Th are weakly enriched, and U, Cr,
Cd, Sc, Pb, Cu, and Li are close to the average values for
UCC (2>EF>0.5) (Table 5). However, Ni, Zn, Sr, and Co
are depleted (Table 5).

Early Cambrian black shales exhibit strongly enriched
Se, Ga, and As, significantly enriched Ba, Bi, and Rb,
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weakly enriched Mo, Cs, Cd, V, U, Be, In, and T, normal
Sc, Th, Cr, Li, Cu, Ni, and Pb and depleted Co, Zn, and Sr
(Fig. 2, Table 5).

4.3 Variation between the Se concentrations of
Ediacaran and early Cambrian black shales

The Ediacaran and early Cambrian black shales in the
Yangtze block generally exhibit high Se concentrations.
For instance, the Se content in the black shales of the
Ediacaran Lantian Formation, southern Anhui Province, is
as high as 94.77 ppm and averaging 5.95 ppm (Li
Shuangying, 1994). The Se content in the black shales of
the Ediacaran Doushantuo member IV is as high as 25.08
ppm with arithmetic mean value of 12.49 ppm in the
Yangtze Gorges area, Hubei Province (Tian et al., 2017a;
Tian Xinglei and Luo Kunli, 2017b). The black shales of
the early Cambrian Niutitang Formation exhibit the high
Se contents of 223.85 and 164.44 ppm in Taoyuan
Country, Hunan Province (Ni et al., 2015) and Zunyi
region, Guizhou Province (Fan et al., 2011), respectively.

The Ediacaran and early Cambrian black shales in this
study area in Cathaysia also are enriched in Se. Se is the
most enriched trace element in the Ediacaran and early
Cambrian black shales, the concentrations of Se vary from
0.25 to 30.09 ppm and 0.54 to 5.01 ppm (Table 5), with
average values of 4.84+6.28 ppm (n = 34) and 1.72 £ 1.45
ppm (n = 13), and average EF values of 96.87 and 34.32,
respectively. The maximum reported value of Se occurred
in the Ediacaran black shale, and the average content of Se
in the Ediacaran black shales are 2.8 times of early
Cambrian black shales.

Variance analysis shows that there are significant
differences between the Se contents in the Ediacaran and
early Cambrian black shales (P = 0.03). In the following
sections, the origin of the high Se contents in the
Ediacaran and early Cambrian black shales in this study
area are discussed.

4.4 Origin of the enriched Selenium

4.4.1 Effect of terrigenous input

Detrital and authigenic components contribute to the
trace element concentrations in bulk black shales
(Tribovillard et al., 2006). An effective method to check
whether the content of a given element is dominantly
controlled by the detrital flux is to plot this trace element
versus aluminum (Al) or thorium (Th), which can be
considered as an indicator of the aluminosilicate fraction
of the sediments, which is not mobile during diagenesis
(Tribovillard et al., 2006; Schroder and Grotzinger, 2007,
Tian Xinglei and Luo Kunli, 2017a). A good correlation of
the observed trace elements with Al or Th would suggest
that the trace elements are of detrital provenance
(Tribovillard et al., 2006). Correlation analysis showed
that no significant positive correlations between Se with
Al or Th in both Ediacaran (rs..a=—0.23; rse.t,=0.04) and
early Cambrian (rs..2=0.36; rs..1;=0.24) black shales,
which suggest that Se was not of detrital provenance.

4.4.2 Effect of hydrothermal fluids

Eu is the only rare earth element that can be reduced
from Eu’" to Eu®" (Brookins, 1989). Positive Eu anomalies
in shallow seawater may not reflect the redox state of
waters, but are always associated with high temperature
(>250°C) (Sverjensky, 1984) and reducing hydrothermal
fluid (Michard and Albaréde, 1986; Olivarez and Owen,
1991; Bau and Dulski, 1996; Kamber and Webb, 2001).
Nearly all the studied black shales show slight positive Eu
anomalies (<1.5) (Table 5). Furthermore, slight positive
Eu anomalies were commonly observed in the Ediacaran
and early Cambrian strata throughout the Yangtze
platform (Guo et al., 2007; Tian Xinglei and Luo Kunli,
2017a). This observation indicates that the weak positive
Eu anomaly is a common phenomenon in the Ediacaran
and early Cambrian period around South China. Weak
positive Eu anomalies also suggest that deposits were not
directly transformed by hydrothermal flux. A mixture of
hydrothermal flux and seawater possibly led to the weak
positive Eu anomalies, which are preserved by authigenic
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Fig. 2. Trace element enrichment factors (EF) relative to Upper Continental Crust (McLennan, 2001) of the
Ediacaran and early Cambrian black shales in the Guangning area, western Guangdong Province, South China.
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Table 3 REE concentrations (ppm) and Eu/Eu* values of the investigated black shales in the Guangning area, western

Guangdong Province, South China

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Y Er Tm Yb Lu EuwEu*
GS-10 36.65 70.18 8.13 32.48 6.84 143 583 064 310 055 1391 156 022 154 024 1.07
GS-9 53.51 99.06 11.15 4490 883 215 738 078 384 068 18.05 2.07 032 224 036 1.25
GS-8 60.66 105.14  13.06  52.40 1055 260 854 092 477 089 250 274 040 2.88 047 1.29
GS-7 58.15 111.55  12.65 52.34 1034 263 798 081 377 0.72 20.01 228 035 248 043 1.36
GS-6 42.85 75.26 9.35 38.37 7.86 175 644 071 358 067 1837 2.02 029 202 030 1.16
GS-5 57.18 104.11 1233 48.42 8.76 188 732 079 378 071 18.14 2.06 029 206 033 1.11
GS-4 41.75 76.24 9.20 36.70 7.82  2.01 590 065 337 064 1756 206 031 254 040 1.39
GS-3 78.39 145.05  20.42 89.49 17.19 345 128 137 681 123 3306 3.61 053 357 0.55 1.09
GS-2 47.78 87.96 1039 41.22 920 230 7.04 071 345 063 1670 191 029 235 036 1.34
GS-1 54.10 101.57 1221 49.70 1028 246 743 079 370 0.68 1842 2.14 032 240 0.39 1.32
MEL-4  70.02 20134 16.14  43.93 1019 262 727 072 3.65 068 19.12 240 036 284 0.50 1.43
MEL-5 60.07 104.86  13.55 54.64 12.16 257 9.06 098 478 0.85 31.03 258 036 2.69 046 1.15
MEL-6  40.66 71.70 9.24 36.53 7.96 195 6.02 063 3.07 055 2284 184 029 234 040 1.32
ZB-34 73.48 115.60 17.35 68.41 1447 358 11.57 129 636 1.14 30.16 347 050 3.54 0.57 1.30
ZB-33 73.71 110.69  16.21 63.07 1353 312 922 082 298 043 1043 133 020 1.63 033 1.31
ZB-32 58.31 10471 1374 5520 11.27 296 823 079 339 056 158 1.73 026 2.09 037 1.44
ZB-31 68.95 111.21  18.13 72.76 1581 398 1213 134 695 136 4251 439 0.64 468 0.79 1.35
ZB-30  156.82 21675 40.58 166.52 3248 558 2341 211 739 092 2893 247 032 242 040 0.95
ZB-29 13023 23437 3323 13580 2136 498 1520 141 6.04 092 2229 262 036 266 045 1.30
ZB-28 71.21 11374 1586  61.57 11.21 287 932 1.0 486 0.83 2150 244 034 259 041 1.32
ZB-27 62.53 110.01 1432 55.80 1024 256 831 0.84 377 061 1484 180 027 198 031 1.31
ZB-26 78.22 10328 1632 63.98 1256 3.09 11.27 1.12 457 068 1679 193 027 206 034 1.22
ZB-25 71.15 10029  16.23 64.26 11.81 276 9.07 095 412 0.65 16.14 196 028 207 034 1.25
ZB-24 11083 7549  24.02 89.09 1582 260 963 086 30 038 7.6l 1.11  0.13 1.0 0.16 0.98
ZB-23 14172 9822 3321 12455 2229 444 1429 136 471 0.62 1277 181 023 185 033 1.16
ZB-22 75.93 111.72 15.84  59.30 1043 231 791 073 289 043 1042 132 021 158 0.8 1.20
ZB-21 85.42 12303  17.32  64.59 12.06 2.66 880 0.76 277 038 9.08 .12 018 1.62 031 1.21
ZB-20 55.70 84.06 11.57 4423 8.50 194 633 059 232 036 842 1.10 0.18 1.44 0.26 1.24
ZB-19 44.29 78.11 9.47 37.17 7.29 1.66 590 0.60 2.55 041 9.84 120 0.19 137 0.24 1.19
ZB-18 67.85 12828 1542  63.92 1522 327 12.0 1.13 438 063 14.03 1.68 023 1.83 031 1.14
ZB-17 75.66 14445 16.93 64.59 11.50 280 885 079 3.06 043 981 134 019 161 029 1.31
ZB-16 56.68 10638  12.53 4845 9.53 199 750 072 270 036 12.69 1.01 0.15 1.12 0.19 1.11
ZB-15 99.05 16731 2380 99.64 2277 3.83 1677 151 570 0.83 2002 223 031 229 039 0.92
ZB-14 56.08 95.32 1294  51.99 1047 217 8.1 0.82 3.60 0.60 1535 1.81 027 202 035 1.11
ZB-13 43.32 96.35 10.81 44.37 9.50 188 735 071 315 052 1336 1.69 024 6.18 031 1.06
ZB-12 65.27 12256 1587  63.95 1321 254 9.71 094 386 058 1553 1.81 026 2.07 034 1.05
ZB-11 67.46 128.19 1630  65.01 1297 276 958 091 370 056 1512 1.75 026 192 033 1.16
ZB-10 59.87 11296  13.73 54.06 10.01 218 742 0.69 259 038 9.04 1.14 017 137 026 1.19
ZB-9 57.68 10996 12.62  50.57 1050 2.66 9.04 074 287 043 1143 291 020 159 030 1.29
7ZB-8 47.21 87.93 10.63  41.97 8.64 187 675 067 286 047 11.80 143 021 165 0.29 1.15
ZB-7 70.44 117.84 1568  62.06 11.85 264 983 090 353 056 1457 1.65 024 1838 034 1.15
ZB-6 71.75 12994  16.35 65.12 1225 264 982 094 354 052 1943 152 022 1.70 030 1.13
ZB-5 73.76 12381 16.69  68.21 1387 275 1086 099 9.19 052 1328 1.51 022 1.78 030 1.05
ZB-4 60.12 102.85 14.14  58.26 1125 242 964 091 390 066 18.13 2.02 030 227 039 1.09
ZB-3 36.45 75.44 8.17 32.24 6.39 1.61 520 051 228 039 1027 121 0.18 148 025 1.32
ZB-2 45.45 88.0 10.06  40.17 7.90 1.83  6.05 061 232 035 875 1.03 015 119 021 1.25
ZB-1 48.21 90.68 10.43 39.67 7.23 188 6.14 059 260 042 1037 127 0.18 148 0.27 1.33

sediments (Derry and Jacobsen, 1990). However, the
stability field of Eu®* could also be reached under euxinic
environment as in the modern Black sea (Sverjensky,
1984). Thus, the depositional environment of the
Ediacaran and early Cambrian black shales must be
constrained.

The trace elements U, V, and Mo are good indicators of
redox conditions. The use of enrichment ratios (e.g., U/Al,
V/Al and Mo/Al ratios) relative to certain shale standards
(PAAS or Black Sea euxinic sediment) has been extended

from modern sediments to ancient shales (Algeo and
Maynard, 2004; Lyons et al., 2009; Pi et al., 2013). In the
following sections, we will use these proxies to explore
the dispositional environment.

Before discerning redox conditions, the following
considerations should be made first. Only the
concentrations of authigenic components are response to
redox changes in the water column (Tribovillard et al.,
2006). An effective method to check the authigenic
enrichment of a given element is to normalize it to Al,
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Table 4 Statistics values for major element oxides, LOI, and S
Si0; LOI Al O; CaO MgO Fe,0; K,0 MnO Na,O P,05 TiO, S

Maximum 80.27 8.30 19.16 0.21 2.11 4.64 5.70 0.022 0.15 0.08 0.90 10780.0
Minimum 60.60 2.63 11.0 0.04 0.73 1.20 3.26 0.002 0.09 0.01 0.59 165.6

€ Average 69.08 4.57 16.94 0.10 1.18 2.53 4.68 0.010 0.12 0.03 0.77 1325.32
SD 5.11 1.58 2.34 0.05 0.44 1.16 0.79 0.007 0.02 0.02 0.08 2894.72
Median 69.58 4.17 17.74 0.09 0.94 2.15 4.75 0.010 0.12 0.03 0.78 302.2
Maximum 80.36 9.34 24.78 0.73 1.24 11.86 6.64 0.008 2.02 0.10 0.98 466.0
Minimum 55.42 3.80 9.64 0.04 0.44 0.73 2.24 0.001 0.09 0.01 0.51 166.3

E Average 63.81 5.98 19.58 0.11 0.92 3.24 5.29 0.004 0.23 0.02 0.82 316.06
SD 4.99 1.42 2.85 0.11 0.16 2.32 0.85 0.001 0.32 0.02 0.11 82.98
Median 63.27 5.99 19.57 0.09 0.94 2.59 5.31 0.004 0.18 0.02 0.84 309.3

PAAS  Average 62.80 18.90 1.29 2.19 7.18 3.68 0.110 1.19 0.16 0.99

Note: €;-carly Cambrian; E-Ediacaran; SD-standard deviation. The unit of maximum, minimum, average, SD, and median for major element oxides and LOI
is %, and for S is mg/kg. The data for PAAS are according to Taylor and McLennan (1985) and McLennan (2001).

which can be an indicator of detrital origin and is usually
immobile during diagenesis (Algeo and Maynard, 2004;
Tribovillard et al., 2006; Schroder and Grotzinger, 2007).
If Al originates from relatively Al-rich or poor sources, the
enrichment can be overestimated or underestimated (Kryc
et al., 2003). A standard method of estimating whether Al
comes from a common siliclastic flux is to plot Al versus
scandium (Sc), thorium (Th) or zirconium (Zr), which are
also usually derived from a detrital source. A strong
correlation may suggest that Al comes from a common
siliclastic source. Following this logic, we calculated the
correlations of Al versus Sc and Th. Results show that Al
exhibits significant positive correlations with Th or Sc in
the Ediacaran (rs.m,=0.64, ra.s=0.88; P<0.01) and early
Cambrian (ra.sc=0.83; P<0.01) black shales, indicating
that Al originated from a normal siliciclastic flux. Thus,
using the Al-normalized procedure to look for trace
element enrichments beyond the detrital flux is justified.

Uranium (U) exists as soluble U®" under oxidizing
condition. However, under highly reducing conditions, U
is reduced to the insoluble U*" and precipitates into the
sediments as crystalline uraninite (UO,) or its metastable
precursors under certain reducing conditions (Calvert and
Pedersen, 1993). The U/Al ratios (ppm/% ) of the
Ediacaran and early Cambrian black shales range from
0.27 to 1.03 and 0.36 to 1.37 with an average value of 0.49
+ 0.16 (n = 34) and 0.74 £ 0.34 (n = 3), respectively.
These values are a slightly higher than that of the PAAS
(0.31) (Taylor and McLennan, 1985) and lower than that
of Black Sea euxinic sediment (3.3) (Calvert and
Pedersen, 1993) (Fig. 3).

Vanadium is a redox sensitive element which is
preferentially enriched in sediments underlying anoxic or
near anoxic waters (Calvert and Pedersen, 1993). In the
present study, the V/Al ratios ((ppm)/%) of the Ediacaran
black shales range from 13.44 to 173.79 and the average
value is 34.75+£32.45 (n=34). These values are within the
V/Al ratios of PAAS (15.0) (Taylor and McLennan, 1985)
and Black Sea ecuxinic sediment (28.8) (Calvert and
Pedersen, 1993), whereas a little part hold the higher V/Al

ratios than 28.8 (Fig. 3). The similar variation of V/Al
ratios could be detected in the early Cambrian black shales
(Fig. 3).

Molybdenum is conservative under the oxic marine
environment (Algeo and Lyons, 2006). Its removal from
the water column to sediments requires a reduction
reaction through which H,S/HS transforms stable
molybdate to particle-reactive thiomolybdates (Helz et al.,
1996). The Mo/Al ratios (ppm/%) of the Ediacaran and
early Cambrian black shales range from 0.27 to 1.03 and
0.36 to 1.37, with average value of 0.49 = 0.16 (n = 34)
and 0.74 = 0.34 (n = 13). The average values are higher
than that of the PAAS (0.01) (Taylor and McLennan,
1985) and lower than that of Black Sea euxinic sediment
(4.3) (Calvert and Pedersen, 1993). Only one Ediacaran
black shale (ZB-31) displays a higher Mo/Al ratio than
4.3.

Based on the above discussions, it can be inferred that
the depositional environment of the Ediacaran and early
Cambrian black shales were generally anoxic. Therefore,
the influence of the euxinic environment for the positive
Eu anomalies could be excluded.

In addition, the Co/Zn ratio may be a sensitive indicator
of hydrothermal versus normal authigenic source of trace
metals (Toth, 1980). Co/Zn values of the hydrothermal
crusts (both manganese-rich and iron-rich) are very low
(Co/Zn,y, = 0.15), while ferromanganese crust and nodules
have an average Co/Zn ratio of 2.5. Both types of black
shales have low Co/Zn ratios, averaging 0.29 and 0.22,
respectively, which are indicative of a hydrothermal origin
for the black shales. Plotting the data of Zn, Co, and Ni
concentrations in the Zn-Co-Ni diagram (Jai and Yu,
1992) (Fig. 4), result showed most of the samples are
distributed in the field of marine bottom hot-water
sediment and none plot in the field of deep ocean
manganese nodule of hydrogenetic deposit, which indicate
the influences of hydrothermal alteration.

Se tends to be enriched in the mantle and core (Auclair
et al., 1987). Compared to the Se concentration of the sea
water, hydrothermal vents can provide amount of selenium
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Fig. 3. Box plots (Lucja et al., 2015) of U/Al, V/Al, and Mo/Al ratios (ppm/%) of the Ediacaran and early Cambrian black

shales, in the Guangning area, western Guangdong Province, South China. BSES is short for Black Sea euxinic sediment.
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Fig. 4. Zn-Co-Ni triangular diagram of the Ediacaran and
early Cambrian black shales in the Guangning area, west-

Guangdong Province, south China. Our results are briefly
summarized below:

(1) Compared with the UCC, the Ediacaran black shales
are strongly enriched in Se, Ga, significantly enriched in
As, Bi and Rb, weakly enriched in Mo, Ba, Cs, V, In, Be,
TI, and Th, normal in U, Cr, Cd, Sc, Pb, Cu, and Li, and
depleted in Ni, Zn, Sr, and Co. Early Cambrian black
shales display strongly enriched Se, Ga, and As,
significantly enriched Ba, Bi, and Rb, weakly enriched
Mo, Cs, Cd, V, U, Be, In, and TI, normal Sc, Th, Cr, Li,
Cu, Ni, and Pb and depleted Co, Zn, and Sr.

(2) Similar with the Se-rich Ediacaran and early
Cambrian black shales in the Yangtze block, the Ediacaran
and early Cambrian black shales in this study area in the
Cathaysia block are also enriched in Se. Moreover, Se is
the most enriched trace element among the 24 trace
elements. In the Ediacaran and early Cambrian black

ern Guangdong Province, South China, according to Jai 10

and Yu (1992). Volcaniclastic-rich

I, Deep ocean manganese nodule of hydrogenetic deposit; II, Marine 1 sediments * Ediaca{an .

bottom hot-water sediment. 8] o Early Cambrian
Cambrian black shales (Fig. 6b). Additionally, Fe contents , . o
in the Ediacaran black shales show significant positive — 6+ . . w'a .

. . . . = .
correlation with S (rpes = 0.52, P<0.01), which is an = o . .‘a';,“
indicator of the presence of pyrite. However, there is no My PAAS oo i
significant positive correlation between Fe and S (r = ° 5
0.45) in the early Cambrian black shales. Thus, the " .
presence of pyrite in the Ediacaran black shales may “]
lain their Se-rich Zhang Ai 1,1 .
explain their Se-rich nature (Zhang Aiyun et al., 1987) . T —
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5 Conclusions

Detailed analyses of major and trace elements
concentrations were conducted for the Ediacaran and early
Cambrian black shales in the Guangning area, western

Rb (ppm)

Fig. 5. K,O-Rb diagram (according to Plank and Langmuir,
1998) of the Ediacaran and early Cambrian black shales, in
the Guangning area, western Guangdong Province, South
China.
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Fig. 6. Dendrogram produced by hierarchical cluster analysis of analytical data from Ediacaran (a) and early Cambrian (b) black
shale samples in the Guangning area (cluster method, centroid clustering, Pearson correlation).

shales, Se concentrations vary from 0.25 to 30.09 ppm and
0.54 to 5.01 ppm, have average values of 4.84 and 1.72
ppm, and average EF values of 96.87 and 34.32 relative to
UCC, respectively. The maximum Se concentration occurs
in the Ediacaran black shales, and the average content of
Se in the Ediacaran black shales is 2.8 times higher than
that of early Cambrian black shales.

(3) Variance analysis suggests that Se concentrations in
the Ediacaran and early Cambrian black shales exhibit
significant difference (P = 0.03). Provenance analysis
shows that Se contents of both the Ediacaran and early
Cambrian black shales were without detrital provenance
and volcaniclastic sources, but may have a hydrothermal
origin. The deep sources and the presence of pyrite may
explain the higher Se contents in the Ediacaran black
shales.
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