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Abstract. Marine black shale in the Lower Cambrian Qiongzhusi (QZS)
Formation in the southwestern Yangtze Plate, SW China, is the key target
for shale gas development. The paleoenvironment plays an important role
in the formation of organic-rich shale. Based on the analysis of major, trace
and rare earth elements (REE), the authors discussed element composition,
paleoweathering and provenance of Qiongzhusi black shale (QOZS shale). The
results show that the main components of the Qiongzhusi Formation sample
are Si0,, AL,0,and total Fe,O, (TFe,0,), with the average values of 64.08 wt%,
15.00 wt% and 5.39 wt%, respectively. Redox-sensitive elements, such as V, Cr,
Ni, Zn and U, are richer in QZS shale compared to the upper continental crust
(UCC). The total concentration of REE (Y.REE) of QZS shale is 174.58 ppm
on average, which is higher than that of UCC (average 146.37 ppm) and the
North American Shale Composite (NASC) (average 173.21 ppm). The ratios
of w(SiO,)/w(AL,0,) and w(AL,0 )w(TiO,), the Zr-TiO, diagram, the Th/Sc vs
Zr/Sc plot, the discriminant function of F1 vs F2 and F3 vs F4, as well as the
discrimination diagram of Y REE vs La/Yb indicated that the main provenances
of QZS shale are sedimentary and felsic igneous rocks. The values of a chemical
weathering index, the chemical index of alteration (CIA), of the Lower QZS
Formation (Stage 1) range from 51.84 to 64.33, indicating a low degree of
chemical weathering and a cold and dry climate. The CIA values of the Upper
QZS Formation (Stage 2) range from 66.58 to 82.42, being indicative of a
medium degree of chemical weathering, probably in a humid climate.
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1. Introduction

Ediacaran to Early Cambrian (E-C transition) is considered an important
interval in the Earth’s history recording the explosive radiations of metazoans
known as the “Cambrian explosion” [1-3]. E-C transition is marked by
numerous geological events such as continental reorganization [4], post-
snowball glaciers melting and sea level rise [5], and global accumulation
of organic-rich shale [6-8]. Lower Cambrian strata in South China are
considered critical sources of shale gas, phosphate and several metals with
economic value [9]. Early Cambrian sedimentary sequences in South China
are stratigraphically continuous, providing an excellent opportunity for the
establishment of high-resolution chronostratigraphy [10] as well as high-
resolution reconstruction of paleoenvironmental conditions. Trace elements,
rare earth elements (REE) and major elements have been extensively used for
assessing depositional environments for shales [11-13]. The geochemistry of
shales, especially their trace element composition, is considered to represent
the average composition of the upper continental crust (UCC) compared to
other sedimentary rocks [14], and shales are believed to have preserved the
original signature of provenance and the diagenetic history [15]. Therefore,
the geochemical composition of clastic sediments has been successfully used
to infer the source-area weathering conditions and provenance [16—18].

Zhang [19] studied the mineralogical characteristics of Huize black shales
of the Lower Cambrian Qiongzhusi (QZS) Formation in South China and
ascertained a shallow shelf depositional setting characterized by hypoxia
and a reducing and hot water environment. Cheng [20] shows that the source
material of the QZS Formation was generally unweathered, so it can be used
as paleoenvironmental information. In addition, it was found that the lower
part of the QZS Formation experienced a short oxidation event during the
deposition of argillaceous limestone and silty dolomite, whereas its middle and
upper parts encountered a short sulfurization environment when depositing
carbonaceous shale. Fang [21] described two sedimentary subfacies and
established that there were two transgression and regression cycles during
the deposition of QZS black shale (QZS shale) and that the seawater column
was in an anoxic-sulfidic state as a whole. Cheng [22] analyzed black shale’s
metal-ore potential aspects using ore-forming element enrichment coefficients,
late superposition intensity and ore-forming element variation coefficients.
However, previous investigations focused mainly on the paleogeography,
sedimentary facies and sedimentary environment of the study area and the
formation relationship between black shale series and various metal-nonmetal
deposits.

In the current study, the sedimentary geochemistry of Early Cambrian QZS
Formation organic-rich shales in the southwestern Yangtze Plate, SW China
was investigated. The main aims of the current research were: 1) to obtain
refined geochemical data to reveal the short- and long-term paleoenvironmental
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forcing on the Early Cambrian black shale sedimentation; 2) to reconstruct the
black shale’s provenance; and 3) to elucidate the variations in the chemical
weathering intensity of the Early Cambrian, southwestern Yangtze Plate, SW
China.

2. Geologic setting

The study area is located on the Upper Yangtze Plate, SW China (Fig. 1a).
In the Early Cambrian (~520 Ma), the Yangtze Plate was situated in the
equatorial position as an isolated island near the Western Gondwana Coast
[23]. During the development of the QZS Formation, the Yangtze Plate
submerged and a sandy-muddy shelf formed in Middle Stage 2 to Middle
Stage 3 (Meishucunian-Qiongzhusian Stages, ~526 to ~515 Ma) because of
large-scale transgression (Fig. 1b).

The Lower Cambrian succession of the Upper Yangtze Plate consists of
the Yuhucun Formation, the QZS Formation and the Canglangpu Formation
(Fig. 1¢). The Yuhucun Formation is mainly composed of dolomite, siliceous
rock, phosphorite and limestone. The QZS Formation is chiefly gray-black
fine-grained siltstone, while its upper part is made of dark-gray shale and
mudstone mixed with siltstone with trilobite fossils, fine sandstone and a
small amount of limestone. The Canglangpu Formation can be divided into
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two members. The lower Hongjingshao Member is gray or gray-green fine
sandstone intercalated with shale, siltstone and purple-red mud shale. The
upper Wulongqing Member is gray-yellow or gray-green siltstone, the shale
is sandwiched between homochromatic sandstone and argillaceous dolomite.
The lower part of the succession is composed mostly of gravel-bearing
sandstone or conglomerate.

3. Methods and material

A total of twenty-three fresh outcrop shale samples from the QZS Formation
were initially polished to remove the weathered surfaces (Fig. 2a—d).
The organic-free samples were analyzed for their major and trace element
concentrations in the State Key Laboratory of Continental Dynamics,
Northwest University in Xi’an, China. The total organic carbon (TOC)
was determined for 23 samples, using a CS-580A instrument following the
standard of HJ 695-2014, at Beijing Research Institute of Uranium Geology,
China National Nuclear Corporation.

The samples were removed and powdered using a tungsten carbide ball
mill to pass through a 200-mesh sieve. Major elements were analyzed by an
X-ray fluorescence (XRF) Rigaku RIX 2100 spectrometer using the United
States Geological Survey (USGS) and Chinese national rock standards BCR-2,

Fig. 2. Representative outcrop photographs of the studied black shale.
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GSR-1 and GSR-3 for calibration. The accuracy and precision of experimental
analysis for the major elements were generally better than 5%. For the trace
element analysis, sample powders were digested using an HF + HNO, mixture
in high-pressure Teflon bombs at 190 °C for 48 h. For the trace elements, the
analytical error was less than 2% and the precision was better than 10% [24].

4. Results

4.1. Major elements and TOC content

The results of the chemical analysis of the major oxides of the QZS Formation
shale are presented in Table 1. The main components of the Formation’s sample
are Si0,, Al O, and total Fe O, (TFe,O,). Among them, the SiO, content is the
highest, ranging from 51.44 to 78.23 wt%, with an average value of 64.08 wt%.
The TFe,O, content ranges from 2.16 to 7.83 wt%, with an average value
of 5.39 wt%. The Al,O, content varies between 7.62 and 20.54 wt% in all
samples. The amount of CaO in the study area is 0.03—-7.27 wt%, with an
average value of 1.06 wt%. The content of MnO ranges from 0.01 to 0.28 wt%,
with an average value of 0.06 wt%. The total organic carbon (TOC) content
ranges from 0.07 to 2.09%, averaging 0.39%. Although the TOC of the
Qiongzhusi Formation outcrop in the study area is not high, the Cambrian
Qiongzhusi Formation reservoir in the Sichuan Basin, which is adjacent to its
northern part, has a wide distribution range, a large thickness, a high gas content
and a large total resource amount. The hydrocarbon source rock of the Lower
Cambrian Qiongzhusi Formation is the main hydrocarbon source rock of the
Sinian-Ordovician gas system, which has been widely recognized [25, 26].

4.2. Trace elements

Trace element concentrations of QZS shale samples are listed in Table 2.
In order to analyze the enrichment of elements, we carried out the upper
continental crust standardization for trace elements [27]. Figure 3 shows that
most redox-sensitive elements, such as V, Cr, Ni, Zn and U, are enriched
compared to UCC. Except for V, Cu and Pb, whose content fluctuates greatly,
that of other elements is relatively consistent. The concentration of large-
ionic-radius lithophile elements, such as Ba (320-979 ppm) and Rb (47.9—
175 ppm), and high-field-strength elements, such as Th (6.09—16.9 ppm) and
Ta (0.54-1.22 ppm), are similar to the respective UCC values. Some trace
elements, such as Co (17.9-191 ppm), Ni (20.9-83.7 ppm) and U (1.78-
18.3 ppm), are enriched with respect to UCC. The Sr element content (10.4—
95.4 ppm) is lower than that in UCC.
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Table 1. Major compound concentrations and TOC content in the Qiongzhusi shale, wt%

Sample No. Sio, TiO, AlLO, TFe,O, MnO MgO CaO
7ZJQ-q-36 54.58 0.59 13.13 4.78 0.09 6.21 5.46
7JQ-q-35 70.37 0.60 12.40 6.12 0.06 2.84 0.20
7JQ-q-33 51.44 0.66 15.80 5.01 0.08 5.52 5.24
7JQ-q-32 60.57 0.35 8.70 4.12 0.14 4.56 7.27
7JQ-q-31 78.23 0.50 7.62 5.46 0.17 2.38 0.09
7JQ-q-29 57.15 0.77 20.54 6.18 0.05 3.59 0.10
7ZJQ-q-26 58.03 0.78 19.26 7.67 0.09 3.45 0.06
7JQ-q-25 56.75 0.77 20.04 7.64 0.04 3.55 0.03
7JQ-q-23 68.54 0.65 12.91 6.92 0.28 2.69 0.08
7JQ-q-21 56.79 0.81 19.84 7.82 0.05 3.65 0.10
7JQ-q-20 57.19 0.77 19.66 7.83 0.08 3.58 0.06
7JQ-q-18 70.17 0.57 12.38 6.63 0.17 2.16 0.08
7JQ-q-17 57.15 0.75 19.77 7.28 0.04 3.35 0.08
ZJQ-q-15 63.55 0.85 16.89 422 0.01 2.12 0.04
7]JQ-q-14 67.64 0.99 15.71 2.16 0.01 1.24 0.10
7JQ-q-13 71.29 0.83 13.69 3.23 0.01 0.76 0.14
7JQ-q-12 68.79 0.72 13.80 4.84 0.04 1.07 0.43
ZJQ-q-11 67.15 0.67 14.84 4.42 0.02 2.38 0.44
ZJQ-q-9 67.24 0.70 12.81 3.62 0.03 1.89 2.57
ZJQ-q-8 69.36 0.68 13.46 421 0.04 2.02 0.51
7JQ-q-5 67.08 0.78 13.79 5.39 0.06 2.55 0.47
ZJQ-q-4 68.53 0.73 13.65 4.02 0.01 1.90 0.55
ZJQ-q-1 66.20 0.75 13.58 433 0.01 1.17 0.24
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Table 1. (continued)

Na,0 K,0 P,O LOI TOTAL 'CIA CIW PIA TOC

275

0.07 3.69 0.17 11.20 99.97 75.66 98.28 52.64 0.101

0.09 3.23 0.17 3.66 99.74 77.50 99.16 55.65 0.072

0.09 4.72 0.21 10.98 99.75 74.51 98.16 50.42 0.105

0.06 2.52 0.15 11.17 99.61 74.84 97.78 51.38 0.098

0.05 1.65 0.17 3.25 99.57 82.42 102.16 63.11 0.069

0.07 5.60 0.16 5.39 99.60 77.47 100.42 54.61 0.154

0.20 437 0.21 5.62 99.74 80.50 100.34 60.73 0.107

0.07 4.63 0.15 5.87 99.54 80.61 100.95 60.45 0.164

0.62 2.33 0.08 4.69 99.79 78.69 92.99 63.32 0.174

0.30 4.52 0.19 5.65 99.72 79.51 98.90 59.90 0.236

0.22 431 0.17 5.97 99.84 80.61 99.68 61.48 0.111

1.07 2.28 0.12 3.98 99.61 75.18 88.44 60.20 0.618

0.10 4.45 0.17 6.58 99.72 80.73 100.49 61.06 2.09

0.09 4.33 0.13 7.54 99.77 78.61 100.54 56.80 1.31

1.90 4.96 0.33 4.56 99.59 66.58 86.19 43.83 0.295

2.61 4.04 0.21 2.97 99.77 61.92 77.19 42.14 0.205

1.85 4.22 0.31 3.46 99.53 64.33 81.74 43.04 0.126

2.33 4.10 0.25 3.11 99.71 63.66 78.63 44.62 0.135

2.39 3.73 0.31 4.43 99.72 51.84 61.97 35.50 0.29
2.44 3.71 0.30 3.03 99.76 62.03 76.12 43.53 0.15
241 3.50 0.30 3.32 99.65 63.61 77.08 46.14 0.154
2.26 4.21 0.27 3.38 99.51 61.27 77.03 40.82 0.149
1.60 4.90 0.33 6.45 99.56 64.17 85.63 39.11 2.08

LOI - loss on ignition; 'CIA — chemical index of alteration; *CIW — chemical index of weathering;
PIA — plagioclase index of alteration
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Fig. 3. UCC-normalized trace elements spider diagrams of samples from the
Qiongzhusi Formation in the Zhujiaqing section.

4.3. Rare earth elements

Rare earth element concentrations of QZS shale are presented in Table 2. The
total concentration of REE (Y REE) of QZS shale is 174.58 ppm on average,
which is slightly higher than that of UCC (average 146.37 ppm) [27] and the
North American Shale Composite (NASC) (average 173.21 ppm) [28]. The
total concentration of light rare earth elements (2LREE) of QZS shale is 76.63—
258.99 ppm (average value 155.16 ppm) and makes up 89% of XREE, which is
higher than the average value of Chinese and Australian oil shales, 61.48 ppm
and 63.00 ppm, respectively [29, 30]. The total concentration of heavy rare earth
elements (XHREE) of QZS shale is 5.28-9.36 ppm (average value 7.45 ppm)
and makes up only 4% of ZREE, which is also higher than the average value
of Chinese oil shales (6.71 ppm [29]), but lower than that of Australian oil
shales (average value 14.40 ppm [30]). The concentration of middle rare
earth elements (MREE) of QZS shale is between 8.77 and 17.58 ppm,
averaging 11.97 ppm.

REE abundances of QZS shale are normalized to chondrites (Fig. 4a).
The chondrite-normalized REE diagram shows LREE to be enriched. The
steeper LREE partition curve in the La-Eu section indicates that the degree
of fractionation among LREE is rather high. However, the diagram is
characterized by a relatively flat pattern in the Gd-Lu section. The NASC-
normalized patterns (Fig. 4b) show rather flat paters with larger variation in
LREE relative to it.
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Fig. 4. a) Chondrite-normalized REE distribution patterns of samples from the
Qiongzhusi Formation in the Zhujiaqing section; b) NASC-normalized REE
distribution patterns of samples from the QZS Formation in the Zhujiaqing section.
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Table 2. Trace and rare earth element concentrations in Qiongzhuzi shale samples, ppm

Sample No.

Li

Be

Sc

A%

Cr

Co

Ni

Cu

Zn

Ga

Ge

Rb

Sr

Y

Zr

Nb

Cs

7JQ-q-36
7JQ-q-35
7JQ-g-33
7JQ-g-32
7JQ-q-31
7JQ-q-29
7JQ-q-26
7JQ-q-25
7JQ-q-23
7JQ-q-21
7JQ-q-20
Z7JQ-q-18
7)Q-q-17
ZJQ-q-15
7JQ-q-14
7JQ-q-13
ZJQ-q-12
ZJQ-g-11
ZJQ-q-9
7JQ-q-8
ZJQ-q-5
ZJQ-q-4

731Q-q-1

54.9

65.2

51.6

57.6

86.6

66.3

66.7

70.2

68.5

71.3

73.6

50.9

62.9

343

22.6

16.6

22.2

46.9

41

40.1

47.7

24.8

259

2.64

1.94

3.01

1.27

1.92

3.72

3.95

3.43

2.25

3.72

4.37

2.55

4.03

4.23

243

2.03

3.14

2.7

2.51

291

2.13

2.26

14.9

12.1

16.2

6.58

7.79

213

20.5

20.9

19.8

20.9

14.4

21.5

22

19.2

13.4

11.6

12.1

12.5

14.2

13.4

13.7

126

83.5

131

54.2

42.7

182

181

181

96.1

177

183

78.9

267

913

224

89.6

95.4

83.1

87.5

88.8

98.2

146

920

61.2

48.5

72.3

272

28.6

106

103

105

60.6

102

102

50

112

122

107

72.8

72.4

62.1

66.8

66.1

76.2

74.6

204

21.7

30.5

20.9

345

522

19.9

30

24.8

43.1

235

38.5

191

40.1

25.1

17.9

233

26.3

18

23.1

26.8

43.7

20

19.5

37.4

40.2

36.8

20.9

37.8

50.6

69.9

65.9

60.9

59.9

48.6

70.8

83.7

324

449

49.7

35.1

342

329

46.4

27.8

323

33

5.26

89.8

10.1

235

79.8

56.3

99.2

343

39

223

57.2

374

18.4

16.3

11.2

25.6

154

343

41.6

22.2

98.2

80.2

82.2

37.2

132

71.7

98.3

87.5

137

79.5

84.8

95.6

106

65.6

137

182

71.4

44

52.4

52

62.4

49.5

241

17.2

14.6

21.7

9.44

9.23

28.4

26.3

283

17.5

28.2

28.7

14.9

293

28.5

254

17.3

18.2

19.1

17.9

18.7

19.5

17.7

1.65

1.79

1.74

1.24

1.51

2.07

2.13

2.14

1.91

2.26

2.28

1.63

2.06

2.08

1.66

1.38

1.64

1.79

1.72

1.72

1.75

1.37

104

88.6

136

66.2

47.9

175

148

154

80.3

152

154

74.5

154

151

135

97.9

116

109

99.4

99.1

96

107

108

56.4

23.7

414

34

12.5

139

14.3

10.4

17.7

16.6

21.7

24.8

13.8

234

65.1

66.2

67.8

78

95.4

83.5

79.5

90.9

65.2

33.1

24.4

29.8

23.7

28.5

29.6

322

25

319

27.5

32.1

37.8

243

36

31.7

304

27.1

22.1

47.2

27.8

259

352

145

160

162

140

284

174

173

165

146

174

170

151

167

198

337

312

209

210

287

241

299

213

221

11.4

11.3

12.9

6.25

8.8

16

14.9

12

15.8

10.3

14.6

16.5

13.7

12.4

12.5

12.7

11.8

13.5

12.9

12.7

5.46

3.75

7.66

1.97

1.56

6.62

7.39

4.88

6.81

7.18

3.34

7.22

4.01

2.8

4.82

5.24

3.37

3.28

5.22

6.11
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Table 2. (continued)

Ba

Hf

Ta

Pb

Th

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu

598

549

738

501

320

951

761

769

469

847

889

452

882

823

979

679

655

628

666

647

661

833

859

3.68

4.19

3.44

6.84

4.56

4.52

4.28

3.74

4.39

4.39

3.69

434

5.07

8.3

7.83

5.41

7.11

6.05

0.82

0.93

0.54

0.75

1.22

1.14

1.12

0.9

1.16

1.15

0.83

1.18

1.22

1.03

0.92

0.93

0.87

0.99

0.92

0.94

5.86

4.05

8.16

10.1

11.3

3.93

8.38

5.25

6.23

6.04

9.26

7.5

234

68.9

28.8

15.6

8.58

11.8

11.5

15

26.9

112

9.59

8.47

11.6

6.09

7.53

16.9

15.6

16.5

11.4

15.9

15.9

8.72

15.3

153

15.5

13.1

9.87

11.2

10.3

9.43

2.87

2.12

3.59

1.78

1.97

3.56

4.18

3.71

2.64

3.72

4.04

2.25

7.05

15.3

18.3

4.95

3.27

2.6

2.6

2.61

2.74

3.46

16.9

353

25

47

15.8

20.7

42.8

344

35.7

359

60.4

63.6

28.9

413

45.8

47.9

345

28.6

28.3

41.7

31.6

29.7

31.6

33

70.3

49.6

89.6

33.7

474

84.6

71.5

69.9

86.4

127

106

64.4

88.9

86.1

92.9

65.8

53.6

54.8

73.5

59.8

59.9

60.6

59.2

9.15

6.05

10.7

4.22

5.87

8.75

8.16

10.2

143

13.6

7.13

9.63

11.5

7.77

6.82

6.38

10.8

7.83

7.03

7.46

7.68

33.8

234

379

18.3

253

30

31.3

27

38.7

50.2

46.9

28.6

309

37.7

37.7

28.1

25.8

232

41.7

30.1

26.8

28.7

29.2

6.76

4.46

6.78

4.61

6.24

43

6.12

4.21

7.98

7.09

79

6.39

4.49

6.96

6.34

5.08

5.13

4.05

8.36

5.95

5.11

5.42

1.46

0.97

1.36

1.02

1.28

0.96

1.23

0.86

1.44

1.33

1.58

1.33

0.92

1.45

1.47

1.03

0.85

1.79

1.26

1.09

1.01

6.2

4.16

5.94

4.53

5.51

39

5.36

3.58

6.12

5.64

6.47

5.88

5.85

5.6

4.63

4.8

3.75

7.87

5.23

4.72

4.38

4.73

0.94

0.65

0.86

0.69

0.89

0.68

0.88

0.59

0.92

0.8

0.97

0.96

0.59

0.99

091

0.79

0.72

0.6

1.18

0.74

0.65

0.76

5.4

3.85

4.9

3.93

4.99

4.55

5.34

3.76

5.47

4.54

5.79

3.7

5.38

4.89

433

3.57

6.74

4.7

4.39

3.82

4.74

1.08

0.81

0.99

0.77

0.97

1.02

1.13

0.84

0.92

1.09

1.19

0.8

1.21

1.12

1.05

0.9

0.75

1.37

0.93

0.92

0.81

1.02

2.96

2.83

2.08

2.65

3.09

3.27

2.6

3.05

2.76

3.18

322

2.49

3.45

3.27

3.16

2.62

2.26

3.76

2.61

2.72

2.4

2.99

0.42

0.33

0.41

0.29

0.38

0.48

0.48

0.41

0.43

0.42

0.47

0.44

0.39

0.51

0.5

0.48

0.4

0.35

0.53

0.39

0.41

0.37

0.44

2.72

2.75

1.86

2.45

323

32

2.78

2.68

2.8

3.08

2.75

2.66

33

3.24

3.16

2.57

3.21

2.45

2.65

2.45

29

0.42

0.34

0.42

0.28

0.36

0.49

0.48

0.43

0.39

0.43

0.46

0.41

0.41

0.5

0.49

0.48

0.39

0.35

0.49

0.37

0.4

0.37

0.43
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5. Discussion

5.1. Provenance

It has been demonstrated that the chemical composition of siliciclastic
sedimentary rocks is related to that of their source regions and can be used
to characterize the source rocks from which the investigated siliciclastic
sedimentary rocks were derived [31-34]. Bhatia and Crook [35] found that
siliciclastic rocks deposited in various tectonic environments differ markedly
in major element compositions. This holds true also for limestones [36].
The ratio of w(SiO,)/w(ALO,) in the analyzed samples ranges from 2.78
to 10.26, with an average of 4.63, which is slightly higher than that of the
continental crust average (3.6) [27]. This indicates that the sediments were
primarily derived from continental clastic material [37-39]. The w(SiO,)/
w(ALO,) ratios of most clastic rocks are chiefly used to infer the source rock
compositions [40]. The w(Al,0O,)/w(TiO,) ratio increases from 3 to 8 for mafic
igneous rocks, from 8 to 21 for intermediate rocks, and from 21 to 70 for
felsic igneous rocks [40]. The w(AlO,)/w(TiO,) ratio of QZS shale ranges
from 15.24 to 26.68, averaging 21.24, which suggests that felsic intermediate
igneous rocks were probably the source rocks for the QZS Formation shale.

Zr-TiO, diagram can be used to discriminate the provenance of sedimentary
rocks [40]. The Zr-TiO, diagram of QZS shale shows that the source region of
detritus originates from the erosion of felsic igneous rocks (Fig. 5a). The Th/Sc
vs Zr/Sc plot (Fig. 5b) was used to infer the provenance of the QZS black
shale [41]. The samples in the felsic field suggest that felsic rock may be the
dominating source of the sediments.
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(b)
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Fig. 5. Provenance discrimination diagrams: a) TiO2 vs Zr [40]; b) Th/Sc vs Zr/Sc
[41].

Also, the discriminant function of F1 vs F2 and F3 vs F4 by Roser and
Korsch [42] has been plotted in order to determine the provenance of QZS
shale. The QZS samples mostly plot in the quartzite sediment provenance
zone, except for three samples that plot in the felsic igneous provenance
(Fig. 6a-b). The results show that there was a relatively stable material source
during the depositional period of the QZS Formation and that the mineral
maturity of the parent rock was moderate.
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Fig. 6. Source region discrimination based on principal element analysis [42].

In addition, the provenance was analyzed based on the discrimination
diagram of Y REE vs La/Yb [43] (Fig. 7). Data show that QZS Formation
samples chiefly fall within the region of sedimentary rocks and the
intersectional region of granite and sedimentary rocks.

In general, the provenance analysis suggests sedimentary and felsic igneous
rocks to be the dominant provenance of QZS shale. This is consistent with the
provenance of rock types present in the uplifted Kangdian Ancient Land to the
west of the Upper Yangtze Plate in the Early Cambrian, which include granites
and sedimentary rocks enriched with felsic minerals [8, 44—46].
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Fig. 7. Discrimination diagrams for the provenance attributes of the shale in the
Qiongzhusi Formation (base map source [43]).



Geochemistry of marine black shale of the Cambrian Qiongzhusi Formation, Yangtze Plate, SW China... 275

5.2. Paleoweathering

The chemical weathering of source rocks can be assessed using the chemical
index of alteration proposed by Nesbitt and Young [16], the chemical index
of weathering which removes K O to eliminate the influence of potassium
metasomatism [47], and the plagioclase index of alteration which adjusts
the K,O and Al O, contribution from potassium feldspar and monitors the
degree of plagioclase weathering that has been successfully used for the
reconstruction of paleoweathering [48-58].
These proxies are defined using the following formulas:

CIA = 100 x ALO/(ALO, + CaO* + Na,0 + K,0), (1)
CIW =100 x ALO,/(AL,O, + CaO* + Na,0), @)
PIA =100 x (ALO, - K,0)(ALO, + CaO* + Na,0 + K,0).  (3)

CaO* represents the fraction of CaO in silicate minerals, which is used
in place of total CaO to avoid the contribution of CaO from carbonate and
phosphate minerals that are not linked to weathering processes [16]. CaO* is
derived using the following formula (in moles): CaO* = CaO — (10/3) x P,O.,.
If CaO* was less than the moles of Na O, this CaO value was adopted.
Otherwise, CaO* was assumed to be equivalent to Na,O [17, 59].

The calculated chemical weathering indices, including CIA, CIW and PIA,
are given in Table 1. The CIA value of QZS shale ranges from 51.8 to 82.4,
with an average value of 72. The shale’s CIW value is in the range from 61.97
to 102.2, averaging 90.43, while its PIA value is between 35.5 and 63.3, with
an average of 51.8. McLennan et al. [41] demonstrated that the CIA value of
50-65 indicates limited weathering, the value between 65 and 85 refers to
moderate weathering, and the value from 85 to 100 suggests strong chemical
weathering in a hot and humid climate.

The CIA, CIW and PIA of the Qiongzhusi Formation of the Zhujiaqing
section are given in Figure 8. A good correlation among the CIA, PIA and
CIW values can be observed. The studied succession can be subdivided
into two stages: Stage 1 (Lower Qiongzhusi Formation) and Stage 2 (Upper
Qiongzhusi Formation) (Fig. 8). In Stage 1, the CIA ranges from 51.84 to
64.33, with an average value of 61.61, indicating limited weathering in a cold
and dry climate. In Stage 2, the CIA values are somewhat higher, ranging
from 66.58 to 82.42, with an average of 77.56, indicating moderate chemical
weathering, probably in humid climates. This evidences that Stage 2 was
deposited in a warmer and more humid climate than Stage 1 under stronger
weathering conditions.
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Fig. 8. Chemical weathering indices and element ratios of the Qiongzhusi Formation
of the Zhujiaqing section.

The changing trend of CIW and PIA values for the QZS Formation
sediments follows a similar pattern to that of CIA values, which further
supports lower weathering intensity during Stage 1 compared to Stage 2. The
CIW values ranged from 86.19 to 102.16, with a mean of 97.63 in Stage 2,
thus displaying an intense degree of weathering of the source material. This
is a strong indication that secondary K enrichment has overprinted the CIA
values of the primary mineral matter in Stage 2. Nevertheless, the source and
timing of the possible secondary K enrichment remain elusive. Previously it
has been suggested that hydrothermal action was involved in the deposition
of sedimentary rocks of the QZS Formation, which may have contributed to
the enrichment of potassium in the considered black shales [22]. However,
it should be pointed out that in reality, tuffaceous rocks, granites and upper
crustal felsic rocks such as sedimentary rocks rich in felsic minerals are
developed in the Kangdian Ancient Land in the western part of the study area.
The physical and chemical erosional products of these felsic minerals-rich
sedimentary rocks may have well contributed to potassium enrichment in the
studied black shales.

The A-CN-K ternary diagram (Fig. 9) can be used to evaluate the mobility
of elements and recognize the post-depositional diagenetic and metasomatic
influences on clastic sediments [17]. The results show a linear trend
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subparallel to the A-CN connection line in the A-CN-K triangle, suggesting
the sustained weathering of primarily granite rocks. This result is consistent
with the previous expression that granite is one of the sources of QZS shales.
The partial distribution of samples in Stage 2 is indicative of their inclination
towards the K,O apex, implying that these samples underwent potassium
metasomatism during diagenesis.
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Fig. 9. Ternary diagrams of A-CN-K for the Qiongzhusi Formation samples from the
Zhujaiqing section based on the method described by Fedo et al. [17]. Abbreviations:
A—AlLQ,, CN - CaO* + Na,0, K - K 0.
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6. Conclusions

The main components of the Qiongzhusi shale are SiO,, A1,O, and TFe,0, with
the average values of 64.08%, 15.00% and 5.39%, respectively. The shale’s
redox-sensitive elements, such as V, Cr, Ni, Zn and U, are richer compared to the
upper continental crust. The total concentration of rare earth elements of QZS
shale is 174.58 ppm, which is higher than that of UCC (average 146.37 ppm)
and the North American Shale Composite (average 173.21 ppm).

The ratios of w(Si0,)/w(AL0,), w(ALO,)/w(TiO,), the Zr-TiO, diagram,
the Th/Sc vs Zr/Sc plot, the discriminant function of F1 vs F2 and F3 vs F4,
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and the discrimination diagram of the total concentration of REE vs La/Yb
indicated that sedimentary and felsic igneous rocks are the main provenances
of QZS shale. The values of chemical weathering indices — the chemical index
of alteration, the chemical index of weathering and the plagioclase index of
alteration, — of the Lower QZS Formation (Stage 1) are lower than those of the
Upper QZS Formation (Stage 2). This chemical weathering index indicates
that Stage 2 was deposited in a warmer and more humid climate than Stage 1
under stronger weathering conditions.
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