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The transition between Series 2 and Series 3 of the Cambrian Period was a time of environmental perturbations
and biological innovations. A generally positive sulfur isotopic composition of sedimentary pyrite with 834Spyrite
values between + 1.7 and +37.3%. is consistent with a biological origin via reduction of strongly S enriched
seawater sulfate. No substantial changes in the redox conditions of the water column are discernible from the

DOP record, and the sulfide sulfur isotopic composition is independent of DOP, in particular an excursion towards
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less 34S enriched values immediately preceding the proposed level of the Cambrian Series 2 to Cambrian Series 3
transition. This level is also characterized by a negative carbonate carbon isotope excursion, believed to reflect the
transgressive flooding of the shelf with basinal anoxic waters. Low DOP values would suggest that these might
have been ferruginous rather than sulfidic.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The stratigraphic interval representing the Cambrian Series 2 and
Cambrian Series 3 transition was a time of environmental perturbations
and biological innovations (Sundberg et al., 1999; Zhao et al., 2001a,b;
Guo et al., 2005; Zhao et al., 2008; Guo et al., 2010a; Sundberg et al.,
2011). This transition is marked by a globally recognizable negative
carbon isotope excursion (the ROECE event) that records the transgres-
sive flooding of the shelf areas with '>C depleted basinal and previously
anoxic bottom water. Respective changes have been archived in the
sedimentary rocks from this time interval and are reflected, among
others, in the temporal evolution of the carbon isotopic composition of
carbonate and organic carbon in the Wuliu-Zengjiayan and Jianshan
sections of southern China (e.g., Guo et al., 2010a).

This study aims at further reconstructing the environmental con-
ditions by investigating temporal fluctuations in the sulfur isotopic com-
position of sedimentary pyrite (634Spyrite) and potential changes in redox
conditions in these two sedimentary successions that were deposited on
the Yangtze Platform, South China. As a side aspect, the global correlation
potential of §>*Spyyice for this transition will be evaluated.

In the modern marine realm, dissolved sulfate represents the most
important sulfur compound. In fact, for the past 2.3 Ga, the input of sul-
fate into the oceanic reservoir resulted primarily from the riverine deliv-
ery of sulfate resulting from oxidative continental weathering with a
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minor contribution from hydrothermal activity (e.g., Strauss, 2004;
Reuschel et al., 2012; Strauss et al., 2013). The principal output functions
of sulfate from the ocean into the rock record have been the precipi-
tation of evaporitic sulfate (including the incorporation of sulfate
into carbonates; cf. Takano, 1985; Calvert et al, 1996; Staudt et al.,
1999; Strauss, 1999; Kampschulte et al.,, 2001; Lyons et al., 2003;
Kampschulte and Strauss, 2004; Goldberg et al., 2007), and the process
of bacterial sulfate reduction and the formation and subsequent burial
of iron sulfide into marine sediments (e.g., Canfield, 2001). While the
former process is not associated with any substantial sulfur isotope ef-
fect (e.g., Holser and Kaplan, 1966; Claypool et al., 1980), the biological
sulfur cycling, most notably the microbial reduction of sulfate, is associ-
ated with a substantial fractionation of the sulfur isotopic composition,
discriminating against the heavy 34S isotope and resulting in variable
but generally negative 6>S values archived in the sedimentary pyrite
(for a review, see e.g., Canfield, 2001, and Johnston, 2011). Frequently,
5>4S values of biogenic pyrite vary between —40 and 20%. (Clark and
Fritz, 1997). Most recently, Sim et al. (2011) reported a large isotopic
fractionation between oceanic sulfate and sedimentary sulfide of 66%.
for sulfate reducing bacteria, both from a natural setting as well as
from laboratory culture. In general, the sulfur isotopic composition of
sedimentary sulfur can be utilized to monitor perturbations of the glob-
al sulfur cycle (e.g., Strauss et al., 2013). But caution has to be exerted as
the development of sulfate-limiting conditions in the water column and
or the pore water realm due to intense microbial sulfate reduction
will result in the progressive enrichment of 24S yielding progressively
more positive 534S values.
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In addition to the abundances and isotopic compositions of carbon
and sulfur, iron abundances/speciation and related geochemical param-
eters such as the degree of pyritization (DOP: Raiswell et al., 1988) have
been utilized for evaluating the geochemical conditions during pyrite
formation within a given sedimentary environment. The DOP quantifies
iron availability but has been related to the redox condition of the
bottom water. Specifically, DOP values <0.45 and >0.75, respectively,
reflect deposition from an oxic or an anoxic to euxinic bottom water
(Raiswell et al., 1988).

The present study examines the sulfur isotope geochemistry and
DOP across the Cambrian Series 2 to Cambrian Series 3 transition in
the Wuliu-Zengjiayan and Jianshan sections, Guizhou Province, South
China.

2. Stratigraphy and sampling

A succession of carbonates and siliciclastic sediments spanning the
Cambrian Series 2 to Cambrian Series 3 transition is exposed at the
Wauliu-Zengjiayan section near Balang village (Taijiang County, Guizhou
Province, South China; Fig. 1), and this section has been proposed as a
potential Global Stratotype Section and Point (GSSP) for this boundary
(Sundberg et al., 1999; Zhao et al., 2001a,b, 2007, 2008, 2012). Correla-
tive strata are exposed in the Jianshan section which is located along a
ridge of Jianshan Mountain, ca. 1.5 km west of Chuandong Village
(Zhao et al,, 2008) and ca. 8 km NE away from the Wuliu-Zengjiayan
section. The Jianshan section represents an additional candidate section
in support of the stratotype for the Cambrian Series 2 and Cambrian
Series 3 transition (Zhao et al., 2008) (Fig. 1).

During Cambrian times, these sections were located in a low latitude
position (Scotese and McKerrow, 1990; Saltzman et al., 2000). Both
sections straddle the Cambrian Series 2 to Cambrian Series 3 transition.
In terms of stratigraphic units, the studied sections comprise the upper
part of the Qingxudong Formation, the Kaili Formation, and the lower

part of the Jialao Formation (Fig. 2). Lithologies include limestone,
dolostone, and silty calcareous mudstone, with abundant fossils pre-
served in the Kaili Formation. Sediments of the Kaili Formation were de-
posited in a shelf environment presumably in a water depth between 90
and 300 m (Zhang et al., 1996).

The Kaili Formation at the Wuliu-Zengjiayan section is more than
200 m thick, and is composed of gray silty mudstone, calcareous
mudstone and limestone (Zhao et al., 2001a,b; Guo et al., 2005;
Zhao et al., 2007). Interbeds of marl are common in the lower and
middle parts of the formation, containing abundant trilobite fossils,
such as Oryctocephalus, Bathynotus and Ovatoryctocara. The FAD of
Oryctocephalus indicus occurs at 52.8 m above the base of the Kaili
Formation (Zhao et al., 2007; Guo et al., 2010a,b; Sundberg et al.,
2011). The part of the Kaili Formation lying below this horizon
belongs to the Ovatoryctocara cf. granulata-Bathynotus keichouensis
assemblage zone (Zhao et al., 2012), and that above 52.8 m belongs
to the O. indicus zone and Peronopsis taijiangensis zone (Zhao et al.,
2012).

The Kaili Formation at the Jianshan section is also more than 200 m
thick, and is composed of calcareous mudstone, silty mudstone and
limestone (Zhao et al,, 2008; Guo et al,, 2010a). There are abundant tri-
lobite fossils in Kaili Formation, such as Oryctocephalus, Bathynotus,
Peronopsis and Olenoides. The FAD of Oryctocephalus indicus of the Cam-
brian Series, Stage 5 occurs at 44.25m above the base of the Kaili Forma-
tion (Zhao et al., 2008). The portion of the Kaili Formation lying below
this horizon belongs to the Ovatoryctocara cf. granulata-Bathynotus
keichouensis assemblage zone, and that above 44.25 m belongs to the
0. indicus zone and Peronopsis taijiangensis zone (Zhao et al., 2012).

According to a revised measurement of this section (Zhao et al.,
2008, 2012), the transition from Cambrian Series 2 to Cambrian Series
3 is located at 52.8 m above the boundary between the Qingxudong
and Kaili formations in the Wuliu-Zengjiayan section and at 44.25 m
above the boundary between the Qingxudong and Kaili formations in
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Fig. 1. Map showing the location of the Wuliu-Zengjiayan and Jianshan sections at Balang and Chuandong villages, Guizhou Province, South China.
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Fig. 2. 5>Scgs profiles for the Wuliu-Zengjiayan and Jianshan sections.

the Jianshan section; here, we revise our measurements and data accord-
ing to the above information (Table 1). The boundary is tentatively placed
between the Ovatoryctocara cf. granulata-Bathynotus keichouensis assem-
blage zone and the Oryctocephalus indicus Zone in both sections (Zhao
et al,, 2007, 2008; Guo et al., 2010b; Zhao et al., 2012), and based on the
first appearance data (FAD) of O. indicus. A transgressive event proposed
for the transition from Cambrian Series 2 to Cambrian Series 3 resulted in
changes in the depositional environment, with parts of the shelf being
flooded by less oxygenated basinal bottom waters during the period
(e.g., Montafiez et al.,, 2000; Hough et al., 2006; Guo et al.,, 2010a). This
was accompanied by a change in trilobite fauna (e.g., Zhao et al., 2008).
A negative carbon isotope excursion occurs at the level of the Cambrian
Series 2 to Cambrian Series 3 transition and it is believed to record a per-
turbation of the global carbon cycle associated with this transgressive
flooding event (e.g., Guo et al.,, 2010a).

3. Analytical methods

Forty-four samples from the Wuliu-Zengjiayan section were ana-
lyzed and 17 samples from the Jianshan section (Guo et al., 2005,
2010a). Samples were dried at room temperature and pulverized in an
agate mortar. Total sulfur (TS) and total carbon (TC) abundances were
measured using IR spectroscopy following the liberation of carbon diox-
ide and sulfur dioxide from rock powders via combustion in an oxygen
stream at 1350 °C. Total inorganic carbon (TIC) was liberated through
acid-digestion and determined via IR spectroscopy of the resulting car-
bon dioxide. The content of total organic carbon (TOC) was determined
as difference between TC and TIC. Analyses were performed using a CS-
MAT 5500 at the Institut fiir Geologie und Paldontologie in Miinster,
Germany. The detection limit for these measurements was 0.1 wt.%.

Different sulfur species (acid volatile sulfide (AVS), i.e. monosulfides,
chromium reducible sulfur (CRS), consisting primarily of pyrite sulfur,

and organically bound sulfur (OBS), reflecting largely kerogen-bound
sulfur) were extracted from the sediment samples for sulfur isotope
analyses through a sequential wet chemical analysis (Canfield et al.,
1986). Briefly, AVS was liberated with HCl (25%) and CRS with 1M chro-
mous chloride solution, both times under reducing conditions (flow of
nitrogen). Resulting hydrogen sulfide was trapped as zinc sulfide
using a zinc acetate trapping solution (3%) and subsequently converted
to silver sulfide with 0.1 M silver nitrate. The remaining rock powder
was treated with Eschka reagent at 800 °C (ASTM, 1977), liberating
the remaining organic sulfur as water soluble sulfate. This was precipi-
tated as barium sulfate using 8.5% BaCl,-solution.

Barium sulfate and silver sulfide precipitates from the different
forms of sedimentary sulfur were measured for their 6>4S values via
isotope ratio mass spectrometry using a ThermoFinnigan Delta Plus
mass spectrometer interfaced with an elemental analyzer (EA-IRMS)
in Miinster, Germany. Results are reported in the usual delta notation
as per mil difference to the Vienna Canyon Diablo Standard (V-CDT). Re-
producibility as determined from replicate measurements of samples
and standard materials was better than + 0.3%o.

HCl-soluble iron (Feyc) was extracted from the bulk sediment with
cold 1M HCl for 24 h and the Fe concentration was subsequently mea-
sured by inductively coupled plasma optical emission spectroscopy
(ICP-OES) in Miinster, Germany. Pyrite-bound iron (Fepy,) was calculat-
ed based on pyrite sulfur abundances. The sum of both Fe species re-
flects Fe that is reactive towards hydrogen sulfide. DOP was calculated
as: DOP = Fepy,/(Feyq + Fepyr).

4. Results
Analytical results are presented in Tables 1 and 2. TS abundances are

quite variable, yet generally below 0.1 wt.% for both localities. Samples
range around an average TS value of 0.09 4+ 0.15 wt.% (n = 61) but
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Table 1
Analytical results for samples from the Wuliu-Zengjiayan section, Guizhou Province, South China.
Sample Unit name  Lithology Depth  &*CRS &'°Ccarb Sample Ag,S- AgS  Fepr  FeSy Fepr  Fena  Fena DOP TC TIC TOC TS
weight CRS
(m) (%o, (%o, (g) (g) (mol) (mol) (g) (wt.%) (wt.%) (ppm) (wt. %)
(revised) V-CDT) V-PDB)
1 Qingxudong Dolomite —11.6 8.8 0.8 524 0.089 0.00036 0.00018 0.01005 0.192 0.002 2422 099 1038 10.11 028 0.10
Fm.
3 Qingxudong Dolomite —96 173 2.1 6.4 0.077 0.00031 0.00016 0.00868 0.136 0.010 102.35 093 104 947 092 001
Fm.
4 Qingxudong Limestone —86 19 22 525 0.151 0.00061 0.00031 0.01709 0.326  0.008 7826 098 8.69 796 0.74 0.10
Fm.
5 Qingxudong Dolomite —16 168 —03 573 0.049 0.00020 0.00010 0.00550 0.096 0.080 80249 054 1261 1235 026 0.00
Fm.
8 Kaili Fm. Limestone 0.1 233 24 8.2 0.171 0.00069 0.00034 0.01927 0235 0.012 11754 095 933 8.81 052 0.11
9 Kaili Fm. Limestone 03 212 2.5 0.61 0.034 0.00014 0.00007 0.00379 0.621 0.183 1829.90 0.77 10.2 9.77 043 0.09
10 Kaili Fm. Limestone 05 238 2.7 39 0.002 0.00001 0.00000 0.00021 0.006 0.030 299.59 0.16 9.03 8.83 02 0.00
11 Kaili Fm. Limestone 13 157 2.7 10.2 0.004 0.00002 0.00001 0.00046 0.005 0.025 24547 016 882 84 042 0.00
12 Kaili Fm. Limestone 2 212 2 131 0.043 0.00017 0.00009 0.00483 0369 0.047 468.86 0.89 841 78 061 0.10
14 Kaili Fm. Limestone 35 227 24 1.85 0.013 0.00005 0.00003 0.00152 0.082 0.033 331.74 071 721 6.8 041 0.00
15 Kaili Fm. Muddy 54 243 23 4.02 0.018 0.00007 0.00004 0.00204 0.051 0.577 5770.38 0.08 432 3.86 046 0.01
limestone
17 Kaili Fm. Limestone 58 187 24 509 0.161 0.00065 0.00032 0.01814 0356 0.087 86546 0.80 8.68 8.13 056 0.16
21 Kaili Fm. Muddy 96 203 24 1.1 0.039 0.00016 0.00008 0.00441 0416 0.583 5825.00 042 839 791 048 021
limestone
22 Kaili Fm. Muddy 104 191 24 1.8 0.039 0.00016 0.00008 0.00441 0.244 0.082 82136 0.75 9.68 938 03 031
limestone
23 Kaili Fm. Limestone 11 192 23 2.5 0.042 0.00017 0.00008 0.00474 0.190 0.023 22621 0.89 1033 9.53 0.81 0.01
24 Kaili Fm. Calcareous 11.7 195 19 279 0.048 0.00019 0.00010 0.00541 0.194 0.008 7829 096 161 1.09 053 0.15
mudstone
25 Kaili Fm. Muddy 122 167 14 822 0.165 0.00067 0.00033 0.01868 0.227  0.035 35292 087 7.71 7.35 035 0.06
limestone
27 Kaili Fm. Muddy 137 146 09 173 0.013 0.00005 0.00003 0.00148 0.086 0.023 23047 079 826 7.66 0.6 0.00
limestone
31 Kaili Fm. Silty limestone  17.2  12.2 0.6 11.85 0.031 0.00012 0.00006 0.00348 0.029 0.116 1159.10 020 749 749 0 0.00
35 Kaili Fm. Silty mudstone  20.7  12.7 0.6 1336 0.056 0.00023 0.00011 0.00631 0.047 0.095 951.67 033 832 8.07 026 0.02
36 Kaili Fm. Silty limestone 214 13 09 6.5 0.014 0.00006 0.00003 0.00162 0.025 0.054 54383 031 7.6 7.35 025 0.00
43 Kaili Fm. Silty limestone ~ 27.1 14.1 04 10.85 0.003 0.00001 0.00001 0.00033 0.003 0.885 8854.72 000 7.17 6.98 0.19 0.01
45 Kaili Fm. Silty mudstone 28 16.9 03 13.23  0.003 0.00001 0.00001 0.00035 0.003 1.110 11,098.00 000 1.2 099 021 001
49 Kaili Fm. Mudstone 322 151 —12 13.54 0.001 0.00000 0.00000 0.00006 0.000 3.018 30,175.04 0.00 1.191 0.82 037 001
49-1 Kaili Fm. Mudstone 339 198 15 0.009 0.00004 0.00002 0.00104 0.007 0.989 9885.00 0.01 45 438 0.12 0.00
55-1 Kaili Fm. Mudstone 415 127 23 0.048 0.00019 0.00010 0.00540 0.108 1243 1242876 0.16 0.3 047 0.06 0.00
61-1 Kaili Fm. Muddy 453 1.7 20 0.015 0.00006 0.00003 0.00170 0.009 2231 22,307.00 0.00 0.28 02 0.08 0.00
carbonate
66-1 Kaili Fm. Mudstone 484 45 3.06 0.013 0.00005 0.00003 0.00145 0.007 2408 24,076.00 0.00 0.32 0.27 0.05 0.00
78 Kaili Fm. Mudstone 51 14.8 —-13 14.05 0.001 0.00000 0.00000 0.00008 0.001 3.714 37,139.18 0.00 0.43 0.1 033 001
91-1 Kaili Fm. Mudstone 544 165 226 0.000 0.00000 0.00000 0.00005 0.002 1475 14,749.00 0.13 086 075 0.11 0.01
93-1 Kaili Fm. Mudstone 604 194 10 0.000 0.00000 0.00000 0.00005 0.001 1.888 1887935 0.00 134 121 0.12 0.00
98-1 Kaili Fm. Muddy 744 218 10 0.001 0.00000 0.00000 0.00009 0.001 3.092 3092080 000 024 0.16 0.08 0.00
limestone
99 Kaili Fm. Limestone 884 373 0.1 346 0.140 0.00057 0.00028 0.01583 0.458 0.005 4874 099 57 546 023 044
100 Kaili Fm. Limestone 902 23 0.1 14.15 0.085 0.00034 0.00017 0.00956 0.068 0.031 31010 069 539 456 0.83 001
102 Kaili Fm. Muddy 1134 136 —0.1 1424 0.003 0.00001 0.00001 0.00038 0.003 0.060 597.00 052 477 452 025 0.00
carbonate
105 Kaili Fm. Dolomite 1384 6.4 —02 5.5 0.014 0.00006 0.00003 0.00155 0.028 0.102 1023.00 042 1122 1125 0.04 0.01
106 Kaili Fm. Limestone 1434 2.7 —-1.1 1041 0.079 0.00032 0.00016 0.00892 0.086 0.136 135621 039 7.6 693 024 003
108 Kaili Fm. Limestone 1544 212 0.1 10.03 0.057 0.00023 0.00012 0.00649 0.065 0.194 194487 025 47 461 009 0.04
109 Kaili Fm. Calcareous 1604 206 0.5 517 0.076 0.00031 0.00015 0.00858 0.166 4.616 46,16023 0.03 3.06 271 035 023
mudstone
110 Kaili Fm. Limestone 1714 299 0.1 9.61 0.003 0.00001 0.00001 0.00033 0.003 0.002 2448 058 10.16 1004 0.12 0.2
111 Kaili Fm. Calcareous 1774 144 —05 153 0.078 0.00031 0.00016 0.00880 0.575 2.093 2093048 022 293 244 049 067
mudstone
112 Kaili Fm. Limestone 1874 224 0.8 12.75 0.059 0.00024 0.00012 0.00670 0.053 0.002 2448 096 1084 10.85 0.01 0.01
113 Kaili Fm. Limestone 2074 9.2 0.8 7.2 0.084 0.00034 0.00017 0.00950 1.319 0.258 257800 034 11.71 1125 046 0.00
114 Jialao Fm.  Dolomite 2124 183 2 6.17 0.123 0.00050 0.00025 0.01393 0.226 0.015 152.10 094 10.07 9.15 093 0.01

include a maximum value of 0.67 wt.%. Total carbon (TC) abundances
vary between 0.24 and 12.61 wt.% around an average value of 6.7 +
3.7 wt.% (n = 61). Total inorganic carbon (TIC) abundances vary be-
tween 0.1 and 12.35 wt.% around an average value of 6.35 + 3.6 wt.%
(n=61). Total organic carbon (TOC) abundances vary between 0.001
and 0.93 wt.% around an average value of 0.35 4+ 0.23wt.% (n=61).
None of the samples yielded any acid-volatile sulfide during the se-
quential wet chemical extraction. Highly variable, yet all positive pyrite
sulfur isotope values (5>*Scrs) between 1.7 and 37.3%. characterize sedi-
ments from the Wuliu-Zengjiayan section (average value of 17.2 4 6.7%,,

n=44). Sediments from the Jianshan section display a pyrite sulfur isoto-
pic composition between 8.8 and 26.5%. (average value of 18.3 + 5%o,
n=17). Only three samples from the Jianshan section yielded sufficient
OBS for a sulfur isotope measurement. 5>*Sogs values vary between 14.1
and 23.2%. and are, thus, within the range of sulfur isotope values mea-
sured for chromium reducible sulfur (Tables 1 and 2).

Fe abundances are extremely variable and calculated DOP results are
equally variable ranging from <0.1 to 0.99 (n=41) for samples from the
Wauliu-Zengjiayan section and between <0.1 and 0.99 (n=17) for sam-
ples from the Jianshan section (Tables 1 and 2).
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Table 2
Analytical results for samples from the Jianshan section, Guizhou Province, South China.
Sample Unit Depth  Lithology &**Scrs &*#SOBS &'°Ccarb Sample Ag,S- AgS  Fepy  FeSy Fepyr Fewa  Fena DOP TC TIC TOC TS
name weight CRS
(m) (%o, (%o, (8) (g) (mol) (mol) (g) (wt. %) (wt.%) (ppm) (%)
(revised) V-CDT) V-PDB)
CD501 KailiFm. 0 Limestone 16.1 —-03 12 0.020 0.00008 0.00004 0.00230 0.019 0.032 32245 037 1199 11.78 0.21 0.02
CD504 KailiFm. 3.5 Limestone 26.5 2.8 203 0.102 0.00041 0.00021 0.01156 0.570 0.002 2493 1.00 947 931 0.15 032
CD505 KailiFm. 5.5 Limestone 24.7 2.1 42 0.139 0.00056 0.00028 0.01568 0.373 0.013 130.10 097 865 8.05 0.61 0.13
CD506 Kaili Fm. 8 Limestone 22.8 232 2 24 0.070 0.00028 0.00014 0.00785 0.327 0.010 10426 097 888 8.53 035 029
CD507 Kaili Fm. 10 Limestone 21.9 23 6.13  0.125 0.00050 0.00025 0.01406 0.229 0.527 5266.55 030 858 8.12 046 0.08
CD508 Kaili Fm. 11.9 Limestone 21.9 183 23 324 0.054 0.00022 0.00011 0.00611 0.188 0.462 4620.78 029 891 838 053 0.22
CD509 Kaili Fm. 13.5 Limestone 17.8 3.1 725 0.133 0.00054 0.00027 0.01499 0.207 0.003 25.11 099 10.19 9.71 048 0.05
CD511 Kaili Fm. 16.7 Limestone 17.7 141 0.6 745 0.124 0.00050 0.00025 0.01399 0.188 0.005 4981 097 795 755 04 0.10
CD512 Kaili Fm. 17.7 Limestone 13.2 12 50 0.006 0.00003 0.00001 0.00072 0.001 0.602 601550 0.00 812 7.72 04 0.00
CD527 Kaili Fm. 36.9 Limestone 16 0 10 0.013 0.00005 0.00003 0.00147 0.015 0.942 9423.00 0.02 832 801 031 0.00
CD531 Kaili Fm. 42.8 Calcareous 8.8 —2.1 0.79 0.042 0.00017 0.00009 0.00479 0.606 2.168 21,675.00 0.22 163 1.14 05 0.65
mudstone
CD513  Kaili Fm. 43.7 Limestone 19.8 —6.8 13 0.098 0.00040 0.00020 0.01110 0.085 0.343 343390 020 974 976 0 0.01
CD534 Kaili Fm. 48.7 Calcareous 18.7 —26 45 0.115 0.00046 0.00023 0.01298 0.289 0.867 8670.00 0.25 0.6 042 0.18 0.00
mudstone
CD537 Kaili Fm. 64.2 Muddy 19.6 —23 426 0.149 0.00060 0.00030 0.01684 0.395 0.569 5690.00 041 147 1.09 038 0.1
limestone
CD514 Kaili Fm. 70.7 Limestone 21.4 —-0.7 10 0.015 0.00006 0.00003 0.00164 0.016 0.783 7827.00 0.02 794 76 034 0.00
CD516 Kaili Fm. 77.7 Muddy 9 —06 347 0117 0.00047 0.00024 0.01319 0380 0.617 6168.67 038 444 388 056 040
limestone
CD519 Kaili Fm. 80.7 Limestone 14.4 —04 475 0.076 0.00030 0.00015 0.00854 0.180 0513 5133.00 026 839 83 0.09 0.09

5. Discussion

The temporal evolution of the global sulfur cycle has been success-
fully reconstructed by utilizing the sulfur isotopic composition of an-
cient seawater sulfate from evaporitic sulfate minerals (e.g., Claypool
et al,, 1980) or trace quantities of sulfate incorporated into carbonate,

termed structurally substituted sulfate (SSS) or carbonate-associated
sulfate (CAS) (e.g., Kampschulte and Strauss, 2004; Gill et al., 2007;
Wotte et al,, 2012). The sulfate sulfur isotopic record is characterized
by oscillations on different time scales, reflecting perturbations of the
global sulfur cycle (e.g., Strauss, 2004). The late Neoproterozoic and
early Paleozoic are characterized by S values generally more positive
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Fig. 4. 5>*Scgs, 6'Cear, DOP profiles for the Jianshan sections, Guizhou Province, South China.

than +30%. (e.g., Claypool et al, 1980; Shields et al., 1999, 2004;
Kampschulte and Strauss, 2004; Goldberg et al., 2005; Halverson and
Hurtgen, 2007; Fike and Grotzinger, 2008; Kaufman et al., 2009;
Wotte et al, 2011, 2012; Loyd et al, 2012) including strongly 34S
enriched values of more than + 50%. for traditional middle Cambrian
strata in Siberia (Kouchinsky et al., 2008; Wotte et al., 2011) and
Australia (Hough et al., 2006). Based on an isotope mass balance, the
overall 34S enriched sulfate sulfur isotope signature reflects the en-
hanced deposition of %S depleted sulfide sulfur. Respective perturba-
tions of the seawater sulfate sulfur isotopic composition could be
related to sea level oscillations resulting in the expansion/reduction of
areas in which bacterial sulfate reduction prevailed (e.g., Wotte et al.,
2012). In addition to the perturbations of the global sulfur cycle, varia-
tions in sulfate sulfur isotope signatures reflecting spatial/temporal var-
iations on the regional scale can be superimposed on the global sulfur
isotope record (cf., Guo et al., 2009).

In general, the sulfur isotopic composition of sedimentary pyrite
broadly parallels the marine sulfate sulfur isotope record (e.g., Canfield,
2001), yet with substantial larger variability. The latter is caused by differ-
ences in sulfur isotopic fractionation associated with bacterial sulfate
reduction under different environmental conditions. Most importantly,
the magnitude in sulfur isotope fractionation is dependent on the sulfate
concentration. It is generally accepted that the Cambrian seawater is
characterized by a low sulfate concentration of ca. 5-12mM (cf,, Brennan
et al,, 2004; Hough et al,, 2006; Gill et al., 2007; Hurtgen et al,, 2009;
Gaines et al,, 2012). Although a substantial decrease in sulfur isotopic
fractionation appears to be limited to very low sulfate concentrations
(<200 M; cf. Habicht et al., 1998), an overall low oceanic sulfate concen-
tration during Cambrian times is prone to the development of sulfate
limitation with resulting heterogeneities in the sulfur isotopic composi-
tion of sedimentary sulfur (Hurtgen et al, 2006; Ries et al, 2009).

Consequently, the evolution towards more positive 5>4S values could re-
flect the development of closed system conditions in the early burial en-
vironment with respect to sulfate availability in the pore water realm
(e.g., Canfield, 2001).

5.1. Wuliu-Zengjiayan section

The present study aims at investigating whether the proposed per-
turbations of the global carbon cycle across the Cambrian Series 2 to
Cambrian Series 3 transition archived in the sedimentary successions
in Guizhou, South China (Guo et al., 2010a) are accompanied by respec-
tive changes in the global sulfur cycle. For this, the sulfur isotopic com-
position of sedimentary pyrite has been studied which indeed displays
substantial variations across the stratigraphic succession exposed in
the Wuliu-Zengjiayan section (black line in Fig. 3). The observed range
in 6>*Scgs is consistent with a biological origin and an isotopic fraction-
ation associated with bacterial sulfate reduction, despite the fact that
the sulfur isotopic composition of the Cambrian seawater sulfate reser-
voir is poorly constrained and was likely heterogeneous (e.g., Hurtgen
et al,, 2009; Gill et al,, 2011; Wotte et al,, 2012). An excursion towards
less 34S enriched values is located slightly below the level of the Cambrian
Series 2 to Cambrian Series 3 transition.

In order to identify potential causes for the observed stratigraphic
variations in 84S and to further evaluate the correlation potential of
these sulfur isotope excursions, additional geochemical parameters
can be considered. As a first observation, no clear correlations are dis-
cernible between the 6**Scgs and TC, TIC, TOC, TS and DOP (Fig. 5A).
We will carefully examine this observation trying to answer the most
obvious question: does the stratigraphic variation in 6>*Scgs reflect a
perturbation of the global sulfur cycle or are the observed isotope excur-
sions reflecting changes in the environmental conditions in the pore
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water realm during progressive diagenesis. The latter in particular
would render any stratigraphic correlation questionable.

In respect to reconstructing biogeochemical processes in marine sed-
iments, a number of different parameters can be considered. The degree
of pyritization has been developed in order to quantify iron availability
during the process of sulfide formation associated with bacterial sulfate
reduction. Empirical evidence from fine grained siliciclastic sediments
suggested that iron availability was further related to the redox conditions
within the depositional environment and that the DOP could be used as
a proxy signal for characterizing the redox state of the bottom water
(e.g., Raiswell et al., 1988). This was an important observation as it pro-
vides information about whether bacterial sulfate reduction and subse-
quent pyrite formation could have occurred within the anoxic bottom
water column or whether it happened in the pore water realm during
sediment diagenesis. With respect to the sulfur isotopic composition, a
high DOP and, thus, iron-limiting conditions, could indicate that only
part of the sulfur isotope signature has been archived (Fig. 3).

DOP values vary widely across stratigraphy of the Wuliu-Zengjiayan
section (Fig. 3). Closer inspection, however, reveals a correlation be-
tween DOP and lithology. This is most clearly expressed in the lower
part of the section where the carbonates of the lower Kaili Formation
display high DOP values whereas the overlying mudstone shows low
DOP values. Higher up in stratigraphy, the picture becomes less clear
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with moderate to high DOP values in the mudstones and siltstones
above the Cambrian Series 2 to Cambrian Series 3 transition. Most con-
spicuous is a DOP value of 0.99 at a depth of 88.4 m, defining a single-
point-excursion. This high DOP value characterizes a sample with a mod-
erate TIC value of 5.6 wt.%, a very low concentration of Feyc (48.7 ppm)
and the most positive §>Scgs value of + 37.3%.. Overall, only few samples
show DOP values above the threshold of 0.75 for reflecting anoxic bottom
water conditions. All of them are lithologically described as limestones,
located in the lower or uppermost part of the Kaili Formation. Most
importantly, however, the transition from Cambrian Series 2 to
Cambrian Series 3, located in the Wuliu-Zengjiayan section at a
depth of 52.8 m above the base of the Kaili Formation, is not associ-
ated with a change in the redox conditions.

Looking at the relationship between DOP and &>*Scgs, no obvious
correlation is discernible (Fig. 5A). Most 6>*Scgs values lie between
+12 and + 25%. independent of their DOP values. Even the more 3S
depleted values don't show a clear dependency towards DOP. Solely
the most 24S enriched §>*Scgs value of +37.3%. is characterized by a
high DOP value of 0.99, but this could well be a consequence of a gener-
ally low Fe abundance of this carbonate rock.

In summary, sediments of the Wuliu-Zengjiayan section display
large variations in 6>Scgs. These appear to be independent of lithology
and redox-state of the depositional environment.
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Fig. 5. Cross-plot of 5°*Scgs and TC, 6°#Scgs and TIC, 5>4Scgs and TOC, 5>4Scrs and TS, 5°#Scgs and DOP, DOP and TS for the Wuliu-Zengjiayan (a) and Jianshan (b) sections.
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Fig. 5 (continued).

5.2. Jianshan section

The pyrite sulfur isotopic composition (6>*Scgs) displays sizeable
variations across the stratigraphic succession exposed in the Jianshan
section (Fig. 4). They are interpreted to result from bacterial sulfate
reduction and subsequent pyrite formation. Again, the pyrite sulfur
isotope values appear independent of the host lithology. Similarly to
the Wuliu-Zengjiayan section, no clear correlation is discernible be-
tween 6>*Scgs and the abundances of carbon and sulfur as well as with
the DOP (Fig. 5B). DOP values display substantial variations between
<0.1 and 0.99. However, all samples that are characterized by a DOP
above the threshold for anoxic bottom water conditions are located in
the lower part of the Kaili Formation and are limestone samples. The
proposed Cambrian Series 2 to Cambrian Series 3 transition at a strati-
graphic level of 44.25 m above the base of the Kaili Formation is also
not associated with a change in the prevailing redox conditions.

5.3. Palaeoenvironmental considerations

Two important observations have been made for both sedimentary
sections studied. Sediments across the immediate transition from
Cambrian Series 2 to Cambrian Series 3 are not characterized by a
major change in redox conditions within the depositional environment.

DOP values >0.75 have been recorded for limestone samples in
the lower and upper parts of the Kaili Formation and could well reflect
an iron deficiency frequently observed in carbonates. Fine-grained
siliciclastic sediments reflect deposition largely under oxic conditions.
In addition, the sulfur isotopic composition of sedimentary pyrite dis-
plays no correlation with DOP or with carbon and/or sulfur abundances
and appears independent of lithology. With no evidence for prevailing
anoxic bottom waters in the depositional environment, pyrite forma-
tion must have occurred in the sediment.

The sulfur isotopic composition of sedimentary pyrite displays a
variation across the Cambrian Series 2 to Cambrian Series 3 that is
broadly parallel for the two sections investigated in this study. In gener-
al, both sections display >“S enriched pyrite sulfur isotope values. Most
pronounced is an excursion of approximately 10%. towards less 34S
enriched values just below the proposed boundary level. Comparably
345 enriched pyrite sulfur isotope values and a somewhat similar varia-
tion across this stratigraphic transition have been observed in other sec-
tions (Fig. 6), although differences in absolute values exist. These,
however, likely reflect local/regional effects superimposed on a more
globally representative variation in &**S;yice.

The sulfur isotopic composition for sedimentary pyrite recorded in the
Wauliu-Zengjiayan sections, and with less stratigraphic resolution also for
the Jianshan section, displays an excursion towards less 3*S enriched
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Fig. 6. Comparison of temporal variations in 5>#Scgs during the transition from Cambrian Series 2 to Cambrian Series 3 (A) Wuliu-Zengjiayan section (this study), (B) Jianshan section (this
study), (C) Cremenes section (NW Spain; W-Gondwana) (Wotte et al., 2012), (D) Ferrals-les-Montagnes section (S-France; W-Gondwana) (Wotte et al., 2012), (E) Molodo River section
(Siberian Platform) (Wotte et al., 2011), (F) Split Mountain section (Laurentia) (Wotte et al., 2011) and (G) Cerro RajOn section (Mexico; Laurentia) (Loyd et al., 2012).

values immediately preceding the Cambrian Series 2 to Cambrian Series
3 transition which is somewhat in phase with the evolution towards '>C
depleted carbon isotope values (Figs. 3 and 4). Guo et al. (2010a)
interpreted the negative carbon isotope excursion as a consequence of
the transgressive flooding of the shelf with '>C depleted anoxic basinal
waters. This influx of presumably anoxic bottom waters is not reflected
in high DOP value of the respective samples. Without further data, the
possible cause(s) remain speculative. HCI-soluble Fe, however, is rather
high in the samples across the immediate boundary level which could
suggest that the transgressive flooding delivered ferruginous rather
sulfidic bottom waters. This would also be consistent with the low
pyrite sulfur abundance in these samples.

6. Conclusions

The Cambrian Series 2 to Cambrian Series 3 transition archived by
fine-grained siliciclastic sediments in the Wuliu-Zengjiayan and the
Jianshan sections, Guizhou Province, South China, displays variable
yet generally positive §**Spyyice values. An excursion towards less >*S
enriched values immediately preceding the boundary intervals parallels
the existing carbonate carbon isotope record for these sections. The pro-
posed transgressive flooding with anoxic basinal waters during this
stratigraphic interval is recorded by low rather than high DOP values
which might indicate the delivery of ferruginous rather than sulfidic ba-
sinal waters onto the shelf area.
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