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Abstract

Profound geotectonic, climatic and biological changes occurred during the terminal Neoproterozoic and its transition into the
Early Cambrian. These changes are reflected in temporal variations of the carbon isotopic composition of seawater, recorded in a
sedimentary succession on China’s Yangtze Platform. However, in addition to secular changes in carbon isotopes, the studied
succession reflects additional variations in accordance with the deposition in different sedimentary facies, ranging from shallow
water platformal to deeper water basinal settings. Likely a consequence of incorporation of variable amounts of '*C depleted
bacterial biomass, this regional signal is superimposed on the secular variations of the global carbon cycle.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The Neoproterozoic and its transition into the Cambri-
an is one of the most remarkable time interval in Earth
history, spanning major changes in continental configu-
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ration, global climate, biological evolution, and variations
in oceanic and atmospheric chemical compositions
(Knoll, 1991; Hoffman et al., 1998; Walter et al., 2000;
Des Marais, 2001). Many of these global perturbations are
reflected through secular variations in the isotopic com-
positions of carbon, sulphur, or strontium (e.g. Jacobsen
and Kaufman, 1999; Strauss, 2004). At the same time,
respective isotope records (C, Sr) with high temporal
resolution provide a global chemostratigraphic correlation
scheme, particularly for those sections lacking age-
diagnostic biostratigraphic markers and/or precise radio-
metric age determinations (e.g. Knoll et al., 1986; Knoll,
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1991; Knoll, 1992; Kaufman and Knoll, 1995; Shen et al.,
1998; Hayes et al., 1999; Walter et al., 2000; Knoll, 2000;
Shen and Schidlowski, 2000; Shen et al., 2000; Guo et al.,
2003; Jiang et al., 2003a,b; Kirschvink and Raub, 2003;
Shields et al., 2004; Condon et al., 2005; Shen et al.,
2005). Moreover, paired carbonate and organic carbon
isotope records provide an additional proxy (Adgre-carb=
0P Ceap—0" Corg) for interpreting changes of the global
carbon cycle through time, e.g. resulting from changes in
atmospheric pCO, (Kump and Arthur, 1999).

China’s Yangtze Platform contains a sedimentary suc-
cession of terminal Neoproterozoic and Early Cambrian
age, reflecting the deposition in different paleo-environ-
mental settings including inner shelf, outer shelf, slope
and basin deposits (e.g. Li et al., 1999a,b; Steiner et al.,
2001; Jiang et al., 2003a,b; Shen et al., 2005). These are
well exposed in several sections providing a NW-SE
profile from the interior platform into the basin (Fig. 1).
Resting on diamictites of the Nantuo Formation, the entire
sedimentary succession comprises, in ascending strati-
graphic order: calcareous sediments, cherts, black shales,
and phosphorites of the Neoproterozoic Doushantuo and
Dengying (time equivalent of the Liuchapo Fm.) forma-

tions and black shales of the Lower Cambrian Niutitang
Formation (time equivalent of the Guojiaba Fm., the
Jiumenchong Fm., lower part of the Xiaoyanxi Fm.).
Hence, this succession offers a unique opportunity to
study the interaction between atmosphere, hydrosphere,
biosphere and lithosphere during this critical interval in
Earth history.

This study extends previously published carbon iso-
tope records from terminal Proterozoic sediments on the
Yangtze Platform (e.g. Magaritz et al., 1986; Lambert
et al.,, 1987; Brasier et al., 1990; Brasier, 1990a,b;
Ripperdan, 1994; Wang et al., 1996; Zhou et al., 1997,
Zhang et al., 1997; Shen et al., 1998; Zhou et al., 1998,
Yang et al., 1999; Li et al., 1999a,b; Wu, 2000; Lei et al.,
2000; Shen and Schidlowski, 2000; Shen et al., 2000;
Shen, 2002; Zhang et al., 2003; Chu et al., 2003; Guo et
al., 2003; Jiang et al., 2003a,b; Shields et al., 2004;
Macouin et al., 2004; Condon et al., 2005; Shen et al.,
2005), either carbonate carbon or organic carbon isotope
data, which were largely generated from sections on the
carbonate platform.

Here, an organic carbon isotope record through the
terminal Neoproterozoic post-glacial and Early Cambrian
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Fig. 1. Geological Map showing the location of (A) Yanwutan—Lijiatuo section, (B) Songtao section, (C) Shatan section and (D) Weng’an section of

the Yangtze Platform, South China (modified after Steiner et al., 2001).
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stratigraphy is presented, following a profile across the
different facies belts. Our systematic investigation docu-
ments secular variations in 513C0rg and 6'°C.,p,, which
are largely interpreted as perturbations of the global
carbon cycle. However, regional effects are superimposed
on these isotope records.

2. Geological setting, sections and samples

A succession of lithologically diverse marine sedi-
ments was deposited on the Yangtze Platform, South
China, during the Precambrian—Cambrian transitional
period (Zhu et al., 2003). This sequence of sedimentary
rocks was studied at the following locations: the Shatan
section (carbonate platform, shelf of northern Yangtze
Platform), Shatan County, Sichuan Province, the Weng’an
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section (carbonate platform, central part of Yangtze Plat-
form), Weng’an County, Guizhou Province, the Songtao
section (transitional belt, Yangtze Platform), Songtao
County, Guizhou Province, and the Yanwutan—Lijiatuo
section (slope to basin, Yangtze Platform), Yuanling
County, Hunan Province (Fig. 1). The base of the studied
succession can be constrained in time by the deposition
of post-glacial sediments after 635 Ma (Condon et al.,
2005). The age of the Precambrian—Cambrian bound-
ary has been dated elsewhere at 544 Ma (Bowring et al.,
1993), respectively is placed at 542 Ma (Gradstein et al.,
2005). The Lower Cambrian units can be constrained
biostratigraphically.

The Shatan section straddles the Precambrian—
Cambrian boundary. It comprises the upper part of the
Dengying Fm. and the lower part of the Guojiaba Fm.,
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Fig. 2. Lithologs and stratigraphic variations of 513C0,g, 0"Cear, and TOC for (A) Yanwutan—Lijiatuo section, (B) Songtao section, (C) Shatan

section and (D) Weng’an section and their proposed correlation.
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representing shallow water deposition (Fig. 2). Litholo-
gies include light grey carbonates, black shale and sili-
ceous rocks, with abundant small-shelly fossils preserved
in the Kuanchuanpu Mbr. of the lowermost Guojiaba Fm.
(Steiner et al., 2004). The biostratigraphy of the Shatan
section has been well studied (Yang et al., 1983; Yang and
He, 1984; He and Yang, 1986; Steiner et al., 2004).

The Weng’an section, also located in a platformal
setting, comprises at its base the uppermost siliciclastic
portion of the Nantuo glacials and a thick succession of
carbonates and phosphorites of the Doushantuo Forma-
tion. These rocks contain the exceptionally well-preserved
record of multicellular organisms of the Weng’an biota
(e.g. Xiao et al., 1998; Li et al., 1998).

On the Yangtze Platform, a transitional belt is lo-
cated between the proper carbonate platform to the NW

and the basinal belt in the SE. The Songtao section is
located in this belt and comprises the Doushantuo,
the Liuchapo and the Jiumenchong formations, all de-
posited in a slope environment (Fig. 2). Major litho-
facies of the Doushantuo Fm. are bedded, micritic
carbonates, and finely laminated black shales. The
Liuchapo Fm. consists of black siliceous rocks and
phosphatic-siliceous shale and minor limestone con-
cretions. The Jiumenchong Fm. consists of black-
grayish carbonaceous shale, limestone and mudstone.
The lowermost part of this unit is composed of nodular
phosphate rocks. In the black shales of the lower part of
the Jiumenchong Fm., bivalved arthropods (Sunella)
and tubular fossils (Sphenothallus) have been reported
(at 15 m above the base of the formation) while the up-
per part consists of limestone with trilobites, including
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Hupeidiscus orientalis, Sinodiscus changyangensis and
Metaredlichia sp. (Yang et al., 2003).

The basinal belt is mainly situated in the southeastern
part of the Yangtze platform. The composite Yanwutan—
Lijiatuo section in the Yanwutan area comprises finely
laminated shales and silicious rocks (Fig. 2). It is the
most complete section studied here, and it includes
the Doushantuo (at Yanwutan), the Liuchapo and the
Xiaoyanxi (at Lijiatuo) formations, all representing
deeper water deposition.

Major lithofacies of the Doushantuo Fm. are bedded,
micritic carbonate, mudstone and finely laminated black
siliciclastics. However, part of the succession in the
Doushantuo Formation represents mass flow deposits
from the platform margin into the deeper basin at Yan-
wutan (Vernhet et al., 2007-this volume). These have been
identified between ca. 23 and 65 m above the base of the
Doushantuo Formation. Facies and microfacies analysis
have shown that basal biolaminated phosphorite micrite

was locally (Luoyixi section, Hunan province) deformed
by “tepee” structures resulting of dewaterisation of
sediment during emergence periods (Facies 1: Vernhet
et al., 2007-this volume). Moreover, high-energy events
reworked the phosphorite micrite to form microbreccia
(Facies 2: Vernhet et al., 2007-this volume). Furthermore,
it appears that basal phosphorites were deposited into a
shallow-water protected back-rim lagoon. This lagoon
was temporary submitted to emergence periods and to
storm waves, which may have passed over the rim.
Dolomitised grainstones (Facies 3: Vernhet et al., 2007-
this volume) presenting m-scale cross-strata and cm-to-
dm-scale crossbedding overlie the basal phosphorites.
These coarse-grained sediments characterise shallow
subtidal open shelf dominated by waves and currents.
The absence of facies change downslope as well as the
absence of a transitional facies between slope shales and
phosphorite micrite at the base of the slide sheet and be-
tween grainstones and slope shales on the top of the slide
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Fig. 4. Stratigraphic variations of 613C0,g for (A)Yanwutan—Lijiatuo section, (B)Songtao section, (C) Shatan section and (D)Weng’an section.
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sheet excludes that this sedimentary succession results of
platform progradation and retrogradation due to sea level
variations. Thus, facies similarity between the shelf and the
slide sheet sediments (see correlation scheme in Vernhet
et al.,, 2007-this volume), and the smooth slump fold
deformation of these shallow-water facies intervals argue
for a platform margin-originated allochthonous slide sheet.
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The Liuchapo Fm. consists of black chert and phos-
phatic-siliceous shale. Fossil sponges were discovered
44 m above the base of the formation. The Xiaoyanxi Fm.
consists of cherts and black shale yielding abundant
sponges 9 m, 61 m, and between 18 and 23 m above the
base of the formation. Again, the bottom layer is com-
posed of nodular phosphate rock.

Table 1

Analytical results for sediments from the Shatan section, Sichuan Province

Sample  Unit Name Lithology ~ Depth  6"Copq 8" Cearp AS 0" 0cary TC TIC TOC H/C
[m] [%0, VPDB]  [%o, VPDB]  [%o, VPDB]  [%0, VPDB] [%] [%]  [%]

Sat531  Guojiaba Fm.  black shale  154.10 —35.8 53 50 02 0.4

Sat530  Guojiaba Fm.  black shale  131.50 —31.1 0.6 31.7 -13.2 1.2 0.3

Sat529  Guojiaba Fm.  black shale 124.50 -304 2.9 23 0.6

Sat528  Guojiaba Fm.  black shale  118.50 —30.1 2.9 25 04 1.0

Sat527  Guojiaba Fm.  black shale  113.50 —31.3 0.1 313 -12.0 2.0

Sat526  Guojiaba Fm.  black shale  109.00 —30.9

Sat525 Guojiaba Fm. black shale 102.40 —31.1 0.4 31.5 —11.8 2.5 1.9 0.6

Sat524  Guojiaba Fm.  black shale 99.40 -30.5 1.8 1.1 07 1.0

Sat523  Guojiaba Fm.  black shale 93.50 -31.5 2.9 2.1 0.8

Sat522  Guojiaba Fm.  black shale 90.00 -314 22 1.6 0.6

Sat521  Guojiaba Fm.  black shale 86.10 —31.3 -0.5 30.8 —13.1 2.5 1.6 09 1.1

Sat520  Guojiaba Fm.  black shale 80.80 —-314 -0.6 30.8 —13.5 2.9 21 08

Sat519  Guojiaba Fm. black shale 76.50 —-31.2 2.7 1.6 1.1 0.5

Sat518  Guojiaba Fm.  black shale 70.70 =317 -1.4 30.3 —12.5 2.3 1.0 13

Sat517  Guojiaba Fm.  black shale 67.10 —32.1 3.0 14 1.6

Sat516  Guojiaba Fm.  black shale 61.50 —33.9 =25 31.4 -12.7 2.1 03 1.7 0.8

Sat515  Guojiaba Fm.  black shale 56.30 —342 2.7 08 1.9

Sat514  Guojiaba Fm.  black shale 53.50 =337 0.8

Sat513  Guojiaba Fm.  black shale 50.90 -34.6 33 02 32

Sat512  Guojiaba Fm.  black shale 4640 —34.0 -2.4 31.6 —12.6 4.4 0.5 3.9

Sat511  Guojiaba Fm.  black shale 4240 338 3.6 04 32 0.8

Sat510  Guojiaba Fm.  black shale 38.40 -34.0 -2.4 31.6 -12.7 4.7 0.7 4.1

Sat509  Guojiaba Fm. black shale 3640 342 34 03 3.1

Sat508  Guojiaba Fm.  black shale 34.00 —343 =29 31.4 —11.8 3.7 04 34 0.6

Sat507  Guojiaba Fm.  black shale 32.00 —343 -2.9 314 -12.2 4.0 03 3.7

Sat506  Guojiaba Fm.  black shale 30.00 -—34.1 4.9 0.0 49

Sat505  Guojiaba Fm.  black shale 28.70 345 -1.7 329 —10.4 4.9 0.7 42 0.7

Sat504  Guojiaba Fm.  black shale 27.60 348 -2.4 324 —-10.5 35 03 3.1

Sat503  Guojiaba Fm.  black shale 26.80 —35.1 =27 324 -9.9 2.8 03 26 0.9

Sat502  Guojiaba Fm.  black shale 2580 —34.8 =25 323 -10.2 1.1 03 09

Sat501  Guojiaba Fm.  black shale 2525 =350

Sat500  Guojiaba Fm.  black shale 25.05 =340 =35 30.5 -12.6 0.5

Sat533  Dengying Fm.  limestone 2455 348 -0.9 339 -12.7 124 11.7 0.7

Sat534  Dengying Fm.  limestone 23.55 =353 -1.0 343 -11.3 147 113 34

Sat535  Dengying Fm.  limestone 2195 -355 -1.6 34.0 -8.2 0.4

Sat536  Dengying Fm.  dolostone 2045 341 -14 32.7 -6.7 12.1  12.1 0.0 0.4

Sat537  Dengying Fm.  dolostone 18.85 -0.7 -89 128 123 05

Sat538  Dengying Fm.  dolostone 18.65 —35.6 -1.0 34.6 -9.5 0.4

Sat539  Dengying Fm.  dolostone 17.85 -23 -8.6 13.0 125 05

Sat540  Dengying Fm.  dolostone 16.05 0.1 -6.4 13.1 128 04

Sat541 Dengying Fm.  dolostone 13.65 0.6 -6.1 9.9 94 05

Sat542  Dengying Fm.  dolostone 10.85 -0.4 —-44 13.0 127 03

Sat543  Dengying Fm.  dolostone 9.35 -0.3 -4.5 9.0 87 03

Sat544  Dengying Fm.  dolostone 7.05 0.0 -4.8 8.9 85 03

Sat545  Dengying Fm.  dolostone 3.30 0.0 -4.9 11.3 109 04

Sat546  Dengying Fm.  dolostone 0.00 0.0 -4.9 7.2 72 0.0
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3. Samples and analytical methods

280 unweathered samples of carbonate, black shale,
phosphorite, chert and mudstone were collected for
geochemical studies. The stratigraphic positions for the
samples are provided in Figs. 3 and 4 and Tables 1-4.

Prior to geochemical analyses, all samples were
chipped and pulverized (200 mesh). Subsequently, total-
inorganic and organic carbon abundances were deter-
mined and isotopic analyses were performed on the total
organic and, where applicable, carbonate fractions. For
carbonate samples, elemental abundances of Mn, Sr, Fe,
Ca and Mg were measured.

3.1. Organic matter

Total organic carbon (TOC) concentrations were deter-
mined gravimetrically, following the removal of carbonate
with 15% HCI. Organic carbon isotopic compositions
were measured for the kerogen fraction. Kerogen extrac-
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tion has been performed according to a procedure modified
after Lewan (1986) and Fu and Qin (1995). Kerogen pre-
servation was assessed by its H/C atomic ratio, following
the determination of C, H elemental abundances.

Organic carbon abundances (TOC) were further deter-
mined as the difference between the total carbon (TC) and
the total inorganic carbon (TIC) measured with a carbon-
sulphur-analyzer (CS-MAT 5500) at the Geologisch-
Paldontologisches Institut, Westfalische Wilhelms- Uni-
versitit Miinster, Germany.

Organic carbon isotopic composition (613C0rg) was
measured via sealed quartz tube combustion (e.g. Strauss
et al., 1992c) and subsequent mass spectrometric analy-
sisat the Geologisch- Paldontologisches Institut, Westfa-
lische Wilhelms- Universitit Miinster, Miinster, Germany.

3.2. Carbonate

CO, was liberated from whole rock samples via
phosphorylation (McCrea, 1950; Zhen et al., 1986) with

Table 2
Analytical results for sediments from the Weng’an section, Guizhou Province
Sample Unit Name Lithology Depth  6"°Copg " Cearp A 5" 0cart TC TIC TOC H/C
[m] [%0, VPDB]  [%0, VPDB] [%o, VPDB] [%, VPDB] [%] [%] [%]
Wen528 Doushantuo Fm. P-dolostone 47.67 —29.0 -0.2 28.8 -52 229 213 0.15 0.8
Wen527 Doushantuo Fm. P-dolostone 4697 -—-29.2 23 31.5 -13 948 934 0.14 0.7
Wen526 Doushantuo Fm. P-dolostone 46.17 2.6 -1.2
Wen529 Doushantuo Fm. P-dolostone 43.67 —323 2.1 343 -1.6 730 6.85 045 0.5
Wen530 Doushantuo Fm. P-dolostone 41.67 —-304 0.6 30.9 -3.0 533 493 041 09
Wen531 Doushantuo Fm. P-dolostone 39.97 -31.3 -32 28.1 -11.4 0.36  0.42 0.5
Wen532 Doushantuo Fm. P-dolostone 3897 -314 -3.4 28.0 -10.6 0.46 042 0.04
Wen533 Doushantuo Fm. chert 37.47
Wen534 Doushantuo Fm. dolostone 36.67 —289 3.6 32.5 -1.3 11.07 10.69 038 0.6
Wen525 Doushantuo Fm. chert 22.07 —32.0 -0.4 31.6 —43 2.87 242 045
Wen524 Doushantuo Fm. dolostone 21.67 —25.8 -1.2 24.6 -3.7 11.54 11.27 027 0.7
Wen523 Doushantuo Fm. dolostone 2137 -26.2 -1.0 25.2 —-4.4 0.8
Wen522-1 Doushantuo Fm. chert 2097 —-26.5 -1.4 25.1 —4.7 2.57 231 0.26
Wen522 Doushantuo Fm. chert 20.59 -25.5 -1.1 24.4 —-4.8 482 448 034
Wen521 Doushantuo Fm. chert 20.29 -25.1 -1.5 23.6 -6.8 0.63 047 0.16
Wen520 Doushantuo Fm. chert 19.47 -245 -0.1 24.4 -39 349 320 0.29
Wen519 Doushantuo Fm. chert 17.15 -30.5 -3.5 27.0 -10.1 0.47  0.49 0.6
Wen518 Doushantuo Fm. chert 16.75 -0.7 —4.1
Wen516 Doushantuo Fm. Mn-dolostone 1595 -27.8 -2.8 25.0 -7.2 1.1
Wen515 Doushantuo Fm. dolostone 10.65 -1.3 =51
Wen514 Doushantuo Fm. Mn-dolostone 9.9 —26.5 -2.1 24.5 -54 1098 9.68 1.30 1.8
Wen513 Doushantuo Fm. cap dolostone 6.2 -2.6 =72
Wen512-1 Doushantuo Fm. mudstone 52
Wen512 Doushantuo Fm. mudstone 5.1 —25.5 -4.9 20.6 -13.8 0.07 0.01 0.07
Wen511 Doushantuo Fm. mudstone 5 -2.3 -23 0.05 0.00 0.04
Wen510  Doushantuo Fm. cherty dolostone 4.8  —27.0 =23 24.7 -6.0 11.08 10.88 020 1.5
Wen508 Doushantuo Fm. cap dolostone 4 -2.0 =5.6
Wen507  Doushantuo Fm. cap dolostone 345 -263 -23 24.1 —4.6 11.14 1082 032 1.5
Wen504-1 Nantuo Fm. black shale 2 —34.3 0.25 0.01 0.24
Wen504 Nantuo Fm. black shale 1 —35.6 0.37 0.01 0.37
Wen501 Nantuo Fm. black shale 0.07 0.31 0.00 0.31 1.8
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Table 3
Analytical results for sediments from the Songtao section, Guizhou Province
Sample  Unit Name Lithology Depth  6"Core 0"Cearp Ad 3" 0carp TC TIC  TOC

[m] [%o, VPDB] [%o, VPDB] [%o, VPDB] [%o, VPDB] [%]  [%] [%]

Son580 Jiumenchong Fm. black Shale 104.25 -30.5 3.53  0.004 3.52
Son579 Jiumenchong Fm. black Shale 103.55 -31.3 3.81 0.73 3.08
Son578 Jiumenchong Fm. limestone 1029 -294 0.5 29.9 -12.4 1146 11.29 0.17
Son577 Jiumenchong Fm. limestone 102.05 -299 0.1 30.0 -13.0 11.70 10.21 1.49
Son576  Jiumenchong Fm. limestone 101.25 -29.3 22 315 —12.1 10.51 11.20 0.00
Son575 Jiumenchong Fm. limestone 100.25 -30.0 0.5 30.5 —12.1 9.71  8.09 1.62
Son574  Jiumenchong Fm. limestone 99.05 —30.0 23 323 —11.4 11.65 11.33 0.33
Son573 Jiumenchong Fm. limestone 97.6  —30.5 0.8 313 -10.5 749 4.10 3.39
Son572  Jiumenchong Fm. limestone 964  —29.6 -1.6 28.0 -11.7 280 233 0.47
Son571 Jiumenchong Fm. limestone 952 =296 -0.2 29.4 -11.2 9.74 8.82 0.93
Son570  Jiumenchong Fm. muddy limestone 93.7 -284 -0.2 28.2 -11.7 9.09 892 0.17
Son569 Jiumenchong Fm. muddy limestone 92.7 —=29.6 -0.6 29.0 -11.7 1.60 1.23 0.37
Son568  Jiumenchong Fm. muddy limestone 904 —-29.7 0.0 29.7 -11.7 8.09 8.04 0.05
Son567 Jiumenchong Fm. limestone 88.8 —29.8 0.9 30.7 -11.6 724  5.02 2.23
Son566  Jiumenchong Fm. muddy limestone 882 —29.8 1.2 31.0 -11.6 6.87 531 1.56
Son565 Jiumenchong Fm. muddy limestone 87.2 —28.5 0.6 29.1 -11.1 488 4.64 0.24
Son564  Jiumenchong Fm. limestone 84.45 —28.7 0.8 29.5 -11.3 10.44 10.29 0.14
Son563 Jiumenchong Fm. black Shale 7895 —32.6 2.28 0.003 2.28
Son562  Jiumenchong Fm. black Shale 76.35 —32.7 1.83  0.002 1.83
Son561 Jiumenchong Fm. black Shale 7435 -32.5 420  0.007
Son560  Jiumenchong Fm. black Shale 72.05 -32.5 4.51  0.006 4.50
Son559 Jiumenchong Fm. black Shale 69.05 —32.4 6.00  0.008
Son558  Jiumenchong Fm. black Shale 6555 —-323 8.53  0.002 8.53
Son557 Jiumenchong Fm. black Shale 61.55 —-32.5 10.11 ~ 0.006  10.11
Son556  Jiumenchong Fm. black Shale 57.55 -32.6 13.78 0.004 13.78
Son555 Jiumenchong Fm. black Shale 56.55 —32.7 10.28  0.003 10.28
Son554  Jiumenchong Fm. black Shale 5545 -32.5 13.53  0.002  13.53
Son553 Jiumenchong Fm. black Shale 5245 -325 >10
Son552  Jiumenchong Fm. black Shale 5135 —-324 >10
Son551 Jiumenchong Fm. black Shale 50.15 —324 >10
Son550  Jiumenchong Fm. black Shale 48.05 —32.4 >10
Son549 Jiumenchong Fm. black Shale 46.05 —32.6 >10
Son548 Jiumenchong Fm. black Shale 4485 —32.7 >10
Son547 Jiumenchong Fm. black Shale 4325 —333 >10
Son546  Jiumenchong Fm. black Shale 41.55 —-333 >10
Son545 Jiumenchong Fm. black Shale 40.1  —33.3 >10
Son544 Jiumenchong Fm. black Shale 39.1 -—-334 >10
Son543-1 Jiumenchong Fm. phosphorite nodule 38.7 —33.6
Son543-2  Jiumenchong Fm. chert 38.6  —33.7
Son543 Jiumenchong Fm. phosphorite nodule  38.5 —33.5 6.97 0.15 6.83
Son522 Liuchapo Fm. chert 383 349
Son523 Liuchapo Fm. chert 373 =347 1.19  0.05 1.14
Son524 Liuchapo Fm. chert 363  —347
Son525 Liuchapo Fm. chert 353 343
Son526 Liuchapo Fm. chert 343 -341 2.24
Son527 Liuchapo Fm. chert 333 343 291
Son528 Liuchapo Fm. chert 31.7 —-343 0.86
Son529 Liuchapo Fm. chert 299 352 0.81
Son530 Liuchapo Fm. chert 282 345 13.21
Son531 Liuchapo Fm. cherty mudstone 27.6 —344 11.64
Son532 Liuchapo Fm. cherty mudstone 26 —34.3 3.83
Son509  Doushantuo Fm.  carbonate 25 —34.8 -8.2 26.6 -11.9 11.63 11.44 0.19
Son510 Doushantuo Fm.  chert 236 317 5.48 0.002 5.48
Son511 Doushantuo Fm.  cherty shale 225 =295 10.44  0.002 10.43
Son512 Doushantuo Fm.  black shale 21.5 13.09 0.039 13.06
Son513 Doushantuo Fm.  black shale 20.5 —34.6 11.48 8.77 2.71

(continued on next page)
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Table 3 (continued)

Sample Unit Name Lithology Depth 6" Core 0"3Cear Ad 0" 0carb TC TIC TOC
[m] [%0, VPDB] [%o, VPDB] [%o, VPDB] [%0, VPDB] [%] [%] [%]
Son514 Doushantuo Fm.  black shale 19.5 -348 455 0.01 4.54
Son515 Doushantuo Fm.  carbonate 145 -349 12.05 10.84 1.21
Son516 Doushantuo Fm.  carbonate 13.3 -93 —12.5 11.05 10.98 0.07
Son517 Doushantuo Fm.  carbonate 123 =357 -7.4 28.3 =75 1045  9.16 1.29
Son518 Doushantuo Fm.  carbonate 11.4 -9.2 —12.6 10.87 10.83 0.03
Son519 Doushantuo Fm.  carbonate 9.6 -9.1 -12.6 11.02 10.98 0.04
Son520 Doushantuo Fm.  cap carbonate 8.3 -7.9 -10.6 10.56 10.57 0.00
Son521 Doushantuo Fm.  cap carbonate 7 -9.0 -13.1 10.70
Nantuo Fm. diamictite 0

enriched H;PO,4 at 25 °C for 24 h (limestone), 50 °C for
24 h (dolostone), 75 °C for 16 h (dolostone), and 75 °C
for 24 h (mudstone) (Wachter and Hayes, 1985; Zhen
et al., 1986). All carbonate carbon and oxygen isotopic
compositions were measured in the Institute of Geo-
chemistry, Chinese Academy of Sciences, Guiyang,
China, using at Finnigan MAT 252 mass spectrometer.
The analytical procedure was controlled by measuring
the Guiyang laboratory standard GBW 04406 for its
8" Cearp (0" Cearbostandara: —10.85%o; Standard devia-
tion: 0.05%o0) and ¢'*Oarp (8"*Oarb-standara: — 12.40%o;
Standard deviation: 0.15%o) values. Results are reported
as 0"3Cea, and 030,y relative to the Vienna Peedee
Belemnite Standard (VPDB). Standard deviation was
usually better than + 0.1 %o.

In order to constrain carbonate diagenesis, samples
were further studied for their elemental abundances of
Mn, Sr, Fe, Ca and Mg (Veizer, 1983; Popp et al., 1986;
Kaufman et al., 1993; Veizer etal., 1997, 1999). Samples
were digested in 3N HCI and elemental concentrations
were measured with atomic absorption spectroscopy.
Results were corrected for the amount of insoluble
residue (soluble (%)=(total weight—weight insoluble
residue)/(total weight)).

4. Results

The total organic carbon content (TOC) ranges from
<0.1 to 45.9 wt.%. Throughout the entire stratigraphic
succession, the organic carbon isotopic composition
(513C0rg) displays values between —35.8 and —21.5%o,
averaging —32.3 £2.6%o (n=243). Carbonate carbon
isotope data lie between —9.3 and +2.3%o, averaging
—2.5+3.3%0 (n=105), and respective 8'*O.y, values
range from —13.8 to —1.2%o, averaging —8.243.6%o
(n=105). The difference between the organic and car-
bonate carbon isotopic compositions (Adrg-carb=ETOC=
613Ccarb—513Corg) varies between 19.4 and 34.6%o,
averaging 28.1+4%o (n=82). Elemental abundances of

Mn, Sr and Fe are highly variable (Mn: 84-8324 ppm; Sr:
44-9391 ppm; Fe: 1153-75593 ppm). Analytical results
are given in Tables 1-5.

5. Preservation of the organic matter

Post-depositional processes such as microbial remi-
neralisation and, moreover, thermal alteration have the
potential to change the primary isotopic composition of
sedimentary organic matter (Claypool and Kaplan, 1974;
Irwin et al., 1977; Berner, 1981; Strauss et al., 1992a;
Samuelsson and Strauss, 1999). Therefore, it is essential
to assess the state of preservation of the sedimentary
organic matter prior to interpretation of its organic car-
bon isotopic composition.

Bacterial degradation of organic matter depends on
available oxidants that ultimately result in an ecolog-
ical succession of bacteria and a frequently depth-
stratified series of biogeochemical zones within the
sediment. This stratification can be reflected in the
preservation of organic matter, and characterized by
distinct isotopic signatures which are different from the
sedimentary precursor material (i.e., primary produc-
tion from the photic zone). Post-depositional thermal
alteration will ultimately result in the loss of biomarker
information as well as '*C depleted constituents of the
organic matter (Strauss et al., 1992a; Samuelsson and
Strauss, 1999).

From a geochemical point of view, the H/C ratio is an
important parameter for estimating the preservation state
of kerogen, because H/C ratio decreases with increasing
thermal alteration. Independent studies have revealed a
direct relationship between the H/C and 6"3Cyer values
(Hayes et al., 1983; Strauss et al., 1992a,b; Des Marais
et al., 1992; Samuelsson and Strauss, 1999). These
studies showed that an H/C ratio smaller than 0.2 cor-
responds to thermally altered kerogen, which likely
experienced significant shifts in 0"3Cyer These studies
revealed that the carbon isotopic composition of
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Table 4
Analytical results for sediments from the Yanwutan—Lijiatuo section, Hunan Province
Sample  Unit Name Lithology Depth  0"Core 3" Cearb Ad 3" 0carp TC  TIC TOC
[m] [%0, VPDB] [%, VPDB] [%, VPDB] [%., VPDB] [%]  [%] [%]
Ljt593  Xiaoyanxi Fm. black shale 236.1  —32.6 10.09  0.0004 10.09
Ljt592  Xiaoyanxi Fm. black shale 2283 334 3.87 0.0001 3.87
Ljt591 Xiaoyanxi Fm. black shale 2242 =335 6.93  0.0013  6.93
Ljt590  Xiaoyanxi Fm. black shale 217.1  =33.6 4.17  0.0004 4.17
Ljt589  Xiaoyanxi Fm. black shale 2121 -334 6.09  0.0002  6.09
Ljt588  Xiaoyanxi Fm. black shale 2094 -333 7.00 0.0018  6.99
Ljt587  Xiaoyanxi Fm. black shale 2057 -333 713 0.0048  7.12
Ljt586  Xiaoyanxi Fm. black shale 203 -33.1 1432  0.0018 14.32
Ljt585  Xiaoyanxi Fm. black shale 199.7 =332 15.40  0.0007 15.40
Ljt584  Xiaoyanxi Fm. black shale 196.6 334 13.13  0.0012 13.13
Ljt583  Xiaoyanxi Fm. black shale 193.4 -334 11.37  0.0005 11.37
Ljt582  Xiaoyanxi Fm. black shale 190.1 -332 1148 0.0013 11.48
Ljt581  Xiaoyanxi Fm. black shale 187 -339 7.47  0.0006 7.47
Ljt580  Xiaoyanxi Fm. black shale 183.5 —=34.0 7.26  0.0002 7.25
Ljt579  Xiaoyanxi Fm. black shale 180.2 -34.1 9.01  0.0015 9.01
Ljt578  Xiaoyanxi Fm. black shale 177.1 =342 851 0.0012 8.1
Ljt577  Xiaoyanxi Fm. Stone coal 1763 —33.6 11.10  0.0030 11.10
Ljt576 ~ Xiaoyanxi Fm. cherty shale 175.8  —=33.6 2.06 0.0028 2.06
Ljt575  Xiaoyanxi Fm. cherty shale 175.05 —34.0 739 0.0022  7.39
Ljt574  Xiaoyanxi Fm. black shale 173.55 17.65 0.0014 17.65
Ljt573  Xiaoyanxi Fm. black shale 17225 =327 3.57 0.0021  3.57
Ljt572  Xiaoyanxi Fm. black shale 170.05 -31.8 1.88  0.0021 1.88
Ljt571  Xiaoyanxi Fm. black shale 167.85 —28.9 0.72  0.0014 0.72
Ljt570  Xiaoyanxi Fm. black shale 166.55 —30.3 1.47  0.0011 1.47
Ljt569  Xiaoyanxi Fm. black shale 164.45 —29.4 1.01  0.0007 1.01
Ljt568  Xiaoyanxi Fm. black shale 163.15 —-29.6 1.40 0.0010 1.40
Ljt567  Xiaoyanxi Fm. black shale 161.45 -30.3
Ljt566  Xiaoyanxi Fm. black shale 158.75 -28.9
Ljt565  Xiaoyanxi Fm. black shale 156.95 -29.7
Ljt564  Xiaoyanxi Fm. black shale 154.45 -29.9 142 0.0039 142
Ljt563  Xiaoyanxi Fm. black shale 15295 -31.1 1.54  0.0004 1.54
Ljt562  Xiaoyanxi Fm. black shale 147.95 -349 297 0.0002 297
Ljt559  Xiaoyanxi Fm. black shale 147.05 -31.1 5.55 0.0005 5.55
Ljt558  Xiaoyanxi Fm. black shale 14585 -32.0 14.03  0.0008 14.03
Ljt557  Xiaoyanxi Fm. black shale 144.65 -32.2 1479 0.0003 14.79
Ljt556  Xiaoyanxi Fm. black shale 143.65 —32.7 17.04  0.0030 17.03
Ljt555  Xiaoyanxi Fm. black shale 14235 -31.7 297 0.0021  2.96
Ljt554  Xiaoyanxi Fm. black shale 141.15 =315 1.10  0.0901 1.01
Ljt553  Xiaoyanxi Fm. black shale 14035 -334 18.69  0.0002 18.69
Ljt552  Xiaoyanxi Fm. cherty shale 139.85 -332 19.16  0.0030 19.15
Ljt551  Xiaoyanxi Fm. chert 138.75 —33.3 1.92  0.0075 191
Ljt550  Xiaoyanxi Fm. phosphorite nodule 138.15 —333 342  0.0012 342
Ljt549  Liuchapo Fm.  chert 130.15 —34.0 1.55  0.0009 1.55
Ljt548  Liuchapo Fm.  chert 128.65 —34.0 1.99  0.0077  1.99
Ljt547  Liuchapo Fm.  chert 127.25 1.17  0.0003 1.17
Ljt546  Liuchapo Fm. chert 125.55 222 0.0021 222
Ljt545  Liuchapo Fm. carbonacious chert 12395 -335 0.51 0.1030 041
Ljt544  Liuchapo Fm.  chert 12295 —343 1.36 0.0026  1.36
Ljt543  Liuchapo Fm.  chert 121.35 —34.7 122 0.0072 1.21
Ljt542  Liuchapo Fm.  chert 120.45 —33.5 1.35 0.0008 1.35
Ljt541  Liuchapo Fm.  black shale 119.25 497 0.0004 497
Ljt541  Liuchapo Fm.  chert 118.05 —33.5 1.55  0.0002 1.55
Ljt540  Liuchapo Fm. black shale 1169 —33.1 4.18  0.0006 4.18
Ljt539  Liuchapo Fm.  chert 116 —-33.1 248  0.0038 247
Ljt538  Liuchapo Fm.  black shale 1152 =333 9.00  0.0000 9.00
Ljt537  Liuchapo Fm.  chert 115.15 =332 2.05 0.0009  2.05

(continued on next page)
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Table 4 (continued)

Sample  Unit Name Lithology Depth 613C0,g 3"Cearp Ad 0" 0carb TC TIC TOC
[m] [%0, VPDB]  [%o, VPDB] [%o, VPDB] [%o0, VPDB] [%] [%] [%]
Ljt536  Liuchapo Fm.  carbonacious chert 1147  —-332 6.34 0.0001 6.34
Ljt535  Liuchapo Fm. carbonacious chert 1141 —-333 5.51  0.0003 5.1
Ljt534  Liuchapo Fm.  black shale 11345 -33.6 13.63  0.0017 13.63
Ljt533  Liuchapo Fm.  chert 113.4 6.42 0.0018 642
Ljt532  Liuchapo Fm.  black shale 1129 -332 5.11  0.0010 5.11
Ljt531  Liuchapo Fm.  chert 1128 —334 3.52  0.0004 3.1
Ljt530  Liuchapo Fm.  chert 112.15 —-333 378 0.0020 3.78
Ljt529  Liuchapo Fm.  black shale 112.1 —333 6.50  0.0003  6.50
Ljt528  Liuchapo Fm. black shale 111.8 =332 5.73  0.0009 5.73
Ljt527  Liuchapo Fm.  muddy chert 111.55 -33.1 1.95  0.0027 195
Ljt526  Liuchapo Fm.  black shale 111.5  —=33.0 2.18 0.0022 2.18
Ljt525  Liuchapo Fm.  muddy chert 111.1 =340 1.65 0.0040 1.65
Ljt524  Liuchapo Fm.  muddy chert 110.7 =337 0.54 0.0013 054
Ljt523  Liuchapo Fm. cherty shale 109.9 —35.1 0.60  0.0008  0.60
Ljt522  Liuchapo Fm.  chert 109 —35.5 091 0.0002 091
Ljt521  Liuchapo Fm. cherty lapillus 108.1 —344 0.28 0.0025 0.28
Ljt520  Liuchapo Fm.  chert 107.1  —34.1 0.55 0.0013 054
Ljt519  Liuchapo Fm.  chert 1064 344 0.76  0.0004 0.76
Ljt518  Liuchapo Fm.  chert 1042 =347 1.06  0.0038 1.06
Ljt517  Liuchapo Fm.  chert 1024  -338 1.05  0.0010 1.05
Ljt516  Liuchapo Fm.  chert 1004  —335 036 0.0030 0.36
Ljt515  Liuchapo Fm.  chert 99.1 -338 0.65  0.0002  0.65
Ljt514  Liuchapo Fm.  chert 96.6 —343 1.41  0.0023 1.41
Ljt513  Liuchapo Fm.  chert 94.1 —344 0.62 0.0010 0.62
Ljt512  Liuchapo Fm.  chert 89.9 343 0.49  0.0028  0.49
Ljt511  Liuchapo Fm.  chert 89 —343 0.26  0.0030 0.25
Ljt510  Liuchapo Fm.  chert 88.1 —354 1.14  0.0004 1.14
Ljt509  Liuchapo Fm.  chert 86.6 —34.9 0.81  0.0015  0.81
Ljt508 Liuchapo Fm.  chert 85 -35.0 0.94 0.0051 093
Ljt507  Liuchapo Fm.  chert 84 -35.0 1.00  0.0045 0.99
Ljt506  Liuchapo Fm.  chert 82.8 —35.1 1.09  0.0005 1.09
Ljt505  Liuchapo Fm.  chert 81.65 —34.8 0.72  0.0030 0.72
Ljt504  Liuchapo Fm.  chert 80.55 —349 0.96 0.0005 0.95
Ljt503  Liuchapo Fm.  chert 79.6 1.09 0.0110 1.08
Ljt502  Liuchapo Fm.  chert 78.7 —34.38 0.93  0.0005 093
Ljt501  Liuchapo Fm.  chert 7777 =35.0 091 0.0022 091
Ljt500  Liuchapo Fm.  chert 76.7 —35.0 1.02  0.0111 1.01
Ljt561  Liuchapo Fm.  chert 732 =350 1.06  0.0013  1.06
Ljt560  Liuchapo Fm.  chert 72 —34.7 1.10  0.0045 1.09
Yaw543  Doushantuo black shale 71 —354 11.00  0.0095 10.99
Yaw542 Doushantuo cherty shale 70.5 —34.6 .15 0.0017 1.15
Yaw541 Doushantuo black shale 69.8 —34.8 1.16 0.0054 1.15
Yaw540 Doushantuo carbonaceous chert 65.5 —34.6 1.16  0.0020 1.16
Yaw539  Doushantuo chert 643  —34.1 123 0.0003  1.23
Yaw538 Doushantuo black shale 64 —335 329 0.0109 3.28
Yaw537 Doushantuo black shale 63 -33.8 17.94  0.0104 17.93
Yaw536 Doushantuo black shale 612 —-299 0.18 0.0019 0.18
Yaw535 Doushantuo cherty dolostone 56.7 =257 -6.3 19.4 -11.3 0.34 0.2315 0.10
Yaw534  Doushantuo chert 537  —-30.8 020  0.0830 0.12
Yaw533  Doushantuo muddy dolostone 52.1 -8.0 -2.7 12.71 12.242 0.47
Yaw532  Doushantuo muddy dolostone 503  -29.0 -6.3 22.6 -3.1 11.93  11.355 0.58
Yaw531 Doushantuo muddy dolostone 477 =310 —6.1 249 -39 11.89 11.097 0.79
Yaw530 Doushantuo muddy dolostone 452 278 =73 20.5 —4.2 11.49 10.747 0.74
Yaw529  Doushantuo muddy dolostone 43 =279 =7.0 20.9 =35 12.16 11.646 0.51
Yaw528 Doushantuo dolostone 404 342 =72 27.0 -5.6 9.80 8.793 1.00
Yaw527 Doushantuo muddy dolostone 38.2 =7.0 -3.7 12.15 10.505 1.64
Yaw526 Doushantuo muddy dolostone 356 —338 -8.0 25.8 -4.0 12.00 10.130 1.87

Yaw525 Doushantuo muddy dolostone 33.6 —33.6 -84 25.2 —4.5 11.00  8.960 2.04
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Table 4 (continued)

Sample  Unit Name Lithology Depth 6'3C0,g Cearb Ad 3" 0carb TC TIC TOC
[m] [%o0, VPDB] [%o, VPDB] [%o, VPDB] [%o, VPDB] [%] [%] [%]

Yaw524  Doushantuo muddy dolostone 323 -339 -8.7 25.2 =52 11.28  9.041 2.23
Yaw523 Doushantuo muddy dolostone 29.5 -8.6 -6.7 7.84  6.112 0.83
Yaw522  Doushantuo dolostone 27 -31.5 -6.9 24.6 -9.4 12.78 11.952 0.83
Yaw521 Doushantuo organic-rich dolostone 249  —30.8 -7.4 23.4 -7.6 11.29 10.117 1.17
Yaw520 Doushantuo organic-rich dolostone ~ 23.5  —31.0 -8.7 223 =7.0 10.01  8.340 1.67
Yaw519  Doushantuo dolostone 225 =297 -8.9 20.8 -6.6 11.68 11.496 0.18
Yaw518 Doushantuo dolostone 20.8 —29.2 —43 249 -5.8 10.62  10.500 0.12
Yaw517 Doushantuo organic-rich dolostone ~ 18.9  —31.3 -3.0 28.3 -7.0 9.72  4.654 5.07
Yaw516 Doushantuo dolostone shale 16.7 =315 -3.0 28.5 =75 12.38  8.124 4.25
Yaw515 Doushantuo dolostone shale 15 -31.4 -1.6 29.8 -6.9 11.24 5930 5.31
Yaw514  Doushantuo black shale 132 314 7.32  0.0080 7.31
Yaw513  Doushantuo black shale 1.2 -31.1 3.75 0.0024 3.75
Yaw512  Doushantuo lappilus 11

Yaw511 Doushantuo black shale 103 -313 2.3 33.6 -74 3.17 0.0046  3.17
Yaw510 Doushantuo black shale 94 314 3.68 0.0005 3.68
Yaw509 Doushantuo mudstone 7.7 0.07  0.0094 0.06
Yaw508 Doushantuo black shale 7.65 —304 1.11 ~ 0.0002 1.11
Yaw507 Doushantuo chert 7.05 -31.1 -7.6 234 —12.1 0.70  0.3059 0.40
Yaw506 Doushantuo pyrite layer 7 0.09 0.0182 0.07
Yaw505 Dou-cap cap dolostone 64 215 1.1 22.6 —4.0 11.68 11.307 0.37
Yaw504 Dou-cap cap dolostone 52 =231 -1.5 21.6 —4.5 10.98 10.538 0.44
Yaw503  Dou-cap cap dolostone 39 -274 —3.6 23.8 -9.2 12.01 11.403 0.60
Yaw502 Dou-cap pyrite nodule 2.6

Yaw501 Dou-cap cap dolostone 1.7 -284 -30.6 24.7 -8.7 10.68 10.363 0.32
Yaw500 Dou-cap cap dolostone 0 =272 -4.1 23.0 -10.0 091 0.7967 0.11

Nantuo Fm.

kerogen displaying an H/C>0.2 has probably been
altered (increased) by less than 3%. (Hayes et al., 1983).
The more severely altered kerogens (H/C<0.2) are
frequently more '*C enriched (Strauss et al., 1992a;
Samuelsson and Strauss, 1999).

The H/C ratios of samples obtained for kerogen in
this study range between 0.31 and 1.76. The absence of
a clear correlation between H/C and §'*C,, is taken as
evidence that the carbon isotopic composition of
kerogen from this study has not been significantly
shifted during post-depositional processes.

6. Carbonate diagenesis

Carbonate diagenesis can obliterate primary depo-
sitional trends which reflect seawater chemistry. Over-
all, an increase in the elemental abundances of Fe and
Mn and a decrease in Sr concentration can be observed
during diagenesis (e.g. Veizer, 1983; Marshall, 1992).
Similarly, progressing diagenetic alteration of car-
bonates typically leads to a decrease in the isotopic
compositions of carbon and oxygen. The former is
a consequence of the incorporation of CO, derived
from the oxidation of organic matter during carbonate

precipitation. The latter is a result of meteoric water
alteration.

In order to evaluate the degree of carbonate diagenesis
and, thus, the question of whether the observed geochem-
ical signatures reflect near primary signals of deposition
or the effects of advanced diagenetic alteration, Kaufman
etal. (1993, 1995) have proposed certain threshold levels.
A Mn/Sr ratio<2 and 6'%0 values more positive than
—10%o (better even more positive than —5%o) are thought
to be consistent with the view, that respective carbonates
have retained near primary carbonate carbon isotope
values.

Elemental abundances and Mg/Ca and Mn/Sr ratios
are quite variable (Table 5). No correlation exists between
commonly applied geochemical indicators for carbonate
diagenesis, such as Mn/Sr or Mg/Ca and the respective
6'3C and/or 6'"%0 values (Fig. 5). However, absolute
values indicate a significant degree of dolomitization.
Furthermore, while many Mn/Sr ratios are below 5, others
are substantially higher, attesting to a significant degree of
diagenetic alteration.

Elemental abundances and ratios clearly indicate that
carbonates have been altered during diagenesis. Hence,
we will only cautiously interpret the carbonate carbon
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Elemental abundances (Ca, Mg, Mn, Sr, Fe) and isotopic compositions of 6'*O¢ag, and 8> Ce,y in carbonates from the Yanwutan—Lijiatuo, Shatan,
Songtao and Weng’an sections

Sample  Lithology Soluble residue  Fe  Ca Mg  Mn Sr Mg/Ca Mn/Sr 6" Cean 8" 0carb
[%] [%]  [%] [%] [%]  [%] [%o, VPDB]  [%0, VPDB]
Yaw500  cap dolostone 6.5 7.56 31.70 13.59 0.83 0.0653 0.43 12.75 —4.1 —-10
Yaw501  cap dolostone 84.0 0.83 2222 548 033 0.0151 025 2217 3.6 -8.7
Yaw503  cap dolostone 93.0 048 22.19 514 024 0.0100 0.23 2352 3.6 -9.2
Yaw505  cap dolostone 93.0 0.56 21.75 5.00 024 0.0300 0.23 8.12 1.1 -4
Yaw515  dolomitic shale 47.5 449 3036 7.58 0.12 0.0445 025 270  —1.6 -6.9
Yaw517  organic dolostone 372 6.37 35.80 831 0.14 0.0613 0.23 226 -3 =175
Yaw520  organic dolostone 67.1 2.09 28.58 6.03 0.07 0.0151 0.21 493 =87 =7
Yaw523  muddy dolostone 48.5 0.82 2641 8.59 0.10 0.0244 0.33 422 8.6 -6.7
Yaw526  muddy dolostone 82.8 048 2496 574 0.04 0.0061 0.23 693 -8 -4
Yaw529  muddy dolostone 95.7 033  21.65 516 0.05 0.0044 0.24 11.64 -7 -35
Sat500  phosphorite limestone  93.0 023 3316 0.06 0.11 0.0309 0.00 353 -35 —12.6
Sat535 limestone 73.0 037 16.66 7.19 0.09 0.0104 043 873 -—16 -8.2
Sat536  dolostone 97.0 0.12 24.15 1031 0.14 0.0131 043 1047 -—14 -6.7
Sat537  dolostone 97.5 0.17 22.09 11.56 0.09 0.0104 0.52 847 -0.7 -89
Sat538 dolostone 96.0 023 21.50 11.73 0.07 0.0106 0.55 631 -1 -9.5
Wen507  cap dolostone 88.0 095 21.83 12,55 024 0.0077 0.58 31.18  —-23 —4.6
Wen510  cherty dolostone 89.0 0.60 2097 12.10 0.13 0.0076 0.58 1732 =23 -6
Wen513  cap dolostone 82.0 1.07 2575 14.15 034 0.0062 0.55 5543 2.6 =72
Wen522  chert 36.0 1.65 2348 1244 020 0.0094 0.53 2125 —1.1 —4.8
Wen525  chert 18.0 1.20 2831 1420 0.34 0.0141 0.50 2402 -04 -43
Wen534  dolostone 87.0 0.50 27.02 12.77 0.10 0.0146 0.47 6.78 3.6 -13
Son516  carbonate 89.7 023 3857 021 0.05 0.0245 0.01 195 -93 -12.5
Son517  carbonate 75.6 1.17 2288 1027 0.11 0.0190 0.45 598 -74 =75
Son518  carbonate 89.1 0.17 3855 0.19 0.04 0.0199 0.01 1.85 -9.2 -12.6
Son521 cap limestone 87.4 0.18 38.84 0.36  0.03 0.0223 0.01 149 -9 -13.1
Son564  limestone 84.6 1.08 37.65 043 0.04 04698 0.01 0.09 0.8 —11.3
Son572  limestone 18.3 3.78 25.63 135 0.12 09391 0.05 0.13 -1.6 -11.7
Son574  limestone 93.1 0.17 3832 026 0.01 0.6085 0.01 0.01 2.3 -14
Son577  limestone 83.3 0.75 2849 024 0.03 0.6903 0.01 0.04 0.1 -13
min 6.5 0.1 16.7 0.1 0.0 0.0 0.00 0.0 -9.3 —13.1
max 97.5 7.6 38.8 14.2 0.8 0.9 0.58 55.4 3.6 -13
average 73.6 1.3 276 70 02 0.1 0.29 10.5 -32 =177

isotope data and will draw our conclusions about the
carbon isotopic evolution on the basis of respective
organic carbon isotope results.

7. Discussion
7.1. The Yanwutan—Lijiatuo section

Observed stratigraphic variations in carbon isotopic
composition throughout the terminal Neoproterozoic and
Early Cambrian sedimentary succession on the Yangtze
Platform will be largely evaluated on respective data
measured for organic carbon in samples from the
Yanwutan—Lijiatuo section. Located in a slope to basinal
setting, this section provides the most complete record for
this study (Figs. 2 and 3). Results from the other sections
described above will be compared to Yanwutan—Lijiatuo
and discussed in respect to lateral, i.e. facies changes
across the Yangtze Platform (Fig. 4).

Lithological changes up-section are clearly expressed
by distinct variations of inorganic and organic carbon
abundances (TIC, TOC in Tab. 4). Only carbonates in
the lower 50 m of the Doushantuo Formation show TIC
values above 0.1 wt.%. TOC abundances for the entire
succession vary between 0.1 and 19.2 wt. % (aver-
age 3.8+4.6 wt.%, n=134) with the highest values
measured for the Early Cambrian black shales of the
Xiaoyanxi Formation.

The organic carbon isotope record is based on 126
samples (Fig. 3; Table 4), starting with post-glacial cap
carbonates at the base and followed by dolostones of
the Doushantuo Formation through the largely cherty
Liuchapo Formation, across the Precambrian—Cambri-
an transition and well into the black shales of the Early
Cambrian Xiaoyanxi Formation. A distinct shift from
o3 Corg values around —28.4%o to a less negative value
of —21.5%o through the cap dolostone is followed by
black shales and organic-rich dolostones with TOC
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Fig. 5. Cross-plot of 8'®0ar and 6">Cqrp, (A) and 6'% 0y, and Mn/Sr (weight ratio) (B). Circles display values from the Yanwutan—Lijiatuo section,
squares the Shatan section, diamonds the Songtao section and triangles the Weng’an section.

values of up 7.3 wt.% and displaying reasonably stable
organic carbon isotope values between —32 and
—30%o. These are followed by muddy to cherty
dolostones with somewhat lower TOC abundances
and strongly fluctuating 6'° Corg values from distinctly
more negative (ca. —34%o) to mostly elevated values
around —29%.. These carbon isotope oscillations occur
within a proposed allochthonous slide sheet (see Vernhet
et al., 2007-this volume), originating from the shallower
part of the platform. Hence, carbon isotope variations
reflect mixing of different proportions of autochtonous
and resedimented organic material.

While there is no obvious correlation between TOC
and 6" Corg> the strongly negative 6'3C values in the
Doushantuo Formation likely reflect some contribution
from bacterial biomass in addition to organic matter de-
rived from primary production.

Towards the top of the Doushantuo Fm. and through-
out the Liuchapo Fm., black shales and black cherts
dominate with high abundances of TOC and relatively
stable 613C0rg values between —35 and —33%o.

An evolution towards less negative 613Corg values
continues into the lower part of the Xiaoyanxi Formation
with minimum values around —30%o. It is followed up-
section by a distinct shift to rather stable and more neg-
ative §'° Corg values between —34 and —33%o in the upper
37 m of the Xiaoyanxi Formation. This suggests a clear
change either in environmental conditions (such as a
change in oxygenation of the water column) or in the type
of organic material deposited in the sediment. While the
organic carbon isotopic composition defines a clear strat-
igraphic trend, no distinct difference in TOC abundance
across stratigraphy is discernible.

7.2. Comparison between different facies belts

As outlined above, the Yangtze Platform is charac-
terized by distinct changes in depositional environ-
ments ranging from shallow shelf via slope into the
deeper basin (e.g. Lietal., 1999a,b; Steiner et al., 2001;
Jiang et al., 2003a,b; Shen et al., 2005). These define
SW-NE trending facies belts. The sections studied here
are located along a profile across these different facies
belts. This allows the characterization of possible lateral
changes in geochemical signatures related to facies
variations across time-equivalent stratigraphic units
(Figs. 1 and 2).

Organic and carbonate carbon isotope data for the
postglacial Doushantuo Formation were obtained for
samples from the Weng’an, Songtao and Yanwutan—
Lijiatuo sections, representing a progressive deeping
of the depositonal environment. Organic carbon isotope
values (613C0rg) for the Doushantuo Fm. at Weng’an
range from —32.3 to —24.5%o (average —28.1+2.5%o,
n=20) and 6"°C.up vary between —4.9 and +3.6%o
(average —1.1+2.0%o, n=26). The platform setting, and
hence the carbon isotope data, are considered to reflect
open ocean conditions. In contrast, both the organic and
carbonate carbon isotopic records from Songtao section,
although rather discontinuous, display comparatively more
13C depleted values around an average of —33.7+ 2.2%o
(n=7)and —8.6+0.7%o (n=7), respectively. It suggests the
incorporation of some '*C depleted bacterial biomass into
the total sedimentary organic matter pool. Finally, large
oscillations in the lower part of the Doushantuo Fm. at
Yanwutan are confined to proposed mass flows from the
platform. Geochemical results are distinctly different in
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TOC and carbon isotopic composition from under-and
overlying portions of the Doushantuo Formation. In part,
they resemble respective values at Weng’an (Fig. 4).

The dolomitic and in part phosphoritic Doushantuo
Formation is followed by massive light grey carbonates
of the Dengying Formation on the carbonate platform
and largely black cherts of the Liuchapo Formation in
the deeper settings. The latter is well expressed in the
basinal Yanwutan—Lijiatuo section but also at Songtao
in the transition belt, however, in a much more con-
densed succession. Here, the organic carbon isotopic
composition varies in a narrow range between —35.2
and —34.1%o (average —34.5+0.3%0, n=11). This is
quite comparable to the range in 6" Corg Observed for
time-equivalent samples from the Yanwutan—Lijiatuo
section. It suggests that comparable environmental con-
ditions prevailed during that time in the transition and
basin belts. Few samples from the uppermost Dengying
Formation at the Shatan section display 513C0rg values
between —35.6 and —34.1%0 (n=5). The sediments
exposed at the Shatan section were deposited under
shallow water conditions and are represented by car-
bonates. Their carbonate carbon isotopic composition
varies from —2.3 to 0.6%o (n=14), yielding an average
e1oc (0" Coa—0">Corg) 0f 33.940.7%o0 (n=5). Compa-
rably high etoc values>32%o have been reported for
several sections of late Neoproterozoic/Early Cambrian
time (Hayes et al., 1999), and these high values are
interpreted to reflect the incorporation of '*C-depleted
chemoautotrophic biomass to the total organic carbon.

The Early Cambrian on the Yangtze Platform is
characterized by the widespread deposition of black shale,
during a large scale transgressive event (the Niutitang
event) which affected the entire platform. It is believed
that at least the sediments from the lower part of the Early
Cambrian succession (the Niutitang Formation and time-
equivalent stratigraphic units) were deposited under
anoxic bottom water conditions (Steiner, 2001; Goldberg
et al., this volume).

The Early Cambrian black shale succession was
studied at the Yanwutan—Lijiatuo, Songtao and Shatan
sections. At all three locations, distinct stratigraphic vari-
ations in 3'*Cyy occur. These are accompanied by clear
variations in TOC abundance up-section at Shatan, less
clear at Songtao and without any significant stratigraphic
correlation at the Yanwutan—Lijiatuo section. It should be
noted that TOC abundances are highest in the basinal
Yanwutan—Lijiatuo section.

Despite low abundances in carbonate carbon (TIC),
the carbonate carbon isotopic composition of black
shale samples from the Guojiaba Formation at Shatan
broadly parallels the organic carbon isotope record. This

is expressed in largely invariable etoc values between
30.5 and 32.9 %eo.

Based on abundances of organic carbon, biogenic sul-
phur and reactive Fe (see also Goldberg et al., 2007-this
volume), the marked change in chemical/isotopic com-
position in the Early Cambrian black shale sequence is
interpreted to reflect a change from decidedly anoxic to
possibly dysoxic bottom water conditions. Sulphur iso-
tope data for pyrite-and organically bound sulphur are
consistent with this interpretation and indicate vertical
fluctuations of a chemocline within the Early Cambrian
water column on the Yangtze Platform. Higher TOC
abundances and generally more negative '°C values for
organic and carbonate carbon in the lower part of the Early
Cambrian sedimentary sequence would be consistent with
a higher deposition of organic matter and the anaerobic
recycling of sedimentary organic matter. Resulting '*C
depleted DIC was obviously incorporated during carbon-
ate formation in the coeval carbonate. The parallel trend in
o Corg and 03 Cearb suggests that the DIC budget of the
Early Cambrian water column (at least on the Yangtze
Platform) was affected by anaerobic recycling of
sedimentary organic matter and/or chemoautotrophy
(cf. Hayes et al., 1999). The presence of pyrite and or-
ganically bound sulphur in these sediments indicates the
activity of sulphate-reducing bacteria (Goldberg et al.,
2007-this volume).

Up-section, TOC abundances decrease and o3 Core
values become less negative at all three sections.
Goldberg et al. (2007-this volume) interpret this shift
as a change from anoxic to dysoxic/oxic which is
supported by the degree of pyritization (DOP) as a proxy
for bottom water oxygenation (e.g. Raiswell etal., 1988).
Under this scenario, total sedimentary organic matter
likely contains a smaller contribution of bacterial organic
matter. Overall lower organic carbon abundances, but
even more so less '*C depleted organic carbon isotope
values are consistent with this interpretation.

As noted above, the Yanwutan—Lijiatuo section con-
tinues further up and displays a shift back to more
negative 6'° Corg values around —34%o in the upper 37 m
of the Xiaoyanxi Formation.

8. Conclusion

Temporal variations in the carbon isotopic composi-
tion exist across the studied time interval. In part, these
likely reflect secular changes in organic carbon burial. In
addition, however, variable bottom water redox condi-
tions result in the incorporation of variable amounts of '*C
depleted bacterial biomass. Facies differences favoring
this input (from platform to deeper water) seem to
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disappear following the widespread Early Cambrian
transgression and subsequent black shale deposition
(Niutitang event). Results from this study reveal that
caution must be placed on environmental issues prior to
chemostratigraphic correlation.
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