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Abstract

Isotopic compositions of Mn-carbonate and organic carbon from the same individual samples and sulfur isotopic compositions of
pyrites in the basal Datangpo Formation were analyzed. Highly 34S-enriched pyrites (d34Spyrite = 31.7–59.4‰) were precipitated in rel-
atively occlusive pore water under anoxic condition in sediments, which is consistent with the observation of large and scattered pyrite
framboids. The sulfidic deep ocean was not ‘‘oxidized” in the early Datangpo interglacial interval, thus the level of seawater sulfate
remained low and marine d34Ssulphate remained high. Low d13Ccar (average �7.4‰) and abnormal relationship between d13Ccar and frac-
tionation (Dcar–org) imply that the negative d13Ccar excursion may have resulted from oxidation of part of a large organic carbon reser-
voir. High Dcar–org (average 25.1‰) implicates high CO2 level in the atmosphere. Small standard deviation (1.0‰) of d13Ccar values
indicates the Mn-carbonate was precipitated near the water–sediment interface under dysoxic conditions rather than in occlusive pore
water in sediments.
� 2007 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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Various evidence documents profound tectonic, climatic
and biological changes that occurred during the Neoprote-
rozoic. Since the onset of dispersal of supercontinent Rodi-
nia (�750 Myr), ice sheets might reach the Equator during
Neoproterozoic eon at least twice (Sturtian and Mari-
noan), leading to the suggestion of a fully ice-covered
‘‘Snowball Earth” [1]. The severe ice ages are believed to
represent a strong source of selective pressure on the evolu-
tion of life and to stimulate the evolution of macroscopic
multicellular animals (metazoans) and the subsequent radi-
ation of calcified invertebrates [2].

Global carbon cycle played a vital role in triggering and
terminating these global glaciations, which can be traced

by the isotopic compositions of carbonate and organic
matter (OM) in sediments [3]. The change of redox envi-
ronment of the Earth’s surface was interrelated with the
biological evolution, which could be reliably recorded by
sulfur isotope compositions [4].

Neoproterozoic glacial units are frequently overlain by
‘‘cap carbonates” [5]. d13C values of Sturtian cap carbon-
ates are from about �6‰ to �5‰ in Namibia, Canada
and Australia [6]. d34S values of sedimentary pyrites
formed in the interglacial interval between Sturtian and
Marinoan are exceptionally high in Namibia, Canada,
Australia and China, with a mean d34Spy of about +30‰
and a maximum of about +60‰ [7].

Previous d13Ccar values analyzed from the basal Data-
ngpo Formation (Sturtian manganese ‘‘cap carbonate” int-
erbedded with black shale and siltstone) reported by Li
et al. [9] range from about �11 to �7‰ [8,9], and d13Corg
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from �33.2‰ to �34.9‰ (5 samples). However, most of
their d13Ccar and d13Corg data were not analyzed from the
same sample, so they cannot reveal the relationship
between the organic carbon reservoir and abnormally low
d13Ccar values. They suggested that Mn-carbonate at Data-
ngpo Fm was analogous to the early Jurassic Mn-carbon-
ate deposited at Molango of Mexico and Urkut of
Hungary. However, the d13Ccar data of Datangpo are much
less dispersed than those of the Jurassic Mn-carbonate in
Molango and Urkut. Li et al. [9] also reported Datangpo
d34Spy values up to about +60‰ and they thought that
the locally restricted basin was the reason for the highly
34S-enriched pyrites. In fact, high d34Spy values of this
interval were also a global feature [7,10,11]. Here, we pres-
ent new d13Ccar and d13 Corg data analyzed from the same
individual samples, and some d34Spy data from the basal
Datangpo Fm. We also present new interpretations for
the data and propose a new model for the depositional
environment of the Mn-carbonate and pyrite.

1. Stratigraphy

The Datangpo manganese carbonate deposit is distrib-
uted at the basal Datangpo Fm in eastern Guizhou, South
China. Previous studies suggested that the Datangpo Fm
was deposited on the outer shelf of the Neoproterozoic
southeast-facing passive margin (Fig. 1), which was
inferred to have developed along the Yangtze block after
about 800 Myr, during the breakup of supercontinent
Rodinia [12,13].

The studied Zhailanggou section (108�470E, 28�30N) in
eastern Guizhou begins with diamictite of the Tiesiao For-
mation, which is equivalent to the Sturtian glacial
sediments [15], and is followed by the �200 m thick Data-
ngpo Fm. The basal Datangpo Fm consists of a layer of
about 6 m-thin-bedded Mn-carbonate which is interbedded

with black shale and siltstone. The rest of the Datangpo
Fm consists of black shale and gray siltstone, and is over-
lain by the Nantuo diamictite, which is equivalent to the
Marinoan glacial sediments [16,17]. Thus, the Datangpo
Fm represents the interglacial succession between the Stur-
tian and Marinoan ice ages. The U–Pb age of 663 ± 4 Myr
of zircons from a tuffaceous bed at the basal Datangpo Fm
at the same section obtained by Zhou et al. [12] provided a
direct time constraint for the Datangpo Fm.

2. Samples and methods

Most samples (marked as successively YX1- or YX2-) of
the basal Datangpo Fm were collected successively from an
underground mine, some ore samples (marked as ZLG-
Mn- or ML-) were picked up from ore piles.

Major elements analyses of several Mn-carbonate min-
erals were carried out by using a JXA-8800M type electron
microprobe with condition of 15 kV accelerating voltage,
10 nA beam current. Natural minerals were used as stan-
dards during the measurement.

All samples for carbon isotopes and trace elements anal-
yses were carefully cleaned to eliminate weathered parts
and secondary veins, except YX2-9 and YX-2-10 that were
severely contaminated by secondary veins. The fresh parts
were examined by thin section observation under a micro-
scope. Most of the samples were milled to less than 200-
mesh powder using a shatter machine with an alumina
ceramic container. Rock sample YX2-7 was microsampled
by using a 1 mm drill bit on 10 separate points (Fig. 2a) for
carbonate C-isotopes analyses.

Both Mn-carbonate and black shale from the basal
Datangpo Fm are abundant in inorganic and organic
carbon (TOC 1–5%), and the main difference between the
two sediments appears to be the relative proportions of
Mn-carbonate and clast, which facilitates the analyses of

Fig. 1. Sketch map for distribution of Cryogenian facies on southeast-facing passive margin of the Yangtze block [12,14] and stratigraphic column of the
interglacial Datangpo Formation at the Zhailanggou section in northeastern Guizhou.
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both inorganic and organic C-isotope compositions on the
same sample. Thus, we avoid the persistent problem of cor-
relations between strata in different rock units when dis-
cussing the fractionation between carbonate and OM [3].

Analyses of carbonate C-isotopes were performed on a
Finnigan DELTAplusXP isotope ratio mass spectrometer
connected to a Finnigan device of GasBench II. Consider-
ing the slower reaction rate of Mn-carbonate with phos-
phoric acid than Ca-carbonate with phosphoric acid
[18,19], acid digestion of the subsamples drilled from Sam-
ple YX2-7 was conducted at 25 �C for different durations (2
and 72 h). However, no significant fractionation occurred
(see Table 1).

For analyses of organic C-isotopes, powdered samples
were leached in 2.5 M HCl for 24 h to remove carbonate
minerals. The residues were rinsed with deionized water,
dried, and then combusted in a Finnigan device of Flas-
hEA 1112 NC Elemental Analyzer. The resulting CO2

gas was analyzed by a Finnigan DELTAplusXP isotope
ratio mass spectrometer connected with the FlashEA. All
the C-isotope data were expressed relative to the V-PDB
standard. Standard deviation of repeated analyses on stan-
dard (n = 8) was less than 0.1‰.

For sulfur isotope analyses of pyrites, SO2 gas was
extracted by the reaction between pure pyrite minerals
and Cu2O at high temperature, under 2.0 � 10�2 Pa of vac-
uum, and then was introduced into a Finnigan MAT-251
isotope ratio mass spectrometer for isotopic measurement.

All the S-isotope data were presented against Canyon Dia-
blo troilite (CDT) standard. Precision was typically better
than 0.2‰.

S-isotope analyses were completed at the Institute of
Mineral Resources, Geological Academy of China. All
the other analyses above were carried out at the State
Key Laboratory for Mineral Deposit Research, Nanjing
University.

3. Results

Major element contents of Mn-carbonate minerals ana-
lyzed with the electron microprobe are listed in Table 2. In
most carbonate minerals, element content order is
Mn > Ca > Mg > Fe; and a few minerals contain consider-
able Fe or Ca, while Mg concentration remains relatively
constant. Accordingly, Mn-carbonate minerals probably
consist of rhodochrosite (MnCO3) and kutnahorite
(Ca(Mn,Mg,Fe)(CO3)2).

Analytical results of C- and O-isotopes of carbonates,
C-isotopes of OM, and S-isotopes of pyrites from the sam-
ples of basal Datangpo Fm are listed in Table 3. The d34S
values of pyrites are extremely high, which is consistent
with previous analyses [9].

When carbonates react with meteoric or hydrothermal
fluids, d18Ocar and d13Ccar values and Sr concentration
decrease, while Mn concentrations increase [19]. Therefore,
in general, carbonates with Mn/Sr < 10, d18O > �10‰ and
without a positive correlation between d13Ccar and d18Ocar

often retain primary C-isotope signatures [20]; nevertheless,
the Mn/Sr index obviously cannot be applied in evaluating
diagenesis of the Mn-carbonate. There seems to be a weak
positive correlation between d13Ccar and d18Ocar when all
the 26 pairs of d13Ccar and d18O are crossplotted. However,
if the six points with d18Ocar< � 10.5‰ are eliminated, no
positive correlation is observed (Fig. 3a), which suggests
that C-isotope compositions of the other 20 carbonate sam-
ples are likely unaltered by late meteoric or hydrothermal
fluids. Therefore, only d13Ccar values with d18Ocar below
�10.5‰ are excluded from further consideration.

Fig. 2. A photo of rock sample of organic-carbon-riched black Mn-
carbonate (YX2-7) and sampling points by microdrilling (a) and a photo
taken under a reflective microscope showing large and scattered pyrite
framboids in Mn-carbonate from basal Datangpo Formation (b).

Table 1
Acid digestion of several samples drilled from YX2-7

Sample d18Ccar
a (‰, V-PDB) d18Ccar

b (‰, V-PDB) Difference

YX2-7-1 �7.9 �8.0 0.1
YX2-7-2 �8.0 �7.6 0.4
YX2-7-3 �8.8 �9.1 0.3
YX2-7-4 �8.6 �8.8 0.2
YX2-7-5 �9.0 �9.3 0.3
YX2-7-6 �8.4 �9.2 0.8
YX2-7-7 �8.5 �8.6 0.1
YX2-7-8 �8.5 �8.8 0.3
YX2-7-9 �8.5 �8.7 0.2
YX2-7-10 �9.2 �9.0 0.2

a Acid digestion of carbonates was conducted at 25 �C, CO2 was
extracted after 2 h.

b Acid digestion of carbonates was conducted at 25 �C, CO2 was
extracted after 72 h.
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4. Discussion

4.1. Sulfur isotopic compositions – low sulphate

concentration and high d34Ssulphate in a restricted basin

The d34S values of pyrites in the basal Datangpo Fm are
extremely high with a range from 37.1‰ to 59.4‰ (see Table
3). High d34S values of sedimentary pyrites formed during
the interglacial interval between the Sturtian and Marinoan

glacial intervals are also found in Namibia (the Court For-
mation), Canada (the Twitya Formation), Australia (the
Tapley Hill and Aralka Formations), with a mean d34Spy

of ca. +30‰ and a maximum of ca. +60‰ [7,9,10]. In addi-
tion, the most positive values of d34Spy have been observed in
the early Datangpo interglacial sediments [10]. These extre-
mely high d34S values of pyrites may indicate either extremely
34S-enriched sulphate or low fractionation during bacterial
sulphate reduction (BSR); most likely, both occurred.

Table 2
Major elements of Mn-carbonate minerals from the basal Datangpo Fm

Sample MnO (%) CaO (%) MgO (%) FeO (%) Na2O (%) K2O (%) Al2O3 (%) TiO2 (%) SiO2 (%) Total (%)

YX2-3 39.31 14.54 2.75 1.69 0.19 0.03 0.04 0.11 – 58.64
46.17 10.58 1.67 0.61 0.08 0.03 0.03 0.01 – 59.16
40.62 3.43 3.64 10.85 – 0.01 0.02 0.10 0.01 58.66
42.58 12.85 1.14 0.69 0.07 0.00 – 0.03 – 57.36

YX2-7 43.95 12.35 1.23 0.61 0.09 0.04 0.06 0.00 0.13 58.47
44.36 11.77 2.19 0.61 0.09 0.02 0.08 – 0.13 59.25
41.63 3.92 3.63 6.39 0.04 0.44 0.91 0.07 3.47 60.51
42.11 3.69 3.91 8.10 – 0.06 0.13 0.15 1.40 59.54
43.82 10.71 5.20 0.92 0.14 0.01 0.03 – 0.02 60.86

YX2-15 40.71 14.61 4.66 0.48 0.09 0.05 0.05 0.03 – 60.66
42.21 11.32 4.63 1.86 0.15 0.02 0.09 0.01 0.10 60.40
37.36 4.79 7.06 6.92 0.20 0.02 0.06 – 0.08 56.50
24.44 25.56 3.68 4.40 – 0.03 – 0.03 0.06 58.20
41.14 13.70 3.32 0.72 0.08 – 0.02 0.01 – 58.98

ZLG–Mn-15 26.61 23.07 3.85 4.10 – 0.03 0.12 0.02 0.20 57.98
37.32 12.66 3.43 1.57 0.07 0.36 1.74 0.02 2.45 59.63
14.68 30.28 6.42 5.65 – – – – 0.11 57.14
34.25 16.05 4.88 2.71 0.06 0.04 0.09 0.00 0.10 58.21

Table 3
C- and O-isotopes of carbonates, C-isotopes of OM, and S-isotopes of pyrites from the basal Datangpo Fm

Sample Lithologies d34Spy (‰, CDT) d18Ccar
a (‰, V-PDB) d18Ocar (‰, V-PDB) d13Corg (‰, V-PDB) Mcar�org (‰, V-PDB)

YX2-1 Siltstone �7.9 �14.1 �29.9 22.0
YX2-3 Mn-carbonate �7.9 �7.5 �33.5 25.6
YX2-4 Siltstone �7.0 �8.9 �33.7 26.7
YX2-5 Siltstone 47.0 �7.2 �6.8 �31.8 24.7
YX2-6 Black shale �7.9 �13.6 �33.1 25.3
YX2-7 Mn-carbonate 56.0 �8.3 �5.5 �32.5 24.3
YX2-8 Mn-carbonate �7.5 �6.5 �32.5 25.0
YX2-9 Mn-carbonate �7.8 �11.9 �31.9 24.0
YX2-10 Mn-carbonate �8.0 �14.1 �32.2 24.2
YX2-11 Mn-carbonate �8.1 �9.0 �32.5 24.4
YX2-12 Black shale �7.3 �7.0 �32.4 25.1
YX2-13 Black shale �6.5 �8.3 �32.6 26.0
YX2-14 Black shale �7.6 �11.6 �32.4 24.7
YX2-15 Mn-carbonate �6.9 �7.6 �32.4 25.5
YX2-16 Black shale �6.8 �9.4 �32.3 25.5
YX2-17 Black shale �6.7 �10.0 �32.4 25.7
YX2-18 Black shale �6.8 �10.4 �32.3 25.4
YX2-19 Black shale �5.6 �7.5 �32.4 26.9
YX2-20 Black shale �5.4 �10.0 �32.2 26.7
YX1-1 Siltstone �8.3 �8.0 �32.4 24.1
YX1-3 Mn-carbonate �9.3 �6.9 �33.4 24.1
YX1-4 Black shale �9.4 �12.1 �32.9 23.5
ML-10 Mn-carbonate 59.4 �9.0 �6.2 �32.8 23.8
ZLG–Mn-7 Mn-carbonate 51.2 �8.6 �6.3 �32.6 24.0
ZLG–Mn-14 Mn-carbonate 31.7 �7.9 �7.1 �31.4 23.5
ZLG–Mn-16 Mn-carbonate 58.0 �7.9 �7.0 �32.5 24.6

a Acid digestion of carbonates was conducted at 70 �C, CO2 was extracted after 1 h.
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Fluxes of riverine sulphate input derived from pyrites
oxidation during crustal rock weathering and sulfide depo-
sition mediated by bacterial sulfate reduction (BSR) are
two key factors for regulating concentrations and sulfur
isotope compositions of marine sulphate [4], especially
through most of the Precambrian when there was little sul-
fate burial [21].

According to the mass balance principle and evolution
of the Earth’s redox environment, Canfield [11] suggested
that decrease in the size of the Earth’s surface sulfur reser-
voir, combined with increase of d34S in the Earth surface
sulfur reservoir, may have begun due to accumulative
deposition of 34S-depleted sulfides mainly in deep ocean
since the transition of iron-rich ocean to sulfidic ocean at
�1.8 Ga. It is only after the sulfidic ocean was ‘‘oxidized”
that the sulfate concentration in seawater began to increase
and the marine d34Ssulphate began to return towards the
mantle value (approximately equals to the average crustal
or the riverine input value).

It was assumed that organic matter was sufficient to
maintain BSR [7] and there was no riverine input during
the ‘‘Snowball Earth” interval. Decrease of marine sulfate
concentration and increase of marine d34Ssulphate may have
culminated during the Sturtian glaciation as a consequence
of lack of sulphate input and efficient sulfide removal in the

anoxic stratified ocean [10,22]. Moreover, decreased sea
level during the Sturtian glaciation may have resulted in
many restricted basins between the Yangtze block and Cat-
haysia block [9], which could lead to even lower sulphate
concentration and higher d34S in such basins than those
in the coeval open ocean.

After the Sturtian glaciation, deposition of 34S-depleted
sulfide continued via BSR below the chemocline (i.e., the
boundary between oxic/dysoxic and anoxic conditions;
pyrite only forms below it), especially in the sulfidic deep
basins, for tens of millions of years, till the P O2

level in
the atmosphere was sufficient to oxidize the sulphidic
(deep) basins. These relatively 34S-depleted sulfides depos-
iting mostly in deep ocean basins would be substantially
lost by subduction [7,11,23].

The observation of large and scattered pyrite framboids
(ca. 5–20 lm, Fig. 2b) in most of the OM-rich Mn-carbon-
ate and shales indicates that they may have formed within
sediments beneath oxic/dysoxic seawater during diagenesis
[24,25]. Moreover, sulfide formed within the water column
would favor maximal fractionation owing to the open-sys-
tem conditions [23,26]. Therefore, the chemocline might
have moved to the water–sediment interface in the outer
shelf during the early Datangpo interglacial interval. Due
to the low sulphate concentration, the diffusion rate of sul-
phate from the seawater to the sediment is probably lower
than the BSR rate in the sediment pore water. Conse-
quently, the isotopic composition of a bulk pyrite
approaches to the sulphate confined in the pore water.
The more disproportionate between the reduction rate
and the diffusion rate of sulphate, the less the fractionation
seems to be. Moreover, if the sulphate was consumed to be
lower than 200 lM, the fractionation between sulphate and
sulfide during BSR would be reduced [27]. Therefore, d34S
values of the pyrites formed within sediments during early
diagenesis were close to those of the sulphate in seawater.

So far, Neoproterozoic d34Ssulphate values were poorly
constrained due to a paucity of evaporite deposits. Hurtgen
et al. [10] presented d34S data of trace sulphate extracted
from post-Sturtian carbonates in Namibia. The d34Ssulphate

curve during early post-Sturtian interglacial interval was
highly variable (ca. 10–50‰). This was probably due to
low concentration and short residence time of marine sul-
phate, which could result in strong correlation between
d34Ssulphate and spatial/temporal factors [4]. According to
the early diagenetic model of pyrite precipitation discussed
above, we suggest that d34Ssulphate of the seawater in the
outer shelf of Yangtze platform was plausibly a bit higher
than the maximum d34Spy value, at least about +60‰.

4.2. Carbon isotopic compositions – existence of relatively

large organic carbon reservoir in the basin

The residence time of carbon in seawater is only about
0.1 million years; therefore, the steady-state mass balance
model is justified for the carbon cycle because of the rapid
re-attainment of steady state after perturbation [28,29].

Fig. 3. Crossplot of d13Ccar vs. d18Ocar (a), and crossplot of d13Ccar vs.
Dcar�org (b).
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In a steady-state mass balance model of the carbon cycle,
the following equations can be obtained [3,30]:

F input � d34Cinput � F car � d13Ccar þ F org � d13Corg

) d13Ccar � d13Cinput þ Dcar-org � f

ðDcar-org ¼ d13Ccar � d13Corg; f ¼ F org=F outputÞ

where F denotes the source/sink flux, and the subscripts
input, output, org, and car denote weathering input (except
weathering of silicate), burial output, organic matter burial
and carbonate burial, respectively. Usually, d13Cinput is as-
sumed to approximate the mantle or average crustal value
of �-5‰ [3,31], thus the d13Ccar values of the Datangpo
Mn-carbonates (average �7.4‰) below the mantle value
are abnormal. Additionally, in steady state, the best-fitting
straight line of d13Ccar vs. Dcar�org should yield an intercept
close to the mantle value and a moderate slope below 1 [30]
(normally, 0.1–0.3 after 2.4 Ga [21]. However, we obtain a
line with an intercept = �29.4‰ and a slope of 0.88
(N = 20, r2 = 0.745, Fig. 3b). Therefore, the carbon isotope
compositions of the studied Mn-carbonates cannot readily
be explained by the steady-state model of carbon cycle,
which emphasizes changes in the relative burial rates (f)
of organic carbon or the isotope fractionation (Dcar�org) be-
tween carbonate carbon and organic carbon. Rothman
et al. [30] and Fike et al. [32] suggested that an unusually
large oceanic reservoir of organic carbon (including dis-
solved and suspended organic matter) and partly reminer-
alization of this reservoir could account for such abnormal
carbon isotope records in the late Neoproterozoic (ca. 740–
540 Myr). In this case, the spatial or temporal oscillation of
d13Ccar inherited from the relatively small dissolved inor-
ganic carbon reservoir could be dominated by change in
remineralization rate of the large organic carbon reservoir.
As for the studied samples, the deviation of d13Ccar (0.81) is
greater than that of d13Corg (0.49), which probably reflects
the disproportion between the magnitudes of these two
reservoirs.

Studies of biomarkers [33] have proved that most of
the OM in Datangpo Fm derives from algae rather than
from chemolithotroph; the former fix CO2 at photic zone
with d13CDIC close to d13Catmosphere, whereas the latter fix
CO2 and oxidize sulfide at 13C-depleted chemocline in
the water-column and produce 13C-depleted OM [34].
Therefore, high Dcar�org values of the basal Datangpo
Fm (average 25.1‰) imply high kinetic fractionation
during photosynthesis which may have been caused by
high P CO2

in the atmosphere. Moreover, absence of che-
molithotroph implies that chemocline was not in the
water-column, which is in concert with the large and
scattered pyrite framboids forming beneath the water–
sediment interface.

Considerably low d13Ccar may indicate intense oxidation
of OM in the water column, which probably causes an
enhancement of the d13CDIC vertical gradient. Conse-
quently, dissolved inorganic carbon (DIC) in photic
zone may be 13C-enriched relative to the deep water

where the Mn-carbonate precipitated. In addition, thermal
degradation leads to increase in the d13C of primary
organic matter. In sum, the primary D value (Dalgae) should
be greater than the difference between d13Ccar and
d13Corg(Dcar–org) (Fig. 4), which implies even higher CO2

level in the atmosphere.
The relatively abrupt termination of ‘‘Snowball Earth”

was mainly due to an intense greenhouse with �10% CO2

[35] (Fig. 5). The P CO2
in the atmosphere plausibly

remained at a high level during the deposition of Mn-car-
bonate of the basal Datangpo Fm, which may have caused
high weathering rate and bioproductivity. Moreover,
owing to lack of rapid sinking fecal pellets, OM sank
slowly through the water column [23], which facilitated
short-term recycling of the nutrient elements. All these bio-
geochemical conditions during this period were favorable
for developing or sustaining a relatively large dissolved/
suspended organic carbon reservoir in the ocean. d13C val-
ues of the Sturtian manganese ‘‘cap carbonate” at the basal
Datangpo Fm (ca. from �9‰ to �6‰) are more negative
than those of coeval ‘‘cap carbonate” in Namibia, Canada
and Australia (�5‰ to �6‰ [6]). This may be attributed to
higher bioproductivity and/or remineralization rate of OM
in the paleo-basin of this study than those in other basins
of Namibia, Canada and Australia.

4.3. Depositional mechanism of Datangpo Mn-carbonate

The carbon isotope compositions of Datangpo Mn-car-
bonate are partly consistent with the early diagenetic model
for stratiform Mn-carbonate deposit suggested by Okita
et al. [18] and Polgari et al. [19]. This model suggests that
the carbon derives from DIC in seawater and bacterial
remineralization of OM, and the Mn[II] derives from
reduction of Mn[IV] by bacteria directly or indirectly
(i.e., by sulfide produced by BSR).

For comparison, the d13C values observed from Early
Jurassic Mn-carbonate deposits in Molango of Mexico
[18] and Urkut of Hungary [19] range from about �16‰
to +2‰ and �30.8‰ to �1.2‰, respectively, whereas the

Fig. 4. Relationships among d13C values of organic matter (OM) and
dissolved inorganic carbon (DIC).
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standard deviation of d13C values at Datangpo is much
smaller (1.0‰, N = 20). In addition, ten d13C values
obtained from microsampling of YX2-7 (Fig. 2a) also
exhibited small standard deviation (0.4‰, N = 10). These
indicate that the Mn-carbonate precipitation occurred
above the water–sediment interface or at most in the
upmost sediment layer, rather than in depth of sediment
where pore water is occlusive, because Mn-carbonate
formed in relatively occlusive pore water should have more
scattered d13Ccar values due to different mixing proportions
between DIC from seawater and carbon derived from oxi-
dation of OM. In other words, the d13Ccar values of the
Mn-carbonates at the basal Datangpo Fm were inherited
from the seawater where the remineralization of OM had
made an appreciable contribution to the inorganic carbon
reservoir.

This conclusion appears to contradict with the presence
of scattered pyrite framboids forming in the relatively
occlusive pore water. However, during biological dissimila-
tion (i.e., oxidization of OM), electron acceptors were uti-
lized in the order of decreasing redox potentials. Therefore,
in the water- or sediment-column the following electron
acceptors were utilized in descending priority order (i.e.,
in depth sequence): O2, NO�3 , Mn[IV], Fe[III], SO2�

4 [36].
Accordingly, we suggest that pyrites precipitated within
relatively occlusive sediment pore water under anoxic con-
dition, whereas Mn-carbonate precipitated above water–
sediment interface or at most in the upmost sediment layer
under dysoxic condition. This conclusion is also in concert
with the fact that sulfate reduction bacteria are all obligate

anaerobes, while the metal (e.g., Mn[IV], Fe[III]) reduction
bacteria consists of both facultative anaerobes and obligate
anaerobes [37].

In an oxic environment, Mn[IV] oxide and hydroxide
are stable, whereas in an anoxic or dysoxic environment,
Mn[IV] are reduced to Mn[II] which can precipitate as rho-
dochrosite (MnCO3) only in an alkaline solution [38]. Liu
et al. [39] found that, unlike most of the Mn deposits that
have evident positive Eu anomalies, most of the samples
from the Datangpo Mn deposit have negative Eu anoma-
lies. This may indicate that hydrothermal contribution
was insignificant in Datangpo Mn deposit, and that Mn
was mainly from weathering of rocks containing abundant
Fe[III] and Mn[IV]. Mn[IV] can be reduced by either OM
biologically or inorganics (such as sulfide) abiologically
[37]. Okita et al. [18] and Polgari et al. [19] suggested that
both of these processes took part in the reduction of
Mn[IV]. In contrast, as discussed above, in the early period
of interglacial interval, because the availability of sulphate
and sulfide in the depositional environment for Mn-car-
bonate was limited, at least most of the Mn[IV] may have
been reduced by OM enzymatically. In addition, consider-
able content of iron in the Mn-carbonate minerals (Table
1) also implies a low hydrogen sulfide concentration in
the depositional environment, otherwise, few reactive
Fe[II] could be fixed as carbonate [40] because of eight
orders of magnitude difference between the solubility prod-
uct constants of FeS (metastable precursor of FeS2) and
FeCO3 (FeS 8 � 10�19, FeCO3 3.13 � 10�11). In addition,
bacterial oxidation of OM by Mn[IV] and other electron

Fig. 5. Schematic diagrams illustrating paleoenvironment and processes associated with remineralization of organic matter during Sturtian glaciation (a)
and early Datangpo interglacial interval (b).
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acceptors serves to increase carbonate alkalinity (bicarbon-
ate ion) and facilitates precipitation of Mn-carbonate [41].

5. Conclusion

After the Sturtian glaciations, P CO2
in the atmosphere

remained at a high level during at least the early period
of the Datangpo interglacial interval. Considerable O2 con-
centration in the atmosphere caused the ocean chemocline
moving to the water–sediment interface in the outer shelf.
However, the O2 level had not been sufficient to ‘‘oxidized”

sulfidic deep ocean, thus marine sulfate concentration
remained at a low level and marine d34Ssulphate was still high
until the late interglacial interval. The Datangpo 13C-
depleted Mn-carbonate precipitated above the water–sedi-
ment interface or at most in the upmost sediment layer
under dysoxic conditions, while 34S-enriched pyrites prob-
ably precipitated in the relatively occlusive pore water
under anoxic conditions. Both of these two minerals are
closely correlated with the remineralization of organic mat-
ter deriving from a coeval large organic carbon reservoir in
the basin.
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