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Abstract

Pyrite bearing barite concretions are abundant in black shales of the Early Cambrian Niutitang Formation in China.
Barite in these concretions exhibits greatly elevated 8**S and 8'%0 values, averaging 68 + 5%, and 20 & 1%, respectively.
Such high values indicate precipitation of barite during diagenesis at an advanced stage of bacterial sulphate reduction
forming at the “barite front”. Pyrite sulphur has a relatively constant isotopic composition of ~109, in both concretions
and host rock and likely formed prior to barite. Fluctuating methane flux into the zone of anaerobic methane oxidation led
to the consumption of sulphate and release of barium into higher sediment layers. During radial concretion growth Ba®"
interacted with SO}~ bearing fluids of various concentrations and isotopic compositions over a prolonged period, resulting
in a lack of any systematic correlation between sulphate 5**S and 8'®0 values throughout the concretion.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Sedimentary barite has often been studied for
deciphering past and present, physical and chemical,
marine depositional environments. Bréhéret and
Delamette (1989) and Bréhéret and Brumsack
(2000) demonstrated a definite link between the
development of barite concretions and breaks in
sedimentation. In marine sediments barite is often
used as a paleoproductivity indicator (e.g. Dymond
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et al., 1992; Paytan et al., 1996; Dean et al., 1997).
In addition, sulphur and oxygen stable isotopic
ratios and ¥Sr/3Sr ratios of barite have been used
as proxies for past seawater composition (Paytan
et al., 1993, 1998; Martin et al., 1995; Strauss,
1997; Turchyn and Schrag, 2004). Sedimentary bar-
ite can form by biogenic, diagenetic and hydrother-
mal pathways (Dean and Schreiber, 1978; Kusakabe
et al., 1990; Moore and Stakes, 1990; Torres et al.,
1996; Paytan et al., 2002), but only ‘biogenic’ barite,
precipitated directly from seawater in the presence
of decaying organic debris (Dehairs et al., 1980;
Bishop, 1988; Ganeshram et al., 2003) records the
stable isotopic signature of seawater (Paytan et al.,
2002). BaSO4 has a very low solubility product of
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1.08 x 10~® (Rushdi et al., 2000). Most of the water
column in the ocean is undersaturated with respect
to barite, whereas sulphate depleted pore-waters
are commonly oversaturated (Church and Wolge-
muth, 1972; Brumsack and Gieskes, 1983; Brum-
sack, 1986).

Diagenetic barite is thought to form below the
sediment-water interface via remobilisation of bar-
ium in the zone of sulphate reduction, typically dis-
playing elevated §**S and 3'®0 values (Dean and
Schreiber, 1978; Torres et al., 1996; Lesniak et al.,
1999; Raiswell et al., 2002). Recently diagenetic bar-
ite has been connected to methane diffusion and its
oxidation via sulphate reduction (Arndt et al.,
2006). Ba®" has been documented to migrate
together with CHy-rich fluids and precipitate at
methane seeps on continental margins (Greinert
et al., 2002; Aloisi et al., 2003; Torres et al., 2003),
as well as in deeper sedimentary layers (Dickens,
2001; Arndt et al., 2006) resulting in large barite
deposits. Upward diffusing CH,4 fluxes and down-
ward diffusing SO,4 result in anaerobic oxidation
of methane (AOM) and promote the dissolution
of (bio-)barite, due to its low solubility product
(Arndt et al., 2006). Together with methane, Ba>*
diffuses into the sulphate containing pore water,
triggering the precipitation of barite at the sul-
phate/methane interface (Shipboard Scientific
Party, 2002; Torres et al., 2003). In ocean margin
sediments AOM is the primary means for CH, oxi-
dation and the major sink for SOi‘ (D’Hondt et al.,
2002).

In this study we present sulphur and oxygen iso-
topic compositions of barite and pyrite in barite
concretions from the Lower Cambrian Niutitang
Formation, Yangtze Platform, China. The results
are supported by petrographic studies. Extraordi-
narily high &S values of 61.6-71.8%, (mean
67.7%,) of Lower Cambrian barites have already
been documented in correlative Jixi barite deposits
of the Jiangnan region (Wang et al., 1993). Based
entirely on sulphur isotope values, a diagenetic ori-
gin was entertained, but not fully explored. Wang
and Li (1991) investigated several Lower Cambrian
barite deposits across the Yangtze Platform, and
postulated a predominantly hydrothermal source
for barium; they ascribed high 8**S values, of up
to 509%,, to enrichment via bacterial sulphate reduc-
tion. This presumption was based on the compari-
son of the sulphur isotopic composition to the
3**S—sulphate curve of Holser et al. (1988). Stron-
tium isotope data have been variously interpreted

to indicate a hydrothermal origin (Wang and Chu,
1994; Clark et al., 2004) or a diagenetic origin at
methane seeps (Torres et al., 2003) for these depos-
its. Our discussion focuses on the genesis of the
Niutitang Formation barite—pyrite concretions in
the light of new data and these previous studies.

2. Geological setting and sampling

Barite deposits occur within dark cherts and
black shales of the Early Cambrian Niutitang For-
mation (and stratigraphic equivalents) on the Yan-
gtze Platform in South China. They form laterally
across wide parts of the Yangtze Platform and were
interpreted to be stratiform deposits (Wang and Li,
1991). The Niutitang Formation comprises mainly
black shales, siltstones, intercalated chert, organic-
rich carbonates and phosphate nodules (Fig. 2).
Deposition of the Niutitang Formation occurred
during the Early Cambrian transgressive ‘Badao-
wan—Niutitang’ event (Steiner, 2001), leading to
widespread deposition of organic rich shales and
mudstones across the entire Yangtze Platform
(Fig. 1B).

Barite—pyrite concretions and the black mud-
stone host rocks were sampled from the Niutitang
Formation at the Longshancun section near Duo-
ding village, Guizhou province (Fig. 1A). The con-
cretions are well preserved and unweathered,
whereas the host rock shows some post-depositional
oxidation of pyrite.

Barite nodules are concentrated within the Tsu-
nyidiscus Subzone, documented by the occurrence
of the trilobites Tsunyidiscus niutitangensis and Tsu-
nyidiscus armatus (Yang et al., 2003). The Subzone
overlies the Small Shelly Assemblage Zone compris-
ing Sinosachites flabelliformis — Tannuolina zhan-
gwentangi and the Parabadiella Taxon-range
Subzone (Steiner, 2001, 2004) belonging to the
Qiongzhusian stage, which can be correlated to the
Atdabanian Stage of the Lower Cambrian (Zhu
et al, 2001). Based on radiometric dating
(**®U/?°Pb) and biostratigraphy the Atdabanian—
Botomian boundary was set at 525 Ma and the Tom-
motian—Atdabanian boundary at ~527/528 Ma
(Bowring et al., 1993; Grotzinger et al., 1995).

3. Analytical methods
Three well preserved concretions (Duol, Duo2

and Duo3) were selected for petrographic and
chemical analyses. Duol and Duo2 were cut into
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Fig. 1. (A) Geographic setting of the Longshancun section, near Douding, Guizhou Province, China. (B) Paleoenvironmental
reconstruction of the Yangtze Platform during Tommotian—early Atdabanian. Modified after Steiner (2001).
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Fig. 2. Lithological profile of the Longshancun section, Niuti-
tang Formation, Guizhou Province.

two halves along the long axis of the concretions.
One half was polished for microsampling of pyrite
and barite using a dentist’s drill with a tungsten car-
bide bit attachment. Prior to sampling a detailed
textural study was performed by using incident

and reflected light microscopy. Microsampling was
carried out along a traverse from core to rim. Pure
barite was separated by stirring for 24 h in a hot
65% HNOj; solution to dissolve pyrite. Purity of
barite was evaluated via X-ray diffractometry
(XRD) by comparing the powder spectrum to the
standard barite (syn 24-1035%) spectrum. Pyrite
was extracted with 1 M chromium chloride solution
and 6 N hydrochloric acid in a N, atmosphere.
Hydrogen sulphide (H,S) produced by reduction
of sulphide was trapped as zinc sulphide in a zinc
acetate solution (pH 11) and subsequently reprecip-
itated as silver sulphide (Ag,S) by adding AgNO;
(Canfield et al., 1986). Residual powder was treated
with Eschka’s reagent and combusted at 800 °C.
Sulphate was extracted with distilled water and
acidified to pH 2. Using an 8.5% BaCl, solution,
barium sulphate (BaSO,) was precipitated. 5>*S of
BaSO, and Ag,S was measured with a Finnigan
Delta-plus mass spectrometer equipped with an ele-
mental analyser (EA) in a continuous flow system.
For oxygen isotopic measurements BaSO,4 was com-
busted at 1450 °C in the glassy carbon reactor of a
TC/EA-unit connected to the mass spectrometer.
Results for S are reported in the standard delta
notation against the Canyon Diablo Troilite stan-
dard (V-CDT), with reproducibility better than
40.3%,. The oxygen isotopic composition was mea-
sured against Standard Mean Ocean Water (V-
SMOW) and is reproducible to +0.5%, Total
organic carbon (TOC) was determined with a CS-
MAT 5500 using NDIR spectroscopy as the differ-
ence between total and inorganic carbon.
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4. Results
4.1. Petrography and mineralogy

The ellipsoidal concretions have a long axis of ca.
13 cm parallel to the bedding plane and a minor axis
of ca. 6 cm. Barite and pyrite are the dominant min-
eral phases, forming as concentric growth rings
around the nodule centre (Fig. 3A). Silicates (clays,
detrital quartz) are present in trace concentrations.
Total organic carbon (TOC) and total inorganic
carbon (TIC) contents are ~0.5% and ~0.02%,
respectively. The XRD spectrum of the powdered
barite concretion margin matched the standard bar-
ite spectrum and is therefore close to 100% BaSO,.
The crystal size of barite increases from rhombohe-
dral microcrystalline (~50 um) at the centre to
radial-fibrous macrocrystalline (up to 3 mm)
towards the rim (Fig. 3B). Only euhedral cubic pyr-
ite could be observed. Pyrite crystals are ~15 um in
size. Visual estimation of mineral content (volume
percentages) was made with a petrographic micro-
scope. Polished sections through the concretions
reveal concentric layering of pyrite around the core

and near the margins (Fig. 3A). Barite content
increases from 60% to 95%, whereas pyrite content
decreases from 20% to 2% from centre to the mar-
gin, respectively. About 10% of an opaque phase
could be identified, which is largely organic matter.
The host black mudstone contains ~6% TOC and
0.05% pyrite.

4.2. Sulphur and oxygen isotopic compositions

Sulphur isotope data for barite (534Sbame) and
pyrite (834Spyr) and oxygen isotopic data for barite
(8" 0parite) are listed in Table 1. In Duo-1 8**Sp,yice
ranges from 63.1%, to 70.2%, and 8'®Op,e from
20.8%, to 21.59%,, whereas 63'4Spyr values fall within
a narrow range of 8.7-9.99,. 8**Sparite and 8'%0parice
for Duo-2 are slightly higher, ranging from 65.2%
to 74.5%, and from 18.7%, to 20.5%,, respectively.
834Spyr is 8.4-11.9%,. For Duo-3 a sulphur isotope
value of 68.39, and an oxygen isotope value of
19.39, were obtained for the concretion margin.
For the host rock 834Spyr of 8.5%, was measured,
which is not significantly different from the 834Spyr
values within the concretions.

Fig. 3. (A) Barite concretion (Duo-1). (B) Thin section of barite concretion Duo-2 in plane-polarised light, through a polarisation
microscope. (C) Thin section of Duo-2, euhedral pyrite crystals in reflected light.
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5. Discussion
5.1. Isotopic composition

Sulphate in Niutitang Formation barites in this
study is characterised by highly elevated 5**S and
3'%0 values (Fig. 4). Enrichment in **S in sedimen-
tary concretionary barite has also been reported by
Wang et al. (1993), Lesniak et al. (1999), Repcok
et al. (2000), Bréhéret and Brumsack (2000) and
Raiswell et al. (2002). Repcok et al. (2000) reported
8>*Sparite values of up to 105.3%,. The observed sul-
phur and oxygen isotopic compositions in the pres-
ent work are considerably higher than those
proposed for Early Cambrian seawater 8°*S of
33 £3%, (Claypool et al., 1980; Shields et al.,
1999; Kampschulte and Strauss, 2004) and 3'*0 of
14 + 19/, (Claypool et al., 1980; Goldberg et al.,
2005), although the absolute values and range of
published evaporite 8'®0 data are particularly
poorly constrained.

The observed enrichment in sulphur and isoto-
pic compositions can be attributed to bacterial sul-
phate reduction (BSR) and Rayleigh fractionation
(Bottrell and Raiswell, 2000). Bacterially mediated
dissimilatory sulphate reduction involves reduction
of dissolved SO;~ to H,S via a series of complex

Table 1

enzymatically catalyzed biochemical reactions cou-
pled with organic matter oxidation which serves as
an electron donor (Berner, 1984; Canfield, 2001).
The reductive process within the bacterial cell
(APS to sulphite and sulphite to sulphide) causes
extensive sulphur isotopic fractionation owing to
preferential breakage of **S—O bonds compared
to **S—O bonds. As a result the H,S produced dur-
ing the reaction is enriched in *?S relative to >*S
(Harrison and Thode, 1958; Canfield, 2001). Con-
tinuous removal of H,S via precipitation of metal
sulphide (commonly pyrite; FeS,) from the pore
water under sulphate limited conditions (closed
system) would enrich the residual sulphate in >*S.
This enrichment trend can be calculated using a
Rayleigh equation of the form R/Ry= /""", where
o is the fractionation factor, and R and R, are the
343/3’S ratios of residual and initial sulphate in
the fluid, respectively.

Experimental studies (Canfield and Thamdrup,
1994; Cypionka et al., 1998; Habicht et al., 1998;
Bottcher et al., 2001) involving disproportionation
of elemental sulphur (S%), thiosulphate (SZO?)
and sulphite (SO3") demonstrate the possibility of
creating a large sulphur isotope fractionation
between sulphate and sulphide. Through repeated
steps of sulphide oxidation and disproportionation

cm from core 838 pyrite (%) 838 barite (%)

3180 barite (%,) ASHMS/ASE0? A**S (barite—pyrite)

Duo-1
0.0 8.7 63.1 20.8 4.4 54.4
0.5 9.2 65.9 21.5 4.4 56.8
1.0 10.0 70.2 21.4 5.0 60.3
1.4 9.9 68.1 213 48 58.2
1.7 66.7 21.5 45
2.3 9.1 68.2 20.8 52 59.1
Duo-2
0.0 8.7 70.5 19.1 7.4 61.7
0.8 10.0 74.5 20.5 6.4 64.5
1.3 10.6 65.2 20.2 52 54.6
1.7 119 722 19.7 6.9 60.4
2.1 67.0 18.8 72
3.0 8.4 66.8 193 6.3 58.4
Margin 534S barite (%) 8'%0 barite (%) AS**S/AS"R0?
Duo-3
68.3 19.8 6.1
84S pyrite (%,) 3%S OBS (%,) TOC (wt%) OBS (Wt%)
Host rock
8.5 44.7 6.0 0.19

# Where seawater Sso, = 33%0 and Oso, = 14%o.
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Fig. 4. (A) Plot of 5>*S and 8'%0 of barite, and 8°*S of pyrite, from concretion Duo-1 centre to margin. (B) Plot of 8°*S and 6 130 of barite,

and 8**S of pyrite, from concretion Duo-2 centre to margin.

sulphide becomes successively more depleted and
the residual sulphate pool more enriched in **S.
Isotopic enrichment of residual sulphate in **S is
accompanied by corresponding 'O enrichment. A
(A8*S/A3'0)g, enrichment ratio of ~4 was pro-
posed to be diagnostic of seawater-derived sulphate
whose isotopic composition was modified solely by
bacterial sulphate reduction corresponding to the
Rayleigh fractionation (Sakai, 1971; Claypool
et al., 1980; Mandernack et al., 2003). Alternatively
Brunner et al. (2005) refuted a kinetic effect as the
dominating mechanism of oxygen isotope fraction-
ation processes and emphasised an equilibrium gov-
erned oxygen isotope exchange between cell internal
sulphur compounds (APS) and ambient seawater.
Furthermore, bacterial disproportionation of inter-
mediate sulphur compounds, results in various
(A3*S/A8'0)g, ratios ranging from 0.89 to 1.1
(Aharon and Fu, 2003; Brunner et al., 2005). The
second parameter controlling sulphur to oxygen iso-
topic ratios is the sulphate reduction rate. Low bac-
terial sulphate reduction rates lead to increased
equilibration between sulphate and water, thus
decreasing the (A5*S/A3'*0)g,, ratio and vice versa
(Bottcher et al., 1998, 1999; Aharon and Fu, 2000).
In our case, the enrichment ratio is difficult to
assess due to a poorly constrained seawater sulphate
isotope composition for the Early Cambrian. Tak-
ing the above mentioned values of Cambrian seawa-
ter 8°*S of 339, and 8'80 of 149, the calculated
enrichment ratio ((A8*S/A3"*0)g, ) would average
5.7, which is improbably high (see above). Such a
high value implies that our chosen estimate of Early

Cambrian seawater 3**S is too low and/or that of
3'%0 is too high.

Hydrogen sulphide reacts with easily reducible
ferric compounds (e.g. iron (oxyhydr)oxide) to
form pyrite (FeS,). Owing to negligible sulphur iso-
topic fractionation during pyrite precipitation, the
pyrite sulphur isotopic composition is representa-
tive of its precursor H,S. Bacterial sulphate reduc-
tion under sulphate limited conditions is expected
to cause progressive >*S enrichment in pyrite (fol-
lowing Rayleigh equation). Jorgensen et al. (2004)
further emphasised that sediment pore-waters
always maintain an open system to a certain extent
and diffusion of SO;  and H,S plays a major role
in the isotopic composition of sulphur. They stated
that it is the methane driven sulphate reduction,
which is the main source of H,S formation at
depth, that leads to isotopically heavy pyrite in a
sediment open to diffusion when combined with a
deep H,S sink. High, but practically constant
8348pyr (~+109,) values recorded in the concre-
tions (from core to margin) suggest, however, a sul-
phide source with constant or limited range of
sulphur isotopic composition. Petrographic obser-
vations (see below) also do not support a late dia-
genetic overgrowth on early diagenetic pyrite. The
observed difference between the S isotopic composi-
tions of barite and pyrite (A*Sso, pyr) of 55-629%, is
larger than can be achieved by bacterial sulphate
reduction except in cases of hypersulphidic condi-
tions (Brunner and Bernasconi, 2005; Wortmann
et al., 2001) and disproportionation reactions (Can-
field, 2001). Because of the lack of correlation
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between §Sso, and §**S,,, in our data, and a sim-
ilar 3**S,,,, between concretional and host rock pyr-
ite a possible explanation for our data (other than
disproportionation or hypersulphidic processes) is
that the pyrite formed initially during early diage-
netic sulphate reduction and was later incorporated
into the barite concretion during concretion
growth.

5.2. Genesis of barite—pyrite concretions

Interaction of seawater with hydrothermal Ba-
enriched fluids, direct precipitation of dissolved Ba
and SO, in seawater (‘bio-barite’) and diagenetic for-
mation within the sediments are the principal mech-
anisms proposed for the genesis of barites (Dean and
Schreiber, 1978; Brumsack, 1986; Kusakabe et al.,
1990; Moore and Stakes, 1990; Wang and Li, 1991;
Torres et al., 1996; Lesniak et al., 1999; Paytan
et al., 2002; Raiswell et al., 2002). Barite crystals
from this study (~50-3000 um) are significantly lar-
ger than ‘biogenic’ barite, which forms by precipita-
tion from seawater. Unlike biogenic barite, the
barite samples analysed here display higher and
more variable 8**S and §'%0 values than proposed
for contemporaneous seawater sulphate.

The possibility of a hydrothermal origin for the
barite—pyrite concretions is equally unlikely. Barium
derived from hydrothermal Ba-rich fluids reacts
immediately with seawater sulphate to precipitate
as BaSO,. Such barite crystals are xenomorphic
and commonly form rosettes (Paytan et al., 2002).
The isotopic composition of hydrothermal barite
sulphur is close to the seawater value (Kusakabe
et al., 1990; Bréhéret and Brumsack, 2000; Paytan
et al., 2002) and oxygen can be ca. 2%, lower com-
pared to seawater due to sulphate-water equilib-
rium at high temperatures (Kusakabe et al., 1990).
Sulphides, forming from hydrothermal input have
84S values around 0-3%, (Kusakabe et al., 1990).
This is inconsistent with our data. Barite crystals
from this study show a different morphology and
have higher 3**S and 5'®0 than contemporary sea-
water sulphate. Furthermore, they display higher
than hydrothermal pyrite 5°*S values of 8.3-11.9%,.

The barite—pyrite concretions studied here exhibit
geochemical and petrographic characteristics sug-
gestive of diagenetic formation within the sediments.
High TOC (6 wt%) and organically bound sulphur
(0.2 wt%) contents of the host mudstone indicate
high preservation potential in an anoxic depositional
environment. High abundance of labile organic mat-

ter and the presence of sulphate promote rapid
sulphate reduction (e.g. Berner, 1984). Resultant
H,S is partitioned into inorganic (pyrite) or organic
sulphur phases (OBS) or lost from the sediment by
oxidation or diffusion into the upper water column.
Modern pyrite weathering may have been responsi-
ble for the measured low pyrite abundance in the
host sediment. Alternatively (or additionally), low
pyrite content (0.02%) and considerably high OBS/
pyrite ratio of 8 in the host sediment may indicate
iron limitation in the depositional environment. In
the absence of easily reducible iron (iron limitation)
H,S is taken up by organic compounds as intra- or
intermolecular organosulphur compounds through
polysulphide linkages (Werne et al., 2004).

Absence of both framboidal pyrite and second-
ary overgrowth of pyrite on framboidal precursors
within the barite—pyrite concretions suggest single
stage pyritisation and slow precipitation rate (Swee-
ney and Kaplan, 1973; Taylor and Maquacker,
2000) and/or low concentrations of in situ reactive
iron (Raiswell, 1982). Pyrite within the nodule cen-
tre is present as ~15 pum, euhedral cubic crystals,
but crystal size as well as abundance decreases from
the centre to the rim of concretions. With progres-
sive crystallisation, iron limitation and/or exhaus-
tion of the dissolved sulphate reservoir in the
pore-waters was possibly responsible for very
restricted pyritisation at the margin of the barite
concretion.

Compared to pyrite, barite crystal size signifi-
cantly increases from core to margin. This indicates
rapid precipitation at the beginning of nodule for-
mation and slow precipitation and limited nucle-
ation sites towards the end of concretion
formation. Rapid precipitation was possibly initi-
ated by the availability of sufficient Ba®>" and
SOZ* ions exceeding the solubility product of
BaSO,, which is extremely low. Concretion growth
can proceed concentrically (from the centre towards
the rim), or contemporaneously with pervasive sed-
imentation. Concentric growth of barite nodules has
been observed under sulphate limiting conditions
and was associated with isotope enrichment in both
3*S and 8'®0 from the centre to the margin of the
concretion (Coleman and Raiswell, 1981; Repcok
et al., 2000). On the other hand, pervasive growth
results in lighter (early diagenetic) pyrite &°*S in
the margin and heavier (late diagenetic) in the con-
cretion centre (Raiswell et al., 2002).

In this study the isotopic proxies do not display a
systematic shift across the concretion. Nevertheless,
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the most likely growth mechanism of the studied con-
cretions is concentric, as indicated by the described
development of barite crystal size and crystal distri-
bution from centre to margin. Furthermore the fairly
constant isotopic composition of pyrite &°*S
throughout the nodule implies a separate evolution
for pyrite and barite. Initially, small pyrite concre-
tions formed within the black shales decreasing in
size radially away from the pyrite concretion, possi-
bly as a result of iron limitation. Barite formed at a
later stage, using the pyrite concretion as a nucleus.

The source of barium is difficult to constrain for
Lower Cambrian sediments on the Yangtze Plat-
form. However, organic matter degradation and
decomposition of phosphatic small shelly fossils
and other early organisms may have released barium
into sulphate depleted pore-waters. It is also possible
that previously deposited biogenic barite from the
sedimentary section below was dissolved through
the process of sulphate reduction. The dissolved
Ba?" diffused upwards in the sediment column and
precipitated at the base of the sulphate reduction
zone where some residual sulphate still existed, also
referred to as the barite front (Brumsack, 1986; Tor-
res et al., 1996; Raiswell et al., 2002). A stable barite
front relative to the oxic/anoxic interface for a pro-
tracted period of time allows the formation of large
concretions. This is generally associated with low sed-
imentation rates (Dean and Schreiber, 1978; Brum-
sack, 1986; Bréhéret and Delamette, 1989; Torres
et al., 1996; Bréhéret and Brumsack, 2000), where
the oxicline is not significantly shifted to higher sedi-
ment layers by continuous rapid sedimentation. Tor-
res et al. (1996) further concluded that sedimentation
rates should vary and even pause to promote precip-
itation of large barite deposits or concretions, where
barite precipitation occurs at a certain depth interval.

It has also been suggested that high and variable
3%S in barite reflects different sulphate/sulphide
pore-water gradients that result from changing
methane fluxes from the underlying black shales
over time, and variable anaerobic metabolism of
methane by sulphate reducing bacteria (Bottcher
et al., 2005). Higher diffusive flux of methane, mir-
roring a higher rate of methanogenesis, will enhance
sulphate reduction via AMO causing the sulphate/
methane interface to move upwards and vice versa
(Arndt et al., 2006). At the sulphate/methane inter-
face sulphate reduction and methane oxidation are
maximal. It has been observed that Ba*" concentra-
tion increases at this level owing to dissolution of
biobarite (Dickens, 2001; Arndt et al., 2006). Dis-

solved Ba®* moves up and precipitates as barite crys-
tals (on a nucleus) where the product of sulphate and
barium ionic concentrations is greater than the solu-
bility product of BaSOy. If the methane flux is low
sulphate will percolate further down and barite will
precipitate at a lower level, whereas higher methane
flux will move the barite front upwards. This process
will also cause some amount of dissolution of the
pre-existing barite precipitate. For the growth of
large nodules a steady supply of sulphate and bar-
ium, throughout prolonged concretion formation
time, is required at the nodule growth zone. If the
fluctuation is too high it will result in precipitation
of dispersed barite crystals over the zone of sulphate
reduction. A quasi-steady-state of the sulphate—
methane interface is therefore expected. At each
point of precipitation, represented by a layer, barite
will freeze the isotope composition of in situ pore
water residual sulphate and sulphide. Sulphate
concentration as well as the isotopic composition
of sulphur and oxygen will vary at different barite
precipitation stages, as seen in this study. A greater
methane flux would enhance the sulphate reduction
rate, providing sulphate is sufficient, and lead to
increased sulphate reduction. Changes in the meth-
ane flux and with it the sulphate reduction rate might
have been additionally responsible for the different
(AS*S/A3'0),, ratios (see Section 5).

6. Conclusion

Petrographic and geochemical results for Lower
Cambrian barite—pyrite concretions from the Yan-
gtze platform, China indicate a diagenetic origin for
these concretions. Pyrite nodules formed at an earlier
stage, whereas barite precipitation commenced dur-
ing the final stages of sulphate reduction at the barite
front, indicated by significantly elevated 5**S and
3'%0 values relative to contemporaneous seawater.
Concretion growth proceeded concentrically from
centre to margin. The lack of correlation and system-
atic distribution of §**S and 8'%0 values resulted from
variations in the isotopic composition of sulphate in
the pore fluid throughout prolonged concretion
growth. This isotopic variability is connected to
changing methane and sulphate fluxes into the zone
of anaerobic methane oxidation.
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