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Abstract 

 

Pyrite bearing barite concretions are abundant in black shales of the Early Cambrian Niutitang 

formation in China. Their occurrence is connected with low sedimentation rates. Sulphur and 

oxygen isotopic compositions of barite display highly enriched values, averaging in 68±5‰ 

and 20±1‰, respectively. Pyrite sulphur has an isotopic composition of ~10‰. The elevated 

isotopic compositions, no systematic difference in isotopic composition throughout the 

concretions, and presumably low sulphate concentrations during deposition indicate late 

diagenetic barite precipitation at an advanced stage of bacterial sulphate reduction. During 

concentric growth from concretion centre to margin different Ba+ and SO4
2- bearing fluids 

interacted at different times, which resulted in non uniformly spread δ34S and δ18O values 

throughout the concretions. 
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Introduction 

Sedimentary barite has often been studied for deciphering present and past marine physical 

and chemical depositional environments. Bréhéret & Delamette (1989) and Bréhéret & 

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 et al., 1992; Paytan et al., 1996; Dean et al., 1997). On the other hand 

sulphur and oxygen stable isotopic ratios in barite sulphate and 87Sr/86Sr ratio have been used 

as a proxy for contemporary seawater compositions (Strauss, 1997; Paytan et al., 1993, 1998; 

Turchyn & Schrag, 2004; Martin et al, 1995). Sedimentary barite can form by biogenic, 

diagenetic and hydrothermal pathways (Paytan et al., 2002; Torres et al., 1996; Dean & 

Schreiber, 1978, Kusakabe et al., 1990; More & Stakes, 1990), 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 primary ocean signature (Paytan, 

2002). BaSO4 has a very low solubility product. The principle reason for low dissolved 

barium concentration in the ocean is the presence of high level of dissolved sulphate, whereas 

sulphate depleted pore-waters display barium at or above the saturation level (Brumsack, 

1986; Brumsack & Geskes, 1983). Diagenetic barite is thought to form below the sediment-

water interface via remobilisation of barium in the zone of sulphate reduction, typically 

displaying enriched sulphur and oxygen isotopes (Torres et al., 1996; Raiswell et al., 2002; 

Lesniak et al., 1999; Dean & Schreiber, 1978). Examples of the early diagenetic formation of 

barite concretions have been presented for slope sediments from the Gulf of California 

(Brumsack & Gieskes, 1983; Brumsack, 1989). 

In this study we present sulphur and oxygen isotopic compositions of barite and pyrite in 

barite concretions from Lower Cambrian Niutitang Formation, Yangtze Platform, China. The 

results are supported by petrographic studies. Discussion involves genesis and origin of the 

barite concretions. 



Extraordinarily high δ34S values of 61.6 to 71.8‰ (mean 67.7‰) of barium sulphate have 

already been documented in coeval Jixi barite deposits of the Jiangnan region (Wang et al., 

1993). Based entirely on sulphur isotope values, a diagenetic origin was anticipated, but not 

fully explored. Wang and Li (1991) investigated several Lower Cambrian barite deposits 

across the Yangtze Platform, obtaining various δ34S values. They postulated a predominantly 

hydrothermal source for barium and ascribed high δ34S values, of up to 50‰, to enrichment 

via bacterial sulphate reduction. This presumption was based entirely on the comparison of 

the sulphur isotopic composition to the δ34S-sulphate curve of Holser et al. (1988). 

 

Geological setting and sampling 

Barite deposits have been found to occur within dark cherts and black shales of the Early 

Cambrian Niutitang Formation (and equivalents) on the Yangtze Platform in South China. 

They seem to form laterally across wide parts of the Yangtze Platform and were interpreted to 

be stratiform deposits (Wang & Li, 1991). The Niutitang Formation is comprised mainly of 

black shales, siltstones, intercalated chert, organic-rich carbonates and phosphate nodules 

(compare Fig. 2). Deposition of the Niutitang formation occurred during the Lower Cambrian 

transgressive 'Badaowan-Niutitang' event (Steiner 2001), leading to widespread deposition of 

organic rich shales and mudstones across the entire Yangtze Platform (Fig. 1B). 

Barite concretions and the black mudstone host rocks were sampled from the Niutitang 

Formation at the Longshancun section near Duoding village, Guizhou province (Fig. 1A). 

Barite nodules are concentrated within the Tsunyidiscus Subzone, documented by the 

occurrence of the trilobites Tsunyidiscus niutitangensis and Tsunyidiscus armatus (Yang et 

al., 2003). The Subzone overlies the Small Shelly Assemblage Zone comprising Sinosachites 

flabelliformis – Tannuolina zhangwentangi 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 



(238U/206Pb) and biostratigraphy the Atdabanian-Botomian boundary was set at 525 Ma. and 

the Tommotian-Atdabanian boundary at ~527/528 Ma. (Bowring et al. 1993; Grotzinger et 

al., 1995). 

 

Analytical methods 

Three well preserved concretions (Duo1, Duo2 and Duo3) were selected for petrographic and 

chemical analyses. Duo1 and Duo2 were cut into two halves along the long axis of the 

concretions. One half was polished for microsampling of pyrite and barite using dentist’s drill 

with tungsten carbide 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 24h in a hot 65% 

HNO3 solution to dissolve pyrite. Purity of barite was checked by X-ray diffractometry. Pyrite 

was extracted with 1M chromium chloride solution and 6N hydrochloric acid in a N2 

atmosphere. Hydrogen sulphide (H2S) produced by reduction of sulphide was trapped as zinc 

sulphide in a zinc acetate solution (pH 11) and subsequently reprecipitated as silver sulphide 

(Ag2S) by adding AgNO3 (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% BaCl2 solution, barium sulphate (BaSO4) was precipitated. δ34S of 

BaSO4 and Ag2S was measured with a Finnigan Delta-plus mass spectrometer equipped with 

an elemental analyser (EA) in a continuous flow system. For oxygen isotopic measurements 

BaSO4 was combusted 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 standard (V-CDT), with reproducibility better than ± 0.3‰. The 

oxygen isotopic composition was measured 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 difference between total and inorganic carbon.  



 

Results  

 

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 mineral phases, forming as 

concentric growth rings around the nodule centre (Fig. 3A). Silicates (clays, detrital quartz) 

are present in traces. Total organic carbon (TOC) and total inorganic carbon (TIC) contents 

are ~0.5% and ~0.02% respectively. X-ray diffraction (XRD) of an untreated powdered barite 

concretion margin showed close to 100% BaSO4. The crystal size of barite increases from 

rhombohedral microcrystalline (~50µm) at the centre to radial-fibrous macrocrystalline (up to 

3mm) towards the rim (Fig. 3B). Only euhedral cubic pyrite could be observed. Pyrite crystals 

are ~15 µm in size. Visual estimation of mineral content (volume percentages) was made with 

a petrographic microscope. Polished sections through the concretions reveals 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 percentages from centre to the 

margin 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.   

 

Sulphur and oxygen isotopic compositions 

Sulphur isotope data of barite (δ34Sbarite) and pyrite (δ34Spyr) and oxygen isotopic data of barite 

(δ18Obarite) are graphically presented in figure 4. In Duo-1 δ34Sbarite ranges from 63.1 to 70.2‰ 

and δ18Obarite from 20.8 to 21.5‰ (Fig. 4A), whereas, δ34Spyr values fall within a narrow range 

of 8.7 to 9.9‰. δ34Sbarite and δ18Obarite  for Duo-2 are slightly higher, ranging from 65.2 to 

74.5‰ and from 18.7 to 20.5‰, respectively (Fig. 4B). δ34SPyr is 8.4 to 11.9‰. For Duo-3 a 

sulphur value of 68.3‰ and oxygen value of 19.3‰ was measured from the concretion 



margin. For the host rock δ34Spyr of 8.5‰ was measured, which is not significantly different 

to the δ34Spyr values within the concretions (Table 1).  

 

Discussion 

Isotopic composition 

Sulphate in the barite concretions is characterised by highly enriched sulphur and oxygen 

isotopic compositions (Table 1). Enrichment of sulphur isotopic composition in sedimentary 

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 δ34Sbarite values of up to 105.3‰. The observed sulphur and oxygen isotopic 

compositions in the present work are considerably higher than those proposed for Atdabanian 

seawater of δ34S = 33 ± 3‰ (Claypool et al., 1980; Shields et al, 1999; Kampschulte & 

Strauss, 2004)  and  δ18O = 14 ± 1‰ (Claypool et al., 1980; Goldberg et al., 2005). The 

observed enrichment in both sulphur and oxygen isotopic compositions can be attributed to 

bacterial sulphate reduction (BSR) and Rayleigh fractionation (Bottrell & Raiswell, 2000). 

Bacterially mediated dissimilatory sulphate reduction involves reduction of dissolved SO4
2- to 

H2S via a series of complex enzymatically catalyzed biochemical reactions coupled 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 32S-O bonds 

compared to 34S-O bonds. As a result the H2S produced during the reaction is enriched in 32S 

relative to 34S (Harrison & Thode, 1958; Canfield 2001). Continuous removal of H2S via 

precipitation of metal sulphide (commonly pyrite; FeS2) from the pore water under sulphate 

limited conditions would enrich the residual sulphate in 34S.  This enrichment trend can be 

calculated by Rayleigh equation of the form R/R0 = f (α-1), where α is the fractionation factor, 



and R and R0 are the 34S/32S ratios of residual and initial sulphate in fluid respectively. 

Hydrogen sulphide reacts with easily reducible ferric compounds (e.g. iron (oxyhydr)oxide) to 

form pyrite (FeS2). Owing to negligible sulphur isotopic fractionation during pyrite 

precipitation, the pyrite sulphur isotopic composition is representative of its precursor H2S. 

Bacterial sulphate reduction under sulphate limited conditions is expected to cause greater 

enrichment in the heavy sulphur of pyrite (following Rayleigh equation) than recorded in this 

study. Practically constant δ34Spyr (10‰) value recorded in the concretions (from core to 

margin) suggest a sulphate source with constant or a very limited range of sulphur isotopic 

composition. This would mean pyritisation was late diagenetic and pyrite precipitated from an 

isotopically enriched source. Petrographic observations apparently do not support a late 

diagenetic overgrowth on early diagenetic pyrite. In case of overgrowth some depleted pyrite 

would have been recorded.  

The observed difference between the S isotopic compositions of barite and pyrite (∆34SSO4–pyr) 

of 55 to 62‰ is too large to be achieved by bacterial sulphate reduction alone and demands 

further assessment. Experimental studies (Canfield and Thamdrup, 1994, Habicht et al., 1998 

and Böttcher et al., 2001) involving disproportionation of elemental sulphur (S0), thiosulphate 

(S2O3
2-) and sulphite (SO3

2-) demonstrate the possibility of creating a large sulphur isotope 

fractionation between sulphate and sulphide. Through repeated steps of sulphide oxidation 

and disproportionation sulphide becomes more depleted and the residual sulphate pool more 

enriched in 34S. On the other hand, a relatively unimportant role of the disproportionation 

mechanism is indicated by the measured S and O isotopic ratios in the barite. Isotopic 

enrichment of residual sulphate in 34S is accompanied by corresponding 18O enrichment. An 

(∆δ34S/∆δ18O)SO4 enrichment ratio of ~4 was proposed to be diagnostic of seawater-derived 

sulphate whose isotopic composition was modified solely by bacterial sulphate reduction 

(Sakai, 1971; Claypool et al., 1980; Mandernack et al., 2003), in contrast to contemporaneous 

modern seawater (δ34S/δ18O)SO4 value of 2.09. Alternatively, bacterial disproportionation of 



intermediate sulphur compounds, results in various (∆δ34S/∆δ18O)SO4 ratios ranging from 0.89 

to 1.1 (Aharon & Fu, 2003). The measured ratio (δ34S/δ18O)SO4 is around 3.4 in the present 

study. The enrichment ratio is more difficult to assess, due to a less well known seawater 

sulphate isotope composition for the Early Cambrian. Taking the above mentioned values of 

33‰ for sulphate and 14‰ for oxygen the enrichment ratio ((∆δ34S/∆δ18O)SO4) will be around 

5.7, which is unusually high implying that either a higher value for sulphate sulphur and/or 

lower value for sulphate oxygen must be considered. In summary both ratios would suggest 

minor or no contribution of sulphur disproportionating bacteria. The second parameter 

controlling sulphur to oxygen isotopic ratios is the sulphate reduction rate. Low bacterial 

sulphate reduction rates lead to increased equilibration between sulphate and water, thus 

decreasing the (∆δ34S /∆δ18O)SO4 ratio (Aharon & Fu, 2000; Böttcher et al., 1998, 1999). 

Accordingly, rapid sulphate reduction rates will provide higher (∆δ34S/∆δ18O)SO4 ratios. Thus, 

despite progressing disproportionation a fast sulphate reduction rate may still provide elevated 

(∆δ34S/∆δ18O)SO4 ratios.  

 

Genesis of barite concretions   

Interaction of seawater with hydrothermal Ba-enriched fluids, direct precipitation of dissolved 

Ba and SO4 in seawater ('bio-barite') and diagenetic formation within the sediments are the 

principal mechanisms proposed for the genesis of barites (Brumsack, 1986; Dean & 

Schreiber, 1978; Kusakabe et al., 1990; Lesniak et al, 1999; More & Stakes, 1990; Paytan et 

al., 2002; Raiswell et al., 2002; Torres et al., 1996; Wang & Li, 1991). Barite crystals from 

this study (~50 to 3000µm) are significantly larger than the ‘biogenic’ barite, which derives 

directly from precipitation of Ba2+ and SO4
2- in contemporaneous seawater. Moreover the 

barites have higher δ34S and δ18O than proposed for Atdabanian seawater sulphate. The 

possibility of hydrothermal origin for the barite concretions is also unlikely. Barium derived 



from hydrothermal Ba-rich fluids reacts immediately with seawater sulphate to precipitate as 

BaSO4. 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; Paytan et al. 2002; Bréhéret and Brumsack, 2000) and oxygen can be 

ca. 2‰ lower compared to seawater due to sulphate-water equilibrium at high temperatures 

(Kusakabe et al., 1990), assuming a 0‰ SMOW value for H2O. Sulphides, mediated from 

hydrothermal input have values around 0 to 3‰ (Kusakabe et al. 1990). Barite crystals from 

this study show a different morphology and have higher δ34S and δ18O than contemporary 

seawater sulphate. Furthermore they display higher pyrite δ34S values of 8.3 to 11.9‰. 

The depositional setting for the barite concretions studied here exhibits geochemical and 

petrographic characters suggestive of diagenetic formation within the sediments. High TOC 

(6 wt.-%) and organically bound slphur (0.2 wt.-%) contents of the host mudstone indicate 

high preservation potential in an anoxic depositional environment. This type of laminated 

anoxic facies typifies condensed sequences and supports very low rate of deposition. High 

abundance of labile organic matter and the presence of sulphate promotes rapid sulphate 

reduction (e.g. Berner, 1984). Resultant H2S is partitioned into inorganic (pyrite) or organic 

sulphur phases (OBS) or lost from the sediment by oxidation or diffusion into the upper water 

column. Low pyrite (0.02%) content and considerably high OBS/pyrite ratio of 8 in the host 

sediment indicates iron limitation in the depositional environment. In the absence of easily 

reducible iron (iron limitation) H2S is taken up by organic compounds as intra- or 

intermolecular organosulphur compounds through polysulphide linkages (Werne et al., 2004). 

Iron limitation as well as exhaustion of the dissolved sulphate reservoir in the pore-waters was 

possibly responsible for very restricted pyritization within the margin of the barite concretion. 

Pyrite crystal size as well as abundance decreases from centre to the rim of concretions, 

indicating iron limitation at the barite precipitation sites with progressive crystallisation. 

Pyrite within the nodules is present as ~15 µm, euhedral cubic crystals. Absence of 



framboidal pyrite and secondary overgrowths of pyrite on framboidal precursors suggest 

single stage pyritization and slow precipitation rate (Sweeney and Kaplan, 1973; Taylor & 

Macquaker, 2000) and/or low concentrations of in situ reactive iron (Raiswell, 1982). Low 

pyrite content at the margin may also be attributed to very low sulphate abundance in the 

porewater at this stage.  

Compared to pyrite, barite crystal size significantly increases from core to margin. This 

indicates rapid precipitation from saturated solution at the beginning of nodule formation and 

slow precipitation from a dilute solution and limited nucleation sites towards the end of 

concretion formation. Rapid precipitation was possibly initiated by the availability of 

sufficient Ba2+ and SO4
2- ions exceeding the solubility product of BaSO4, which is extremely 

low. Concretion growth can proceed concentrically (from the centre towards the rim), or 

contemporaneously with pervasive sedimentation. Concentric growth of barite nodules has 

been observed under sulphate limiting conditions. It was associated with an isotope 

enrichment in both δ34S and δ18O from the centre to the margin of the concretion (Repcok et 

al., 2000; Coleman & Raiswell, 1981). On the other hand, pervasive growth results in early 

diagenetic and therefore lighter pyrite δ34S in the margin, becoming heavier (later diagenetic) 

in the concretion centre (Raiswell et al. 2002). In this study the isotopic proxies do not display 

a systematic shift across the concretion. Nevertheless, the most likely growth mechanism of 

the studied concretions is concentric, as indicated by the described development of crystal 

size and distribution from centre to margin. 

The source of barium is difficult to constrain for Lower Cambrian sediments on the Yangtze 

Platform. However, organic matter degradation and decomposition of phosphatic small shelly 

fossils may have released barium into sulphate depleted pore-waters. Ba2+ has been 

documented to migrate together with CH4-rich fluids and precipitate at cold methane seeps 

(Torres et al., 2003). Alternatively diagenetic BaSO4 precipitates often at the barite front, 



which is situated at the base of the sulphate reduction zone where barium enriched and 

sulphate containing fluids interact (Brumsack, 1986; Torres et al., 1996, Raiswell et al., 

2002). A stable barite front relative to the oxic/anoxic interface for a protracted period of time 

allows the formation of concretions. This is generally connected to very low sedimentation 

rates (Bréhéret & Delamette, 1989; Bréhéret & Brumsack, 2000; Brumsack, 1986; Torres et 

al.,1996; Dean & Schreiber, 1978), where the oxicline is not shifted by continuous 

sedimentation to higher sediment layers. Especially large barite concretions, as documented in 

this study, point to a sufficiently long period of extremely low sedimentation (Brumsack, 

1986; Torres et al.,1996), where barite precipitation remains at a fixed depth.  

It has been suggested that high δ34S in barite reflects different sulphate/sulphide pore-water 

gradients from temporarily changing methane fluxes from underlying black shales, due to 

anaerobic metabolisation of methane by sulphate reducing bacteria (Böttcher et al., 2005). 

The concentric growth rings in the studied concretions may reflect fluctuating methane input, 

but continuous, although restricted, SO4
2- supply throughout prolonged concretion formation 

time. This way a sulphate bearing fluid to time A will have a different isotopic composition 

for sulphur and oxygen, as well as sulphate concentration, than a fluid to time B. Precipitation 

of barite growth rings from these fluids results in scattered sulphate sulphur and oxygen 

isotope values throughout the concretion with no linear correlation between the isotope 

values.  

 

Conclusion 

Petrographic and geochemical results for Lower Cambrian barite concretions from Yangtze 

platform, China, establish a diagenetic origin for these concretions. Barite precipitation 

throughout the entire concretions commenced during the final stage of sulphate reduction, 

characterised by very low sulphate concentration, significant isotopic enrichment relative to 



the Atdabanian average seawater composition and no systematic isotopic differences across 

the concretions. The occurrence of these diagenetic concretions can be connected with 

stagnant sedimentation. Concretion growth proceeded concentrically from centre to margin. 

Barite precipitation through interaction of different Ba2+ and SO4
2- bearing fluids, with 

different isotopic compositions throughout prolonged concretion growth, lead to a non 

systematic distribution of δ34S and δ18O values. 
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Figure Captions 

 

Fig. 1 (A) Geographic setting of the Longshancun section, near Douding, Guizhou Province, 

China. (B) Plaleoenvironmental reconstruction of the Yangtze Platform during Tommotian - 

early Atdabanian. Modified after Steiner (2001). 



Fig. 2 Lithological profile of the Longshancun section, Niutitang formation, Guizhou 

Province. 

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 are reflected by incident light.  

Fig. 4 (A) Plot of δ34S and δ18O of barite, and δ34S of pyrite, from concretion Duo-1 centre to 

margin. (B) Plot of δ34S and δ18O of barite, and δ34S of pyrite, from concretion Duo-2 centre 

to margin. 



Table 1 

Duo-1       

cm from core δ34S pyrite δ34S barite δ18O barite δ34S/δ18O ∆δ34S/∆δ18O* ∆34S(barite-pyrite) 
 ‰ ‰ ‰   ‰ 

0,0 8,7 63,1 20,8 3,0 4,4 54,4 
0,5 9,2 65,9 21,5 3,1 4,4 56,8 
1,0 10,0 70,2 21,4 3,3 5,0 60,3 
1,4 9,9 68,1 21,3 3,2 4,8 58,2 
1,7  66,7 21,5 3,1 4,5  
2,3 9,1 68,2 20,8 3,3 5,2 59,1 

       
Duo-2       

cm from core δ34S pyrite δ34S barite δ18O barite δ34S/δ18O ∆δ34S/∆δ18O* ∆34S(barite-pyrite) 
 ‰ ‰ ‰   ‰ 

0,0 8,7 70,5 19,1 3,7 7,4 61,7 
0,8 10,0 74,5 20,5 3,6 6,4 64,5 
1,3 10,6 65,2 20,2 3,2 5,2 54,6 
1,7 11,9 72,2 19,7 3,7 6,9 60,4 
2,1  67,0 18,8 3,6 7,2  
3,0 8,4 66,8 19,3 3,5 6,3 58,4 

       
Duo-3       

margin  δ34S barite δ18O barite δ34S/δ18O ∆δ34S/∆δ18O*  
  ‰ ‰    
  68,3 19,8 3,5 6,1  

       

host rock       

 δ34S pyrite δ34S OBS TOC pyrite OBS  

 ‰ ‰ wt.% wt.% wt.%  

 8,5 44,7 6,0 0,02 0,19  
       
* where seawater SSO4 = 33‰ and OSO4 = 14‰    
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