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Abstract. Barite mineralization in association with calcitic speleothem precipitates in cave structures in Silurian Aeronian 
carbonate rocks in Kalana quarry, Central Estonia, was studied. Barite mineralization in Kalana occurs in two generations – 
euhedral bladed-tabular barite zonal crystals from a few to 10 cm in size, growing on the limestone-dolomite wall-rock (generation I), 
and sparsely placed thin tabular crystals a few millimetres thick and up to 1 cm in size, growing on calcitic crusts (generation II). 
The barite crystals of generation I are frequently found embedded by paragenetically later calcitic botryoidal crusts. The Sr and  
S isotopic composition of barite crystals shows a trend of increasing Sr isotope ratios (from 0.7114 to 0.7120) and δ34S values 
(from 13‰ to 33‰) from the central parts towards the edges of zonal crystals. This suggests barite precipitation by mixing of two 
endmember fluids at varying ratios during barite formation: warm (up to 70 °C) reducing fluid bearing Ba, characterized by  
an elevated radiogenic Sr- and 34S-enriched isotopic signal, and a cooler ambient fluid bearing an isotopically lighter dissolved 
sulphate, characterized by lower Sr isotope ratios. The excess of radiogenic 87Sr in barite compared to Phanerozoic seawater values 
suggests Sr derived from a continental source, whereas sulphate was derived either from oxidized H2S or a modified seawater 
source. Gradual increase in δ34S values towards the outer zones could also indicate the 34S enrichment due to bacterial sulphate 
reduction, even though there is no paired 34S and 18O enrichment of sulphate, characteristic of bacterial reworking. This can be 
interpreted as indicating an open system with limited sulphate resupply where the δ18O composition of sulphate was equilibrated 
with warm ascending hydrothermal fluid. 
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INTRODUCTION 
 
Barite (BaSO4) is a widespread mineral in diverse 
geological settings including sedimentary and hydro-
thermal ones (Hanor 2000; Kontak et al. 2006; Griffith 
& Paytan 2012). It has a very low solubility and is 
typically undersaturated in natural waters (Rushdi et al. 
2000). Barite precipitation can be initiated by a mixing 
of fluids carrying dissolved Ba and sulphate (Valenza  
et al. 2000; Greinert et al. 2002) by cooling of hydro-
thermal fluids (Pfaff et al. 2010) or by bacterial processes 
(Stevens et al. 2015). It can form massive, either sedi-
mentary or hydrothermal deposits (Hanor 2000; Griffith 
& Paytan 2012), but is also common as a dispersed 
authigenic mineral in marine sediments (Paytan et al. 
2002), in and around hydrothermal vents and cold 
methane seeps (Greinert et al. 2002; Torres et al. 2003), 
as a vein/gangue mineral typically in association with 
lead-zinc-fluorite mineralization (Magnall et al. 2016) 
and in cave deposits (Onac et al. 2007). The chemical–

isotopic composition of barite has been widely used as  
a robust palaeoenvironmental proxy of its depositional 
environments that enables us to decipher the origin  
of palaeofluids and to reconstruct the sulphur cycling-
fractionation (Dymond et al. 1992; Paytan et al. 1996; 
Shen et al. 2001; Staude et al. 2011; Eickmann et al. 
2014). Although barite is widespread globally, only few 
published reports are available on its occurrence in 
Estonian Palaeozoic rocks (e.g. Niin et al. 1981; Kiipli 
et al. 2004). 

Recently, Eensaar et al. (2017b) reported botryoidal 
calcite speleothems associated with pyrite and abundant 
bladed-euhedral barite in small-scale fracture-controlled 
cave systems in Silurian Aeronian carbonate rocks 
exposed in Kalana quarry, Central Estonia. The isotope 
composition of calcite in these precipitates shows 
extreme depletion in 13C and large variations in δ13CPDB 
values ranging from −11‰ to −56‰, which suggests  
a 13C depleted carbon source for calcite precipitation, 
probably supplied by microbially mediated anaerobic 
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oxidation of methane (AOM) or other hydrocarbons.  
It is possible that these cave systems represent a unique 
setting of AOM and the precipitation of barite and 
botryoidal calcite in these caves was similar to that in 
methane-hydrocarbon seeps in the sea-floor, where barite 
and 13C depleted calcite precipitation takes place at the 
sulphate–methane interfaces (Castellini et al. 2006). At 
these interfaces deep Ba- and methane-bearing fluids 
encounter shallow fluids/porewater that provides the 
sulphate for barite precipitation. 

In this research the sulphur and Sr-isotope com-
position of barite mineralization associated with calcite 
speleothems in Kalana quarry was studied. The objective 
was to reveal the sources and evolution of the fluids 
responsible for barite mineralization and to understand 
the processes relevant to the formation of these unusual 
speleothem deposits. 
 
 
GEOLOGICAL  SETTING 
 
Fracture and cave systems in Kalana quarry, Central 
Estonia (Fig. 1) occur in the carbonate rock succession 
of Aeronian (Llandovery, Silurian, ca 440 Ma) age, 
which in the local stratigraphical scheme belongs to  
the Raikküla Regional Stage (Tinn et al. 2009). The  
 

 

 
 

Fig. 1. Schematic geological map of Estonia and location  
of Kalana quarry. 1, Ediacara; 2, Cambrian; 3, Ordovician; 
4, Silurian; 5, Devonian. Modified after Eensaar et al. (2017a).  

sequence is characterized by a series of shallowing-
upward shelf carbonates deposited at or close to wave-
base depths in the middle–upper part of the succession, 
indicated by cross-bedded carbonate grainstones and 
calcareous tempestite beds. The limestone exposed in 
the quarry is partly dolomitized and the whole section 
exposed in the quarry is cut by a series of sub-parallel 
and vertical to sub-vertical fractures and veins from  
a few to 10 cm wide, mostly in the southwest–northeast 
direction. The vein mineralogy is characterized by calcite, 
dolomite, pyrite and sphalerite-galena of low-temperature 
hydrothermal origin (Eensaar et al. 2017a). Some of the 
fracture zones are widened by karst and form small caves 
that stretch along the fractures (Eensaar et al. 2017b).  

Small (up to 1 m wide, 15 m long and 1.5–2 m high) 
cave structures with speleothem precipitates, such as 
botryoidal calcite, spar calcite, barite crystal aggregates 
and pyrite, are mostly found in the central and southern 
part of the quarry in the sub-vertical contact zones 
between limestone and dolomite bodies. Barite, spar 
calcite and pyrite mineralization are also present in  
the narrower fractures/veins where botryoidal calcite 
speleothems are absent. 
 
 
MATERIAL  AND  METHODS 
 
The barite aggregates studied were collected from 
different cave systems and fractures/veins in different 
locations all over the quarry. Barite mineralization 
associated with botryoidal speleothem crusts was sampled 
in the southern and western parts of the quarry (Fig. 1), 
where a 0.5–0.7 m wide, 1.5 m high and approximately 
10 m long cave-like structure was opened in 2009 
(Eensaar et al. 2017b). The cave structure is not preserved 
because of the active mining in the quarry. The collection 
of different speleothem and wall rock samples is deposited 
and available at the Museum of Natural History and the 
Department of Geology, University of Tartu, collection 
No. 1690.  

Macroscopic inspection, petrographic and analytical 
scanning electron microscopic (SEM) analysis and X-ray 
diffractometry (XRD) were performed to characterize 
mineral composition and paragenesis. The imaging and 
chemical analyses of polished aggregates were carried 
out with Zeiss EVO 15MA scanning electron microscope 
equipped with an Oxford X-MAX energy dispersive 
detector (EDS) system and AZTEC software for element 
analysis and distribution mapping. The XRD pattern 
analysis of speleothem and vein barite mineralization 
was carried out on the powdered unoriented preparations 
with the Bruker D8 Advance diffractometer using 
Johannson-type primary monochromator filtered Cu-Kα 
radiation and the LyxEye detector system. Rietveld 
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analysis of XRD patterns was carried out using the 
Siroquant 3.0 (Taylor 1991) code. X-ray fluorescence 
mapping of Sr in a polished barite aggregate slab was 
performed using a Rigaku Primus II spectrometer with a 
1 mm spot size. 

Sulphur isotope ratios (34S/32S) and oxygen isotope 
ratios (18O/16O) of pure BaSO4 were analysed in powders 
microdrilled from handpicked and cleaned barite samples 
following a procedure described in Giesemann et al. 
(1994) and using a Thermo Finnigan Flash HT Plus 
elemental analyser interfaced to a Thermo Scientific 
Delta V Plus mass-spectrometer. The samples were 
calibrated to δ34S and δ18O values of NBS 127 and 
IAEA-SO-6. Sulphur isotope values are reported as 
relative to the Vienna Canyon Diablo Troilite (VCDT) 
in terms of a δ34SVCDT‰ and the sulphate oxygen isotope 
values are reported as relative to the Vienna Standard 
Mean Ocean Water (VSMOW) in terms of δ18O. The 
long-term reproducibility of the barite δ34S and δ18O 
measurements was better than ±0.3‰.  

The measurements of Sr isotope values of selected 
samples were carried out at the SGIker-Geochronology 
and Isotopic Geochemistry facility of the University  
of the Basque Country UPV/EHU (Spain). For these 
analyses approximately 100 mg of finely ground material 
was leached overnight in Teflon PFA vessels using 
6N HCl at 100 °C. The solution was evaporated and the 
residue dissolved in 2.5 N HCl. Chemical procedures 
for sample treatment and Sr isolation followed those 
described in Pin & Bassin (1992). The 87Sr/86Sr ratios 
were measured using a high-resolution Thermo Fisher 
Scientific Neptune Multi Collector Inductively Coupled 
Plasma Mass Spectrometer (MC-ICP-MS) in static 
multicollection mode, and corrected for mass fractionation 
by normalization to 88Sr/86Sr = 8.375 209 (Steiger & Jäger 
1977). The average 88Sr/86Sr ratio of NBS-987 standard 
over the period of analyses was 0.710 264 ± 0.000 006. 
The strontium content of Sr isotope samples was 
measured in the same powders dissolved in aqueous 
sodium carbonate according to Markovic et al. (2016) 
and analysed on Agilent 8800 ICP-MS. 

 
 

RESULTS  AND  DISCUSSION 

Petrography  and  chemical  composition 
 
The first generation of barite in the caves and veins of 
carbonate rocks in the Kalana sequence occurs as euhedral 
bladed-tabular (rhombic) barite crystals and crystal 
aggregates growing on the limestone-dolomite wall-rock 
(Fig. 2). On some occasions the barite aggregates show 
a macroscopically dendritic growth pattern (Fig. 2B). 
The size of the pale blue to transparent barite crystals of 
generation I reaches up to 7 cm in length, 5 cm in width 

and up to 1–1.5 cm in thickness (Fig. 3A). Individual 
barite crystals cut along the long axis show zonal 
colouring typically from dark blue to pale blue/transparent 
and to dark blue (Fig. 3A). Under a polarizing microscope 
(Fig. 3B, C) the barite crystals show distinct growth 
bands that are few to tens of micrometres wide in the 
central parts of the crystal aggregates and grow wider 
(up to several millimetres in width) in the outer portions 
of the crystals. Growth bands are frequently decorated 
by abundant fluid inclusions, but a micro-thermometric 
analysis of these fluid inclusions for barite deposition 
temperatures was impossible to conduct, because most 
of the inclusions were single phase. The few two-phase 
inclusions were stretched/leaked upon heating.  

The barite crystals growing in the fractures and the 
wall rocks are frequently encrusted with a 1–4 mm thick 
layer of microcrystalline pyrite aggregates (Fig. 2A).  
In the cave structures filled with botryoidal calcite 
speleothems the barite and pyrite successions are covered 
in curved-face columnar-bladed calcite aggregates that 
grade into a finely laminated calcite aggregate (Fig. 2A). 
In some cases barite has been intensely leached to white 
opaque microcrystalline calcitic masses. This leaching 
antedated the deposition of the botryoidal calcite in 
which the barite blades are embedded. The replace-
ment of barite suggests varying oxidizing and reducing 
conditions as barite is readily destroyed in reducing 
environments (Hanor 2000). The second generation of 
barite occurs as sparsely placed thin (typically a few 
millimetres thick and up to 1 cm in width/length) 
pale-grey to white tabular crystals (Fig. 2C) on the 
surfaces of laminated botryoidal calcite aggregates, 
occurring in at least three repeated cycles (Eensaar et 
al. 2017b).  

The morphology of barite crystals reflects the 
growth rates and is primarily dependent on the degree  
of supersaturation (Shikazono 1994). Euhedral, well-
developed rhomboidal barite crystals characterize slow 
crystal growth rates at a low degree of supersaturation 
and are controlled by a surface reaction precipitation 
mechanism (Shikazono 1994). Dendritic growth patterns, 
however, are characteristic of precipitation from highly 
supersaturated solutions and are controlled by a diffusion-
limited precipitation mechanism (Judat & Kind 2004). 
The dominant appearance of barite as tabular-bladed, 
well-developed crystal shapes and rare dendritic aggregates 
suggests slow precipitation rates at a low supersaturation 
level in Kalana. Barite precipitation experiments 
(Shikazono 1994) have shown that in laboratory con-
ditions (temperature 150 °C, pressure equal to the vapour 
pressure of the aqueous solution) the well-developed 
crystals precipitate in solutions with the saturation index 
<20, whereas the formation of dendritic crystal aggregates 
required a saturation index of >20. 
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Fig. 2. Cross section of the botryoidal crust showing the cyclic character of barite–pyrite–calcite–barite–(pyrite) precipitation (A);
cross section of dendritic barite aggregate (B) and barite generation II growing on calcite botryoidal aggregate (C). 

 
 

 
 

Fig. 3. Cross section of a tabular barite crystal showing macroscopic growth banding (A); microphotographs of growth bands
under polarizing microscope in crossed polars, arrows indicate wider growth bands in outer parts of the crystal (B); fine growth
bands in the central part of the zoned crystal (C). 
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The composition of barite is close to stoichiometric 
with little variation in unit cell parameters 
(a = 8.865 65 ± 0.007 63 Å, b = 5.450 27 ± 0.000 62 Å, 
c = 7.147 55 ± 0.003 71 Å). The unit cell parameters 
suggest low SrSO4 substitution in barite at Kalana  
(2–4 mol% SrSO4 according to Goldish (1989). This is in 
accord with 0.1–1.6 wt% Sr measured in barite crystals 
(Table 1). However, the Sr content of barite crystals shows 
variation with respect to the growth zones and barite 
generations. Minute barite crystals of generation II are 
characterized by a Sr content typically less than 0.2 wt%. 
In the zonal crystals of generation I the central parts of  
the crystal aggregates show elevated Sr (up to 1.6 wt%), 
whereas Sr is progressively depleted in the outer zones of 
the larger crystals and the outermost growth zones have 
commonly Sr contents less than 0.3 wt% (Fig. 4A, B).  
The SEM microprobe analysis of the fine growth zones 
(Fig. 3B, C) within individual barite crystals indicates that 
Sr is higher in the darker zones and lower in bright zones.  

The substitution of Sr in barite crystal structure is 
dependent on the crystallizing fluid, pressure, tem-
perature and crystal growth rate. Barite precipitation 
experiments in conditions similar to that in seawater 
(Averyt & Paytan 2003) show that Sr partition increases 
with temperature. However, elevated Sr in hydrothermal 
barite can also be due to higher degrees of supersaturation 
and resultant faster crystal growth (Shikazono et al. 
2012). Jamieson et al. (2016) have shown that in seafloor 
hydrothermal vent deposits the Sr substitution in barite 
does not show correlation with crystallization tempera-
ture, degrees of mixing between seawater providing 
sulphate and deep hydrothermal fluid carrying Ba, and 
fluid Sr concentrations, but is a function of crystal 
growth rate, whereas higher degrees of Sr substitution 
reflect periods of faster crystal growth driven by a 
higher degree of supersaturation. Higher Sr concen-
tration in barite crystal aggregates in Kalana is charac-
teristic of the central parts/zones of the aggregates  

 
Table 1. Sulphur and oxygen isotopic composition, Sr isotope ratio and Sr concentration in the studied samples 

 
Sample Generation δ34SVCTD (‰) δ18OVSMOW (‰) 87Sr/86Sr Sr (wt%) 

BAR-01-1 I 13.91 15.11 – – 
BAR-01-2 I 17.46 15.04 – – 
BAR-02-3 I 17.27 16.74 0.711 563 9 0.65 
BAR-02-4 I 15.41 17.51 – – 
BAR-02-5 I 29.18 15.89 0.711 930 7 0.63 
BAR-02-6 I 28.51 16.30 – – 
BAR-02-7 I 31.18 15.82 – – 
BAR-02-8 I 33.29 16.21 0.712 032 9 0.26 
BAR-03-9 II 23.07 17.55 – – 
BAR-03-10 II 26.51 16.31 – – 
BAR-03-11 II 31.34 16.21 – – 
BAR-03-18 I 13.67 18.28 0.711 410 4 0.59 
BAR-07-20 II 26.12 18.23 – – 
BAR-08-22 I 14.10 18.91 – – 
BAR-09-24 II 16.51 23.32 – – 
BAR-09-25 II 15.04 20.85 – – 
GB-01-30 I 14.13 17.59 – – 
GB-01-31 I 16.56 18.21 – – 
GB-02/03-34 I 25.88 15.33 – – 
GB-02/03-36 I 19.63 18.60 – – 
GB-10-37 I 13.40 16.68 – – 
GB-10-38 I 16.72 18.26 – – 
GB-06/07-41 I 23.04 16.64 – – 
GB-06/07-42 I 21.95 19.14 0.711 548 1 0.66 
GB-06/07-43 I 30.46 17.41 0.711 524 2 0.46 
GB-06/07-44 II 20.37 18.09 0.711 589 8 0.70 
GB-04-45 I 19.57 17.82 0.711 540 6 1.50 
GB-05-46 II 17.59 19.31 – – 

_________________ 

– not analysed. 
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and the Sr substitution rate decreases rapidly in the 
outer parts of the crystals, which suggests that over 
time the fluid became progressively less saturated 
with respect to barite in the Kalana fracture-cave 
systems. The first stages of barite crystallization were 
characterized by high growth rates under rapidly 
oscillating environmental conditions (possibly tempera-
ture) indicated by the fine zonation of barite crystal 
cores, whereas zones grow wider and show lower  
Sr concentration towards the outer faces of crystals, 
suggesting lower crystal growth rates under lower 
supersaturation conditions and possibly more stable 
environmental conditions. 

Sr and S isotope composition  
 
Barite whole-rock Sr isotope (87Sr/86Sr) ratios are reported 
in Table 1 and shown in Fig. 5. The Sr isotope ratios  
in the barite sampled in Kalana vary slightly from 
0.711 410 to 0.712 033 and are very different from 
Palaeozoic values of 0.7077–0.7092 (McArthur et al. 
2001) or modern seawater value of 0.709 183 (Butterfield 
et al. 2001). As long as there is no isotopic fractionation 
of Sr during barite precipitation, Sr derived from seawater 
or from the dissolution of normal marine carbonate host 
rocks would have a marine isotopic signature (Hanor 
2000). However, the range of the enrichment of 87Sr/86Sr 

 

 
 

Fig. 4. Variation in Sr concentration (wt%) along a barite crystal aggregate of generation I according to EDS analyses (A);
XRF mapping of Sr distribution in the same barite crystal aggregate, relative intensity of the Sr Kα line, kcps – (kilo)counts
per second (B).  

 
 

 

                A                                                                    B 

 
 

Fig. 5. Variation in Sr isotope ratios and sulphate δ34SVCDT values in a single crystal of generation I (A); cross-plot of 87Sr/86Sr
ratios and Sr concentrations (B). 
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ratios (0.003–0.004) in comparison with seawater values 
contemporaneous or coeval with the depositional age  
of the host sediment is typical of Palaeozoic stratiform, 
and specifically of the cratonic hydrothermal barite 
deposits (Maynard et al. 1995). A similar discrepancy of 
barite and seawater isotopic compositions has also been 
observed in modern fluids discharging at cold seeps that 
have been interpreted to reflect the rock–water interaction 
of fluids before venting at the seafloor (Naehr et al. 
2000; Torres et al. 2003). Therefore, we interpret the 
enrichment in Sr isotope ratios in Kalana barite to 
represent the excess radiogenic Sr derived from the 
alteration of silicates (e.g. K-feldspar) during the passage 
of the fluids in host rocks. This indicates that the barite 
in Kalana was not deposited (at least not directly) from 
seawater, but from evolved/deeper fluids. In large crystals 
with well-developed zonation the 87Sr/86Sr ratios show 
an increase outwards (Fig. 5A). However, there is no 
covariation between the Sr content and Sr isotope 
composition of the studied barite samples (Fig. 5B). 

The S isotope composition of the studied barite 
samples ranges from 13‰ to 33‰ (Table 1, Fig. 6A). 
The δ34S values of different barite generations overlap. 
The δ34S values, however, show systematic variation in 
large, zonal barite crystals. The lowermost δ34S values 
(<16‰) are found in the central parts of the crystals and 
the δ34S values increase towards the edges, reaching up 
to 33‰ (Fig. 5B). The isotope composition of oxygen 
in barite varies typically between 15‰ and 19‰ and 
unlike the sulphur isotope composition, the sulphate δ18O 
values do not show systematic variation with respect 
to the growth zones in larger crystals. Only a few barite 

samples show 18O-enriched composition with δ18O values 
higher than 20‰. 

Similarly to the Sr isotope ratios there is a negligible 
fractionation of sulphate S isotopes during the crystalli-
zation of sulphate minerals (ca 1.65‰). The δ34S values 
of barite therefore represent the S isotope composition 
of dissolved sulphate in the barite-precipitating fluid 
(Seal et al. 2000). The δ34S values of seawater-dissolved 
sulphate in the Phanerozoic varied from about 35‰ in 
the Cambrian–Ordovician, declined from 35‰ to 21.5‰ 
in the Silurian, dropped further down to about 18–20‰ 
for most of the Devonian and reached around 12–15‰ 
in the Carboniferous and Permian, finally trending back 
to about 20–22‰ about 45 million years ago (Paytan  
et al. 1998; Kampschulte & Strauss 2004; Algeo et al. 
2015). The age of speleothem precipitation in Kalana is 
not known (Eensaar et al. 2017b), but if the seawater is 
considered as the reservoir providing sulphate, the large 
spread of the measured δ34S values from 13‰ to 33‰ 
would be seemingly consistent with precipitation over  
a long time period from late Palaeozoic to Cenozoic. 
Nevertheless, barite formation over such a long time 
period is highly unlikely and the large variation in barite 
S isotope composition can instead be explained by 
bacterial sulphate reworking in a closed system through 
a Rayleigh-type fractionation process or in an open system 
with limited sulphate resupply (Canfield 2001). Bacterial 
consumption of sulphate (bacterial sulphate reduction – 
BSR) causes the 34S isotope enrichment of the residual 
sulphate in the fluid and as a result the barite pre-
cipitating coevally with progressing BSR becomes 
isotopically enriched with respect to the heavy S isotopes 

 
               A                                                       B  

 
 

Fig. 6. Cross-plot of δ18OVSMOW and δ34SVCDT values in barite (A); cross-plot of measured 87Sr/86Sr ratios and sulphate δ34SVCDT

values (B). 
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(Canfield 2001). The lowest δ34S values (ca 13‰), found 
in the central parts of the barite crystals in Kalana, could 
then be considered to represent the composition of the 
initial dissolved sulphate, while the 34S enrichment during 
crystal growth shows the evolution of the sulphate pool 
during BSR.  

Seawater sulphate δ34S values of comparable range 
(<15‰) were attained by the Carboniferous (ca 330 Ma) 
and were maintained through the Permian (Kampschulte 
& Strauss 2004), thus delimiting the age of barite pre-
cipitation. It is generally assumed that the Carboniferous–
Permian seas did not reach the present-day Estonian 
territory and that the area has been higher than sea level 
since the late Devonian. However, the Carboniferous–
Permian marine deposits occur in the erosional surface 
below the Quaternary glacial sediments in southwestern 
Latvia and Lithuania (Paškevičius 1997). The full extent 
of the sea during the Carboniferous and Permian in the 
Baltic basin is not known and it could be speculated that 
the Carboniferous and Permian seas bearing sulphate 
with low δ34S values also invaded low-lying coastal 
areas about 200–300 km north of the area where these 
deposits are preserved in the present-day erosional 
surface. The long erosional period (<250 million years) 
since the end of the Permian would have effectively 
eroded away the Carboniferous–Permian deposits if any 
ever existed in the area under study. Interestingly enough, 
Liivrand (1990) has described redeposited Carboniferous 
spores in the Quaternary tills in southern Estonia and 
northern Latvia that would further support this 
hypothesis. The late Palaeozoic age of Kalana speleothem 
structures and mineralization is further supported by the 
fact that the carbonate rocks in Kalana bear a late 
Palaeozoic–Triassic overprinting on rock magnetization, 
possibly driven by a continental-scale fluid-flow event 
(Preeden et al. 2008).  

Alternatively, the sulphate provided for barite crystal-
lization could have originated from (a) direct dissolution 
of evaporites, (b) oxidation of sulphide minerals or (c) 
mineralization of organic matter. No evaporite deposits 
are known to exist in the rock sequences of the area 
where the Kalana cave systems are located. The 
occurrences of gypsum in the upper Devonian lagoonal 
evaporitic carbonate–claystone sequences in Latvia and 
northwestern Russia, right next to Estonia, show δ34S 
values of >22‰ (Kalle Kirsimäe and Holar Sepp, pers. 
comm. 2016) and cannot be considered as the source 
of the sulphate. Sedimentary-diagenetic pyrite is a 
common accessory mineral in the Silurian carbonate 
rock sequences in Estonia with the δ34S values in the 
lowermost Silurian rocks at about –20‰ (Hints et al. 
2014). However, the sulphate produced by abiotic and/or 
biotic low-temperature oxidation of sulphide minerals 

has δ34S values of sulphate close to those of the source 
sulphides (Heidel et al. 2013), which would suggest  
a much more 34S-depleted composition of the original 
sulphate compared to that measured in the barites with 
even the lowest δ34S values.  

On the other hand, the sulphur can be derived from 
the thermal degradation of organosulphur compounds, 
which results in H2S with an isotopic composition that is 
close to (within 1–3‰) its parent organic matter/kerogen 
(Amrani et al. 2005). The sulphur isotopic composition 
of sedimentary organic matter depends on its origin and 
the maturation/sulphurization processes (Amrani 2014). 
As a result, the δ34S values in the marine sedimentary 
organosulphur compounds can vary largely but are 
typically enriched in 34S by up to 30‰ (on average 10‰) 
relative to co-existing pyrite (Anderson & Pratt 1995). 
Hypothetically, if the H2S derived from the thermal 
maturation of this source is quantitatively oxidized 
into the sulphate through several intermediate species, 
including elemental sulphur, sulphite and thiosulphate 
(Zhang & Millero 1994), the dissolved sulphate would 
have an isotopic composition of up to ca 10‰. That is 
in the range of the lowest barite δ34S values in Kalana. 
A similar oxidation process of (magmatically derived) 
H2S and barite precipitation has been widely described 
in hydrothermal systems (Rye 2005). 

Interestingly, there is a trend of increasing Sr isotope 
ratios and δ34S values from the central/core parts of the 
large crystals towards the edges, whereas Sr isotope ratios 
and δ34S values show positive covariation (Fig. 6B). 
Such covariation suggests a mixing of two endmember 
fluids at varying ratios – one being a more evolved fluid 
with elevated Sr isotope ratios and isotopically heavy 
sulphate, possibly derived from reworked porewater, and 
the other being a fluid bearing isotopically light sulphate 
and less radiogenic Sr isotope signature, possibly re-
presenting the original porewater (Maynard et al. 1995; 
Valenza et al. 2000). The mixing of two fluids bearing 
different isotopic signatures instead of a fractionation in 
a fully closed system is further supported by the range 
of the measured sulphate δ18O values. In a closed system 
the Rayleigh-type fractionation in BSR also enriches  
the residual sulphate in 18O (Aharon & Fu 2000). As a 
result, a linear correlation between δ18O and δ34S should 
be established in the residual sulphate pool. However, 
while the barite in Kalana has large variation of δ34S 
values pointing to BSR, the δ18O values are about 15‰ 
to 18‰ (in few cases >20‰; Fig. 6A), showing no 
enrichment in 18O and thus implying that the fractio-
nation process, if involving bacteria, did not proceed in 
a closed system, but rather in an open system with 
(limited) sulphate resupply. In this case the δ18O values 
of sulphate are apparently equilibrated with the water 
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composition, meaning that the paired fractionation of 
sulphur and oxygen during BSR had minimal effect on 
oxygen isotopic composition. 

Moreover, if the barite was crystallized under 
equilibrium conditions, fluid temperatures at the  
time of barite precipitation could be estimated  
using the isotope fractionation–temperature equation 
103 lnαmineral–water = 2.64 (106/T2) – 5.3 (Kusakabe & 
Robinson 1977). Assuming a fluid with the oxygen 
isotopic composition of Phanerozoic seawater –2‰ 
VSMOW (Veizer et al. 1999), the δ18O values of barite 
mostly varying between 15‰ and 19‰ (median at 
17.5‰) would indicate barite precipitation from a low-
temperature hydrothermal fluid, with temperatures of ca 
40–70 °C for generation I of barite and temperatures 
of ca 20 °C during the precipitation of generation II 
(Fig. 7). This range of temperatures agrees well with 
the fluid temperatures estimated for precipitation of 
13C-depleted calcite speleothem crusts succeeding the 

first barite generation and preceding the second barite 
generation (Eensaar et al. 2017a). The δ18O values of 
calcite crusts, increasing from –11‰ in the central 
parts of the botryoidal aggregates to –5‰ in the outer 
parts of the aggregates suggest the cooling of the low-
temperature hydrothermal fluid from ca 70 °C to 
ambient temperature (Eensaar et al. 2017a).  
 
 
CONCLUSIONS 
 
We conclude that the barite in Kalana cave structures 
was deposited under varying oxidizing–reducing con-
ditions as a result of the mixing of two fluids – a low-
temperature (warm) reducing fluid bearing Ba, charac-
terized by an elevated radiogenic Sr and 34S enriched 
isotopic signal, and a cooler ambient fluid bearing 
isotopically lighter dissolved sulphate, characterized by 
lower Sr isotope ratios. The sulphate was derived either 

 

 
 

Fig. 7. Oxygen isotope fractionation curves for barite from the Kalana cave. Dark grey shading represents the spread of δ18OVSMOW

in barite generation I and the light grey area shows variation in δ18OVSMOW values of barite generation II. Shaded areas illustrate
the possible fluid temperatures assuming the Phanerozoic (sea)water with δ18OVSMOW values between –2‰ and 0‰ as the fluid
source during barite precipitation. 
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from the oxidized H2S developed by thermal maturation 
of buried sedimentary organic matter or from the 
seawater source, which in this case points to the 
Carboniferous–Permian seawater as the sulphate source 
and could delimit the age of barite precipitation. However, 
the 87Sr/86Sr values for barite range from 0.7114 to 
0.7120, still reflecting a large contribution of radiogenic 
87Sr derived from a continental (but not leaching of 
marine carbonate) source. The gradual increase in δ34S 
values towards the outer zones in the barite crystals 
in Kalana possibly indicates the presence of bacterial 
sulphate reduction that causes the 34S isotope enrichment 
of the residual sulphate in the fluid, whereas the lack 
of the paired 34S and 18O enrichment, characteristic of 
bacterial reworking, indicates an open system with 
limited sulphate resupply where the δ18O composition  
of sulphate was equilibrated with a warm ascending 
hydrothermal fluid. Seawater sulphate δ34S values, 
the extent of Palaeozoic seas and carbonate rock 
remagnetization support the late Palaeozoic age of Kalana 
speleothem structures and mineralization. 
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Barüüdi  mineralisatsioon  Kalana  speleoteemides:  Sr,  S  ja  O  isotoopkoostised 
 

Mikk Gaškov, Holar Sepp, Tõnu Pani, Päärn Paiste ja Kalle Kirsimäe 
 
Töös uuriti Kalana karjääris (Kesk-Eesti) avatud Siluri Aeroni karbonaatkivimite läbilõikes leitud kaltsiitsete speleo-
teemidega kaasnevat barüüdi mineralisatsiooni ja selgitati barüüdi Sr, S ning O isotoopkoostist. Uuringu tulemused 
viitavad barüüdi tekkele kahe fluidi segunemisel. Üks neist oli arvatavasti hüdrotermaalne (kuni 70 °C) radiogeensest 
Sr ja 34S poolest rikastunud redutseeriv Ba sisaldav, teine madalatemperatuuriline kergema isotoopkoostisega 
lahustunud sulfaati sisaldav fluid. Barüüdi väävliisotoopide koostise süstemaatiline rikastumine 34S suhtes viitab 
sulfaadi bakteriaalsele ümbertöötlemisele sulfaadi suhtes suletud või piiratud süsteemis. Samas ei ole toimunud 
barüüdi sulfaadi rikastumist 18O suhtes, mistõttu võib arvata, et tegemist oli süsteemiga, kus sulfaadi δ18O väärtus 
tasakaalustus soojade tõusvate hüdrotermaalsete fluidide koostisega. 
 

 
 
 


