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Isotopic composition of dolomite associated with Middle Miocene Badenian
anhydrites in the Carpathian Foredeep Basin of SE Poland

Marek JASIONOWSKI and Tadeusz Marek PERYT

Jasionowski M. and Peryt T. M. (2010) — Isotopic composition of dolomite associated with Middle Miocene Badenian anhydrites in the
Carpathian Foredeep Basin of SE Poland. Geol. Quart., 54 (4): 533—-548. Warszawa.

Dolomite is a quite common, although usually minor, constituent of the Badenian sulphate deposits of the Carpathian Foredeep Basin. In
the autochthonous member of the Wola Rozaniecka 7 borehole (SE Poland) which contains well preserved, large anhydritic pseudo-
morphs after selenitic gypsum, dolomite constitutes up to 75% of the rock volume, the rest being anhydrite. Dolomites mostly show
peloidal clotted microfabrics typical of microbialites and are interpreted as products of microbially induced precipitation and/or
dolomitisation at temperatures around 40°C (as interpreted from the 8'%0 values that range from 0.4 to 2.6%. VPDB) and in water not
very distant from equilibrium with atmospheric carbon dioxide (8'°C values usually within the range of +1.0 to +1.6%0 VPDB).
Dolomites associated with laminated anhydrite show similar 8"0 values (from +0.9 to +1.5%0 VPDB) and different §"°C values (from
-9.2to —12.6%0 VPDB) than the dolomites from the peloidal clotted microfabrics, and are linked to dolomitisation of carbonate mud by
evaporitic hypersaline fluids in the early diagenetic/shallow burial environment. The deposits of the laminated anhydrite originated
mostlg/ in a deeper, probably stratified, basin, and carbon from the oxidation of organic matter dominated the pool of carbonate ions.
8781/%Sr values of anhydrite (0.71058-0.71947) and carbonates (0.71024—0.71148 in both members of the Wola Rozaniecka 7 borehole
are much higher than the values of contemporaneous Badenian seawater. They indicate strong modification of seawater-derived brines
by highly radiogenic continental waters.
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INTRODUCTION

Interpretations of the sedimentary and diagenetic environ-
ments of ancient anhydrites are based on modern facies ana-
logues and original features of the calcium sulphate minerals.
Some Neogene sequences contain both primary gypsum and
anhydrite deposits with common pseudomorphic features, in-
herited from the precursor gypsum deposits, giving thus an op-
portunity to compare both mineral facies and to interpret the
original sedimentary facies of the anhydrite. One of these ex-
amples may be found in the Middle Miocene Badenian
evaporite basin of the Carpathian Foredeep, which was a de-
pression with the brine level located below the contemporane-
ous sea level (Peryt, 2001, 2006; Babel, 2004, 2007). These
evaporites consist of calcium sulphate and rarely of halite. The
presence of potash is still under debate (Hryniv ef al., 2007,
with references therein). In addition, limestones with gypsum
psudomorphs occur locally in the evaporite section; they were

interpreted by Gasiewicz (2010, with references therein) as
formed in a sedimentary, transitional milieu between the car-
bonate and the gypsum domains.

In the Polish Carpathian Foredeep primary gypsum occurs
only along the margin of the basin and secondary anhydrite de-
posits are widely distributed in a more central basin location
(Fig. 1; Kasprzyk, 2003, with references therein). This study
focuses on the anhydrite section (Wola Rézaniecka 7) located
in SE Poland (Fig. 1) that contains important volumes of dolo-
mite in various parts of the section (Figs. 2 and 3), with calcite
being a subordinate component. The occurrence of dolomite
was earlier recorded in the Badenian gypsum and anhydrite,
mostly in the form of peloidal dolomicritic matrix in nodular
anhydrite, dolomite laminae in regularly lamiated anhydrite,
and clasts of dolomite in anhydrite breccias (e.g., Kubica, 1992;
Peryt and Kasprzyk, 1992a, b, fig. 4; Kasprzyk 1993, 19954,
2003, table 2; Kasprzyk and Orti, 1998), but its origin did not
attract attention. Its detailed study, however, can contribute
substantially to the understanding of the system from which the
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Fig. 1. Location map of the Wola Rézaniecka 7 borehole

evaporites precipitated. The aim of this paper is to characterize
the dolomites and the hosting sulphate facies, based on carbon
and oxygen isotopes of carbonates combined with the study of
strontium isotopes of the carbonates and sulphates, and sulphur
and oxygen isotopes of the sulphates.

GEOLOGICAL FRAMEWORK

The Polish Carpathian Foredeep Basin (PCFB) developed
during the Early and Mid Miocene as a peripheral flexural
foreland basin in front of the advancing Carpathian front
(Oszczypko, 2006; Oszczypko et al., 2006). Lower Miocene
strata are mainly terrestrial in origin, and Middle Miocene de-
posits (from a few hundred metres in the northern part of the
PCFB to 3500 m in its southeastern part) were developed in
marine settings (Oszczypko, 2006). A minor constituent of
the stratigraphic column are evaporites belonging to the
Badenian  Krzyzanowice and Wieliczka formations
(Alexandrowicz et al., 1982). The calcareous nannoplankton
indicates that the evaporites were deposited during the
Serravallian  (NN6 zone — Peryt, 1997, 1999;
Andreyeva-Grigorovich et al., 2003), with the onset of
evaporite sedimentation shortly after 13.81 Ma (de Leeuw et
al., 2010). In the northern and northeastern part of the
foredeep, a sulphate platform (20 km wide) was developed
that is composed of sulphates (several tens of metres thick)
formed mainly in salina environments (Kasprzyk, 1993; Peryt
et al., 1994; Babel, 2004). These salina environments were
subject to the inflow of waters from the land, particularly dur-
ing the deposition of the upper part of the gypsum sequence
(e.g., Kasprzyk, 1993; Peryt, 1996; Babel, 1999).

Two gypsum members, building the marginal part of the
sulphate platform, are distinguished in the Badenian of the

northern part of Carpathian Foredeep: a lower member of
mostly autochthonous, selenitic facies, and an upper member
composed mainly of allochthonous, clastic deposits (Kasprzyk,
1999). Towards the south, in the subsurface, gypsum is re-
placed by anhydrite. Kasprzyk and Orti (1998) recognized two
anhydrite members within the Badenian evaporite deposits.
The lower anhydrite member, with well preserved, large
pseudomorphs after selenitic gypsum, formed by
synsedimentary anhydritization in the sulphate platform set-
ting, and the upper member anhydrite that originated due to
both syndepositional, interstitial anhydrite growth and to early
to late diagenetic replacement of gypsum in the basin centre
and on the platform (Kasprzyk and Orti, 1998; Kasprzyk,
2003). Anhydritization patterns observed in the Badenian
could have been linked to the progressive variation in
physicochemical conditions of the brines across the Badenian
evaporite basin (Kasprzyk, 1995b, 2003). The overlying lami-
nated anhydrite and breccias, widely distributed in the
foredeep, are equivalent to the upper (clastic, allochthonous)
gypsum member (Kasprzyk and Orti, 1998). In the southern
part of the foredeep the anhydrite deposits, up to 20 m-thick,
consist of laminated anhydrite with breccia intercalations
(Kasprzyk and Orti, 1998; Peryt et al., 1998; Peryt, 2000;
Kasprzyk, 2003), and change laterally into halite deposits
(Garlicki, 1979).

The Wola Rozaniecka 7 borehole section is composed of
two parts. The lower, autochthonous member contains nodu-
lar anhydrite (1.7 m), with common elongated nodules resem-
bling pseudomorphs after large gypsum crystals (Fig. 2)
which are embedded in a carbonate-clay matrix (very abun-
dant in places), followed by bedded anhydrite and then by a
9 m thick unit of pseudomorphic anhydrite after large selenite
gypsum crystals (Figs. 2 and 3) with common carbonate
streaks, laminated intervals, and cement between the sulphate
crystals (Fig. 3). The uppermost part of the pseudomorphic
anhydrite after large gypsum crystals appears slightly
brecciated, and it is followed by the upper, clastic member
(Fig. 2) of a total thickness of around 25 m. Anhydrite breccia
deposits (9.0 m thick) occurs in the lower part of the clastic
member and are followed by laminated, often distorted,
anhydrite (Figs. 2 and 4) with breccia intercalations (Peryt,
2000, fig. 7) and carbonate laminae (Fig. 4A); the total thick-
ness of these mostly laminated deposits is 14 m. Laminated
anhydrite shows minor disturbances (folding) of lamina sets
and truncations of laminae by erosional surfaces and often
contains clastic anhydrite laminae showing grading (Peryt,
2000, fig. 4); lamination is very regular, planar (Fig. 4B) or
slightly lenticular. The top of the anhydrite sequence consists
of recrystallized gypsum of brecciated appearance (2 m
thick). Overall, the lithological succession of the Wola
Rézaniecka 7 borehole is characteristic of a sulphate plat-
form/sulphate basin transition (Peryt, 2000; Fig. 1).

The Badenian anhydrites of the Wola Rézaniecka area are
overlaid by ca. 1 km of Miocene siliciclastic deposits. As the
erosion of Miocene strata in the area investigated was roughly
500-780 m (Dudek, 1999), the maximum burial of anhydrite
can be estimated as more than 1.5 km.
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Fig. 3A — laminated dolomite microbialites (beige) with rare pseudomorphs after selenite gypsum crystals, sample 6; B — dolomitic sediment
(beige) filling intercrystalline porosity between former selenitic gypsum crystals (now anhydrite pseudomorphs), sample 7; C — dolomitic
stromatolites (beige) with intercalations of selenite (?originally grass-like) gypsum (now anhydrite pseudomorphs), sample 15

MATERIAL AND METHODS

The research was based on petrological observations of
20 thin sections that were stained with Alizarin Red S and po-
tassium ferricyanide (as described by Dickson, 1966) to assist
the identification of dolomite and to assess the Fe content of the
carbonates. In addition, three selected samples (nos. 6, 15 and
39) were subject to XRD examination which showed that dolo-
mite is the main (sample 6) or the only carbonate mineral pres-
ent (samples 15 and 39). Four thin sections were studied with
cathodoluminescence (CL). In addition, Scanning Electron Mi-
croscopy (SEM) examination (mostly in backscattered mode)
and microprobe analyses were carried out. Sixteen carbonate
samples were selected for oxygen and carbon isotope determi-
nation in the Mass Spectrometry Laboratory at the Maria Cu-
rie-Sktodowska University in Lublin, Poland; mixtures of do-
lomite and calcite were analysed. For the isotopic analyses,
CO, gas was extracted from the samples by reaction of dolo-
mite with HsPO4 (McCrea, 1950) at 50°C in a vacuum line for
at least 24 h. Results for and 8'°0 were corrected for the acid
fractionation according to Rosenbaum and Sheppard (1986).
The gas was purified of H,O on a P,Os trap and collected on a
cold finger. Isotopic compositions were analysed using a modi-
fied Russian MI1305 triple — collector mass spectrometer
equipped with a gas ion source. Isobaric correction was ap-
plied. After subsequent normalization to measured interna-
tional standards, the isotopic composition was expressed in per
mille (%o) relative to the VPDB international standard and sep-

arately to PDB. Analytical precision of both §*°C and §'°0 in
samples and standards was better than +0.08%o.

87Sr/*Sr ratios were determined in five carbonate samples
and three anhydrite samples at the Isotope Geochemistry Labo-
ratory, Krakdw Research Centre of Institute of Geological Sci-
ences, Polish Academy of Sciences, following the procedure
described by Peryt et al. (2010). Dissolved samples were first
loaded on a standard cation column (DOWEX 50W-X12 resin).
The collected Sr fraction was further purified on an Eichrom
Sr-spec resin and, after converting to nitrates, the sample was
analysed on an MC ICPMS Neptune in 2% HNOs. Isotopic ra-
tios were corrected for instrumental mass bias by normalizing
to ®Sr/%Sr = 0.1194 using exponential law. Reproducibility of
the SRM987 over the period of analyses was ¥Sr/*°Sr =
0.710263 £13 (2SE, n = 4), which is identical with long term
reproducibility for nearly 2 years %'Sr/*°Sr = 0.710263 #13
(2SE, n = 180). The results obtained were normalized to the
recommended SRM987 value ®'Sr/*Sr = 0.710248. Precision
of individual of #’Sr/%Sr ratios in Table 1 refers to the last sig-
nificant digits and is at 2SE level.

RESULTS

PETROLOGY

Carbonates occurring in the autochthonous member of the
Wola Rézaniecka 7 anhydrite section are dolomite and, sec-
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Fig. 4A — laminated anhydrite showing common disturbances (i) that are partly due to nodule growths and minute faults (bro-
ken white lines), sample 43; B — clastic anhydrite, with rounded anhydrite clasts (<1 cm across), covered by planar laminated
anhydrite showing grading in its lower part and small faults (broken lines) and minor disturbances (i), sample 45

ondarily in some samples only, calcite; they fill the spaces be-
tween the anhydrite crystals (pseudomorphs after the former
gypsum selenite crystals) and/or they are a constituent of
anhydrite-carbonate microbial laminites (Figs. 3 and 5A-C). In
both cases, they exhibit peloidal or dense micritic fabrics with
distinct lamination (Fig. 5A-C) of possible microbial origin.
The peloids probably comprise mainly microbial precipitates
and locally fecal pellets (Fig. 6). The carbonates contain neither
microfauna nor bioclasts. Very little terrigenous material (indi-
vidual quartz or feldspar grains or mica flakes) was observed.

Dolomicrite is the dominant constituent of the peloids
(Fig. 7A, B, E, F) whereas calcite forms cement that occludes
pore spaces between the peloids (Fig. 7A-C). Dolomite crys-
tals are a few um across and calcite crystals are up to 10 um in

size. Other important authigenic mineral is celestite that usually
constitutes up to few percent of the carbonates (Fig. 7B-F). It
forms variably-sized (up to several tens of um) crystals homo-
geneously dispersed within the rock. Additionally, variable
amounts of anhydrite cement are present (Figs. 6 and 7).

The carbonates of the allochthonous member of the Wola
Rdézaniecka 7 borehole form submillimetric to 1 cm-thick
laminae made of dolomicrite (up to 2 um in size) with signifi-
cant volumes of intercrystalline porosity (Fig. 8F); these
dolomitic laminae are sandwiched between anhydrite laminae
(Figs. 4 and 5D) deposited in a deep basin from suspension;
some gypsum grains crystallized in the upper part of the brine
body and others were derived from erosion and redeposition
of older gypsum sediments (Peryt, 2000). The laminae con-
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(italics indicate strontium isotope results of anhydrite samples)

Table 1

Isotope data of the Badenian evaporites of the Wola Rézaniecka 7 borehole

13 18 13 18
gﬁm Iee; D[?ﬁ]th ° [gﬁ:giPB ° [‘gﬂ\jPB ° [9%;?’3 ° OO\JPDB #7Sr/*sr (meaglgS rIgEement
calcite dolomite precision)
1 1121.4 1.8 -5.05 1.62 -5.86 0.719468 0.000014
2 1120.3 2.06 -1.32 1.78 -5.65
3 1119.5 1.83 -0.91 1.65 -3.7
4 1119.2 1.25 —6.2 2.12 5.2
5 1118.8 —-4.63 0.75 1.51 2.07 0.710276 0.000008
6 1118.2 -9.37 1.02 -7.35 0.38 0.710585 0.000009
0.710391 0.000007
7 1117.8 -3.64 1.36 1.26 1.87
8 1117.2 —-0.69 1.61 1.56 1.83 0.710586 0.000007
11 1115.7 0.711800 0.000008
12 1115.1 -1.98 1.11 1.4 2.6
15 1112.9 —2.68 0.8 1.01 1.73 0.711476 0.000009
39 1099.2 -13.5 1.48 -10.88 1.41
41 1097.5 -13.33 2.03 -10.54 1.5

A - laminated massive carbonate mud (left) filling spaces between the former gypsum crystals — now converted to anhydrite (right), sample 5; B — lami-
nated peloidal filling of the intercrystalline pore space; white is anhydrite pseudomorphed after lenticular gypsum crystals that occludes inter-peloidal and
fracture pores, sample 6; C — carbonate-gypsum stromatolite; small stromatolitic dome (left) was composed mainly of gypsum (now converted to
anhydrite) with only few carbonate laminae while interstitial space (right) is filled with laminated carbonate mud, sample 8; D — thick carbonate lamina in

fine laminated anhydrite; carbonate mud is crowded with numerous anhydrite laths and nodules, sample 39

Fig. 5. Transmitted light photomicrographs of thin sections, parallel polars
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Fig. 6. Thin section photomicrographs of dolomitised microbialitic carbonates
from the autochthonous member

A, B —peloidal fabrics with some possible filaments in transmitted light, parallel polars (A) and CL (B). Dolomicritic peloids (yellowish or orange
in CL) are bordered with microsparitic calcite (reddish in CL). Empty pore space is occluded with anhydrite (white in TL and dark in CL); trans-
mitted light, parallel polars; sample 6. C — clotted fabrics with densely packed peloids rimmed with microsparitic calcite; sample 6. D — peloids
forming carbonate stromatolitic laminae within gypsum (now anhydrite) stromatolite; larger oval peloids could be interpreted as fecal pellets,
transmitted light, crossed polars; sample 8. E, F — numerous elongated peloids (fecal pellets or filaments?), transmitted light, crossed (E) and par-
allel polars (F); sample 15
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Fig. 7. SEM images of thin sections and fractured rock surfaces of the dolomitised
microbialitic carbonates from the autochthonous member

A —peloidal clotted fabrics in microbialite; dolomicritic peloids are rimmed with coarser microsparitic calcite cements (arrows); B — calcite cement (c)
in the pores between small dolomicritic peloids (d), white patches — celestite, black areas — pores; backscattered SEM image; C — mineral paragenesis
typical of the carbonates studied with dolomite (d), anhydrite (a), calcite (c) and celestite (ce); D — dolomicrite (d) with euhedral celestite crystal (ce)
and anhydrite (a); E — cross-sections of elongated peloids composed of dolomicrite (d) with high intercrystalline porosity, embedded within anhydrite
cement (a) with abundant celestite (ce); backscattered SEM image; F — dolomite crystals with high intercrystalline porosity with anhydrite (a) and ce-
lestite (ce), dolomite (d); backscattered SEM image; A—-C — sample 6; D — sample 8; E, F — sample 15

tain numerous anhydrite laths (Figs. 5D and 8A-E) and, strik-
ingly, many silt-sized quartz grains, and feldspar and

glauconite grains (Fig. 8C-E) but neither bioclasts nor micro- . L . . .
fauna. Only traces of calcite were detected in backscattered Oxygen and carbon isotopic ratios both in dolomite and in

SEM images (Fig. 8E) calcite are variable. The 8" O values range from ca. —6 to +3%o
VPDB and the range of §**C values is from ca. =15 to +2%o
VPDB. Three isotopically separate groups of samples can be

GEOCHEMISTRY
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Fig. 8. Carbonates in the laminated anhydrite, sample 39

A, B — dolomite laminae (dolomite orange in B) with numerous anhydrite laths (a); A — transmitted light photomicrograph, parallel polars dolomite; B —
CL; C - dense dolomicrite with anhydrite (a) laths or nodules and abundant terrigenous material, q — detrital quartz grains, g — glauconite grain, transmit-
ted light photomicrograph, crossed polars; D — close-up of glauconite grain (g), transmitted light photomicrograph, parallel polars; E — dolomite lamina
with anhydrite laths (a) and abundant terrigenous material (q — quartz, f — feldspar), ¢ — calcite (?detrital grain), notice very high intercrystalline porosity;
backscattered SEM image; F — highly porous dolomicrite constituting carbonate laminae, SEM image of fractured surface

distinguished; their 3-valves are shown in various colours  topes. The group occurring in the lower part of the member
(white, grey or black) in Figure 9. (samples 1-4), where the carbonate volume is negligible, is

There are two distinct groups of carbonates in the characterized by positive 8**C signatures (average +1.7%o
autochthonous member in terms of carbon and oxygen iso- VPDB in calcite and +1.8%0 VPDB in dolomite) and moder-
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3 The #Sr/%Sr ratios in three anhydrite samples
- ~ of the Wola Rézaniecka 7 borehole range from
2 < O > 0.71058 in sample 6 to 0.71947 in sample 1 (Ta-
0 5; B ble 1 and Fig. 2). The range of ¥'Sr/*Sr ratios in
five carbonate samples is much smaller (from
0 0.71024 in sample 4310 0.71148 in sample 15; the
o average is 0.71059 +0.00051 — Fig. 2 and Ta-
- ble 1). In one sample (no. 6) Sr isotope values for
2 carbonate and sulphate have been measured and it
° appeared that they differ only slightly (0.71059 for
-3 sulphate and 0.71039 for carbonate).
&
-4
5 N INTERPRETATION AND DISCUSSION
8"°C %o We interpret the carbonates occurring within
[VPDB] 7 the anhydrite section as having originated in the
= same sedimentary environment in which the sul-
-8 phate deposits have accumulated. This environ-
9 ment was controlled by seawater, continental wa-
u ter eventually recycling previously deposited
-10 evaporites, and underground water as indicated
[ ] earlier by several lines of geochemical evidence
-1 . = (e.g., Liszkowski, 1989; Petrichenko et al., 1997;
12 [ dolomite (1-4) - Eastoe and Peryt, 1999; Cendon et al., 2004). A
[ dolomite (5-15) m previous sulphur and oxygen isotope study of
-13}--| jll dolomite (39-47) twenty anhydrite samples from the Wola
& calite (1-4) *® Rozaniecka 7 borehole showed a range of §'%0
-14 . 4 values from 12.4 to 16.4%o (average 13.7 £1.0%o)
5| | @19 * and a range of 8*S values from 21.9 to 25.7%o
@ calcite (39-47) (average 23.4 £1.1%o; Fig. 2), and in most cases
16 both the 8'30 and §*S are higher than the contem-
7 6 5 -4 3 2 1 0 1 2 3

50 %o [VPDB]

Fig. 9. Plot of 80 vs §"*C values (% VPDB) for carbonates
from the Wola Rézaniecka 7 section

ately negative §'°0 values (average —3.4%o. VPDB in calcite
and —5.1%o VVPDB in dolomite). In turn, the group occurring in
the upper part of the autochthonous member (samples, 5-8, 12,
15) records lower 8"C values and higher 8'°0 values. The
mean &"C value of this group is —3.8%. VVPDB in calcite and
+1.4%0 VPDB in dolomite (sample 6 was excluded from that
calculation as it showed anomalous, isotopically very light val-
ues). The 830 values of this group are slightly positive both in
calcite (average 1.1%o. VPDB) and in dolomite (average +1.8%o
VPDB; Fig. 9).

The carbonates in the allochthonous member record low
5C values which imply a significant contribution of organic
carbon. The 8"C values in dolomite range from -12.6 to
—9.2%o; the average value is —11.0%0 VPDB. The §*20 values
of dolomite are similar to those in the second group of carbon-
ates of the autochthonous member, and the average 5'°0 value
is 1.3%0 VPDB. The 50 signatures in calcite are slightly
higher (average +1.9%o VPDB) and the 5"*C values are signifi-
cantly lower (average —13.7%o VPDB) than in the dolomite.

poraneous marine values (Peryt et al., 2002;
Fig. 10). The recorded great spread of §*S and
50 values in the Badenian sulphates (Fig. 9B)
was interpreted as due to the recycling of previ-
ously formed evaporites, already during gypsum
precipitation in the Carpathian Foredeep Basin
(Perytetal., 2002). However, the high §*'S values
of the sulphate minerals as recorded in the Wola R6zaniecka 7
borehole could have resulted from isotope fractionation during
microbially mediated reduction of SO?™ to S? bearing species:
if sulphate reduction takes place in a closed basin setting, the
residual dissolved SO2~ would have a higher §*S value than
the original seawater (Utrillaetal., 1992; Palmer et al., 2004).
87Sr/%Sr values of anhydrite (0.71058-0.71947) and car-
bonates (0.71024-0.71148) in the Wola R6zaniecka 7 borehole
are much higher than the values of the contemporaneous
Badenian seawater (e.g., McArthur et al., 2001; Fig. 2). The
onset of Badenian evaporite deposition in the Polish Carpathian
Foredeep is dated at 13.81 +£00.8 Ma based on “’Ar/*Ar dating
of volcanic tuffs below the Badenian salts in Southern Poland
(de Leeuw et al., 2010). Assuming that the maximum duration
of evaporite deposition was 600.000 years (de Leeuw et al.,
2010) and taking into consideration the upper and lower confi-
dence limits (McArthur et al., 2001), the global oceanic
87Sr/%Sr values would range from 0.708797 and 0.708816. The
departures of the Sr-isotope values of anhydrites and carbon-
ates of the Wola Rézaniecka 7 borehole indicate strong modifi-
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Fig. 10. Plot of 'O and &*S values in the anhydrite from the
Wola Rézaniecka 7 borehole (data after Peryt et al., 2002)

The box shows the range of values for Miocene gypsum deposited from
normal marine brines (after Paytan et al., 1998 and Zak et al., 1980)

cation of seawater-derived brines by highly radiogenic conti-
nental waters (cf. Kasprzyk et al., 2007; Peryt et al., 2010).

The 820 in the carbonate precipitates is dependent on the
oxygen isotope composition of the water in which they were
formed and the temperature of precipitation (Anderson and
Arthur, 1983). The §*3C of total dissolved carbon in any given
water mass is a function of several factors which include the
amount of CO, contributed by: organic matter degradation
(with 8"C values around —25%. VPDB), dissolution of
pre-existing carbonate rocks (usually +1 to +2%o), involve-
ment of atmospheric CO, (-6 to —7%.) as well the extent of
equilibration of atmospheric CO, with water masses (+1 to
+2%o at about 25°C) and the extent of photosynthetic with-
drawal of °C into organic matter from the water mass (Ander-
son and Arthur, 1983).

Dolomites associated with evaporites are commonly inter-
preted as products of dolomitisation related to evaporitic flu-
ids with high 80 values (reflux and sabkha models - e.g.,
Machel, 2004). The small dolomite bodies embedded within
gypsum (now anhydrite) deposits in the Wola R6zaniecka 7
section could be related to hypersaline fluids with a high
Mg?*/Ca®" ratio originated due to gypsum precipitation which
resulted in the removal of the Ca?* ions from the brine.

Most dolomites in the autochthonous part of the section
can be interpreted as products of microbially induced precipi-
tation and/or dolomitisation. The dolomites exhibit peloidal
clotted microfabrics typical of microbialites. Dolomite pre-
cipitation within microbial mats has been observed in many
evaporitic enviromments such as Lagoa Vermelha in Brasil
(\Vasconcelos and McKenzie, 1997), lakes in the Coorong La-
goon area in Australia (Wright and Wacey, 2005) and in the
Abu Dhabi sabkha in the Arabian/Persian Gulf (Bontognali et
al., 2010). It was also shown in experimental studies that mi-
crobial mediation is the only known mechanism to precipitate
dolomite under earth surface conditions in both anoxic as well

aerobic environments (e.g., Vasconcelos et al., 1995;
Warthmann et al., 2000; van Lith et al., 2003; Sanchez-

Raoman et al., 2008), although certainly the experimental re-
sults do not apply to all cases.

The dolomites in the laminated anhydrite of the upper part
of the Wola Rdzaniecka 7 section do not show microbial
microfabrics and probably have a different origin than
microbially induced precipitation: they may be related to
dolomitisation of carbonate mud by evaporitic hypersaline flu-
ids in the early diagenetic/shallow burial environment.

A precise estimation of the dolomite precipitation tempera-
ture (or oxygen isotopic composition of water) is difficult not
only because of the unknown oxygen composition of water (or
temperature) but also because of the uncertainty about the frac-
tionation factor between dolomite and the parental fluids (see
Vasconcelos et al., 2005; Wacey et al., 2007). Recent studies
have shown that at low temperatures the water-dolomite frac-
tionation factor is much lower than at high temperatures
(Vasconcelos et al., 2005). The equation for the low tempera-
ture microbially mediated sedimentary dolomite given by
Vasconcelos et al. (2005) produces visibly different results if it
is compared to the usually used equation for high-temperature
dolomites by Friedman and O’Neil (1977) (see Fig. 11A, B). In
the case studied the equation for the low temperature dolomites
should be applied. Rather low 80 values (+1 to +2%o. VPDB)
in the dolomites studied indicate precipitation at relatively high
temperatures. For example, if an arbitrary §*%0 value of water
as high as +4 SMOW is assumed, then the dolomite precipita-
tion temperature should fall somewhere near 40°C (see
Fig. 11A). The assumption of a higher 5'°0 value of water
would result in much higher temperatures of dolomitisation
which seems to be unrealistic. Strong depletion in the heavier
oxygen isotope in the dolomite of the lowermost part of the
autochthonous member (5'°0 values as low as —6%o VPDB —
Table 1 and Fig. 2) could be explained by diagenetic alteration
related to higher temperatures in a deeper burial environment
(see Fig. 11).

The presence of calcite cements in the upper part of the
autochthonous member which postdate dolomite reflects possi-
ble changes in chemistry and in temperature of the pore fluids
after the dolomitisation process. The calcite with §**0 signa-
tures similar to those of the dolomite had to precipitate from
water either of significantly lower temperature or that was iso-
topically heavier than in the case of the dolomite (Fig. 11). The
80 value of calcite is 2.6%o lower than coexisting dolomite if
both minerals precipitated in isotopic equilibrium at the same
temperature from the same solution (Vasconcelos et al., 2005).
When using the equation for high-temperature dolomites the
discrepancy is even much larger (4—7%o — see Vasconcelos et
al., 2005). As a decrease in temperature seems to be rather un-
realistic during the progress of diagenesis, then the enrichment
in the heavy oxygen isotope should be explained by another
mechanism. Anhydritization and consequently expulsion of
hydration water with a higher content of the heavy oxygen iso-
tope into pore space might be one such mechanism causing in
the increase in the 8'30 of pore fluids. Gypsum hydration water
is enriched by ca. 4%. compared to the water from which it pre-
cipitates (Gonfiantini and Fontes, 1963). In turn, the calcites
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Fig. 11. Relationship between precipitation temperature and oxygen isotopic composition of water for
dolomites (A, B) and calcites (C) according to equations given respectively by Vasconcelos et al. (2005)
and Friedman and O’Neil (1977) for low- (A) and high-temperature (B) dolomites: 1000 In o dolo-
mite-water =2.73 x 10° T2+ 0.26 and 1000 In o dolomite-water = 3.2 x 10° T-2+ 1.5 as well by Friedman
and O’Neil (1977) for calcite (C): 1000 In « calcite-water = 2,78 x 10° T~ - 2.89, and its interpretation
for the Wola Rézaniecka 7 section. Grey-colored vertical bars refer to §*0 values measured in dolo-
mite and calcite, arrows mean possible precipitation temperatures at assumed oxygen isotopic compo-
sition of water
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depleted in heavier oxygen from the lower part of the
autochthonous member had to precipitate either at significantly
higher temperatures or from presumably ascending water with
lower 5'®0 values, or possibly due to a combination of both
factors.

The carbonates studied precipitated in water with variable
contributions of dissolved inorganic carbon originated due to
organic matter decomposition. During the diagenesis of car-
bonate deposits the carbon is usually a conservative element
that does not change its isotopic composition very much (e.g.,
Banner and Hanson, 1990) and thus it can serve as a
palaeoenvironmental proxy. Generally, the carbonates from the
allochthonous member contain much more carbon of organic
origin than those from the autochthonous member. Such diver-
gence in the carbon isotope composition in carbonates of both
intervals is evidence for different origins of the carbonate ions
in the water from which they have precipitated.

The carbonates from the autochthonous member are
mainly microbial precipitates that originated in a shallow sub-
aqueous environment. Although some samples analysed con-
tain carbonate ions originated due to organic matter oxidation,
it seems that generally water was not very distant from equi-
librium with atmospheric carbon dioxide. A similar phenome-
non was observed in the case of the recent microbial
dolomites forming in the evaporitic lakes in the Coorong area
(Wacey et al., 2007). The §"3C values of the calcium carbon-
ate laminae within the allochthonous member are very de-
pleted in the heavier carbon isotope and thus they unquestion-
ably indicate a very significant contribution of carbonate de-
rived from organic matter decomposition. The locus and the
mechanisms of precipitation of those carbonates seem to be
rather ambiguous. On the one hand, the carbon isotopic signa-
ture clearly suggests water with a high content of carbon diox-
ide of organic origin. Such enrichment could take place in aer-
obic and, subsequently, in possibly anaerobic conditions as-
sociated with sulphate bacterial reduction (e.g., Pierre, 1989),
within a stratified and poorly mixed brine body. On the other
hand, the carbonate intercalations containing extrabasinal
terrigenous siliciclastic material could have precipitated due
to new surface water inputs into the basin.

As previously mentioned, the bacterial reduction of sul-
phate ions in the bottom water might account also for the ob-
served higher 8*S values in the allochthonous member than in
the autochthonous member (Fig. 2) as, during organic matter
decomposition, sulphate-reducing bacteria preferentially uti-
lize lighter sulphate ions enriching the remaining fraction in
heavier isotopes (e.g., Kaplan, 1983). On the other hand, reduc-
ing conditions should eventually lead to dissolution of gypsum
deposited at the basin bottom as in the Dead Sea bottom sedi-
ments (see Warren, 1989, p. 141) which is not the case, at least
in the section studied. Moreover, the carbonates and associated
anhydrite clearly do not show any evidence of being deposited
in anaerobic conditions. The carbonates are light in colour
(whitish or beige) and do not contain e.g. pyrite or organic mat-
ter, which is indicative of oxygenated water. Therefore, it
seems that the carbonates of the allochthonous member in the
Wola Rézaniecka 7 section have precipitated and deposited in
an aerobic environment.

The sedimentological characteristics of the allochthonous
member indicate that the carbonates have been deposited from
suspension. The carbonates precipitated somewhere in the sur-
face waters or in the water column and definitely not at the bot-
tom. They formed distinct laminae within laminated
allochthonous gypsum (now converted to anhydrite) mainly of
turbidite origin (cf. Kasprzyk and Orti, 1998; Peryt, 2000). Car-
bonate intercalations are probably related to the water inputs
that caused supersaturation with respect to calcium carbonate.
Mixing of the water with brine with a high content of organic
carbonate could be responsible for calcium carbonate precipita-
tion. It seems that the presence of the dispersed clastic material
is unambiguously associated with the calcium carbonate pre-
cipitation, so the waters that transported the clastics into the ba-
sin at the same time triggered the precipitation of calcium car-
bonate.

CONCLUSIONS

The geochemical study of carbonates and sulphates occur-
ring within the Badenian anhydrite section of the Wola
Rézaniecka 7 (SE Poland) supports earlier concepts (based on
lithofacies and geochemical studies of the sulphates) advocat-
ing the important role played by continental waters during the
deposition of the allochthonous evaporites in the Carpathian
Foredeep Basin. In addition, this study indicates that the con-
tinental waters have been the controlling factor also during the
deposition of the autochthonous evaporites. These waters
were highly radiogenic during the evaporite deposition as in-
dicated by ®’Sr/*®Sr values of anhydrite (0.71058-0.71947)
and carbonates (0.71024-0.71148) that are much higher than
the values of the contemporaneous Badenian seawater. In
most cases both the 5 and 8**S values of anhydrite are higher
than the contemporaneous marine values due to the recycling
of gypsum.

The dolomites of the autochthonous member exhibit
peloidal clotted microfabrics typical of microbialites. These
microbially-precipitated dolomites formed in a salina envi-
ronment. The dolomite of the upper, allochthonous member
has a different origin: the carbonate mud precipitated chemi-
cally due to mixing of brine with river water in the marginal
part of the basin, was resedimented toward the basin centre,
and then dolomitised. Oxygen isotope signatures are practi-
cally identical in the upper part of the autochthonous member
and in the allochthonous member (average +1.1 and +1.9%o
VPDB in calcite and +1.8 and +1.3%. VVPDB in dolomite, re-
spectively) because the dolomitising fluid in both cases was a
chemically similar brine at the stage of gypsum deposition.
Carbon isotope signatures are different in the upper part of the
autochthonous member and the allochthonous member (aver-
age —3.8 and —13.7%. VVPDB in calcite and +1.4 and —11.0%o
VPDB in dolomite, respectively) due to variable contributions
of organic carbon. The deposition of the autochthonous mem-
ber took place in a very shallow subaqueous environment, in
water not very distant from equilibrium with atmospheric car-
bon dioxide, and the organic carbon contribution was small.
In the allochthonous member that originated mostly in the
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deeper, probably stratified, basin, carbon from organic matter
oxidation dominated in the pool of carbonate ions.

Rather low 80 values in the studied dolomites indicate
precipitation at relatively high temperatures ca. 40°C where a
50 value of water = +4 SMOW is assumed, and a depletion in
the heavier oxygen isotope in the dolomite of the lowermost
part of the autochthonous member is explained by diagenetic
alteration related to higher temperatures in a deeper burial envi-
ronment. The presence of calcite cements in the upper part of
the autochthonous member which postdate dolomitisation re-

flects possible changes in the chemistry and temperature of the
pore fluids after the dolomitisation process.

Acknowledgements. We thank Polish Oil and Gas Com-
pany for kind permission to sample the cores from the Wola
Rézaniecka 7 borehole, and R. Anczkiewicz, T. Durakiewicz,
S. Hatas for the isotopic analyses, and C. Taberner and J.
Szulc for helpful remarks. The paper resulted from project
No. UKRAINA/193/2006 (Ministry of Science and Higher
Education).

REFERENCES

ALEXANDROWICZ S. W., GARLICKI A. and RUTKOWSKI J. (1982) —
Podstawowe jednostki litostratygraficzne miocenu zapadliska
przedkarpackiego. Kwart. Geol., 26 (2): 470-471.

ANDERSON T. F. and ARTHUR M. A (1983) — Stable isotopes of oxygen
and carbon and their application to sedimentologic and environmental
problems. SEPM Short Course Notes, 10: 1.1-1.151.

ANDREYEVA-GRIGOROVICH A. S., 0SZCZYPKO N., SAVITSKAYA
N.A., SLACZKAA. and TROFIMOVICH N. A. (2003) — Correlation
of Late Badenian salts of the Wieliczka, Bochnia and Kalush areas
(Polish and Ukrainian Carpathian Foredeep). Ann. Soc. Geol. Pol., 73
(2): 67-89.

BANNER J. L. and HANSON G. N. (1990) — Calculation of simultaneous
isotopic and trace-element variations during water-rock interaction
with applications to carbonate diagenesis. Geochim. Cosmochim.
Acta, 54: 3123-3137.

BABEL M. (1999) — History of sedimentation of the Nida Gypsum depos-
its (Middle Miocene, Carpathian Foredeep, southern Poland). Geol.
Quart., 43 (4): 429-447.

BABEL M. (2004) — Badenian evaporite basin of the northern Carpathian
Foredeep as a drawdown salina basin. Acta Geol. Pol., 54 (3):
313-337.

BABEL M. (2007) — Depositional environments of a salina-type evaporite
basin recorded in the Badenian gypsum facies in the northern
Carpathian Foredeep. Geol. Soc. Spec. Publ., 285: 107-142.

BONTOGNALI T. R. R., VASCONCELOS C., WARTHMANN R. J.,
BERNASCONI S. N., DUPRAZ C., STROHMENGER C. J. and
MCKENZIE J. A. (2010) — Dolomite formation within microbial mats
in the coastal sabkha of Abu Dhabi (United Arab Emirates).
Sedimentology, 57: 824-844.

CENDOND. I., PERYTT. M., AYORAC., PUEYO J. J. and TABERNER
C. (2004) - The importance of recycling processes in the Middle Mio-
cene  Badenian  evaporite basin  (Carpathian  foredeep):
palaeoenvironmental implications. Palaeogeogr. Palaeoclimat.
Palaeoecol., 212 (1-2): 141-158.

De LEEUW A., BUKOWSKI K., KRIJGSMAN W. and KUIPER K. F.
(2010) — The age of the Badenian Salinity Crisis; impact of Miocene
climate variability on the Circum-Mediterranean region. Geology, 38:
715-718.

DICKSON J. A. D. (1966) — Carbonate identification and genesis as re-
vealed by staining. J. Sediment. Res., 36: 491-505.

DUDEK T. (1999) — Illite/smectite diagenesis in the autochthonous Mio-
cene claystones of the Carpathian Foredeep (in Polish with English
summary). Pr. Panstw. Inst. Geol., 168: 125-133.

EASTOE C.J. and PERYT T. (1999) — Stable chlorine isotope evidence for
non-marine chloride in Badenian evaporites, Carpathian mountain re-
gion. Terra Nova, 11 (2/3): 118-123.

FRIEDMAN I. and O’NEIL J. R. (1977) — Compilation of stable isotope
fractionation factors of geochemical interest. In: Data of Geochemis-
try, 6th edition. Geochemical Survey Professional Paper 440 -KK. pp.
KK1-KK12.

GARLICKI A. (1979) — Sedimentation of Miocene salt in Poland (in Polish
with English summary). Pr. Geol., 119: 5-67.

GASIEWICZ A. (2010) — Major and minor elemental trends of gyp-
sum-ghost limestones of the Osiek—Baranéw Sandomierski native sul-
phur deposit (northern Carpathian Foredeep, Poland): implications for
limestones genesis. Geol. Quart., 54 (4): 519-532.

GONFIANTINI R. and FONTES J. C. (1963) — Oxygen isotopic fraction-
ation in the water of crystallization of gypsum. Nature, 200: 644-646.

HRYNIV S. P, DOLISHNIY B. V., KHMELEVSKA O. V.,
POBEREZHSKYY A.V.and VOVNYUKS. V. (2007) — Evaporites of
Ukraine: a review. Geol. Soc. London, Spec. Publ., 285: 309-334.

KAPLAN I. R. (1983) — Stable isotopes of sulfur, nitrogen and deuterium
in Recent marine sediments. SEPM Short Course Notes, 10:
2.1-2.108.

KASPRZYK A. (1993) — Lithofacies and sedimentation of the Badenian
(Middle Miocene) gypsum in the northern part of the Carpathian
Foredeep, southern Poland. Ann. Soc. Geol. Pol., 63 (1-3): 33-84.

KASPRZYK A. (1995a) - Correlation of sulphate deposits of the
Carpathian Foredeep at the boundary of Poland and Ukraine. Geol.
Quart., 39 (1): 95-108.

KASPRZYK A. (1995b) — Gypsum-to-anhydrite transition in the Miocene
of southern Poland. J. Sediment. Res., A65 (2): 348-357.

KASPRZYK A. (1999) - Sedimentary evolution of Badenian (Middle
Miocene) gypsum deposits in the northern Carpathian Foredeep. Geol.
Quart., 43 (4): 449-465.

KASPRZYK A. (2003) — Sedimentological and diagenetic patterns of
anhydrite deposits in the Badenian evaporite basin of the Carpathian
Foredeep, southern Poland. Sedim. Geol., 158: 167-194.

KASPRZYK A. and ORTI F. (1998) — Paleogeographic and burial controls
on anhydrite genesis: the Badenian basin in the Carpathian Foredeep
(southern Poland, western Ukraine). Sedimentology, 45: 889-907.

KASPRZYK A., PUEYO J. J.,, HALAS S. and FUENLABRADA J. M.
(2007) — Sulphur, oxygen and strontium isotope composition of Mid-
dle Miocene (Badenian) calcium sulphates from the Carpathian
Foredeep, Poland: palaeoenvironmental implications. Geol. Quart., 51
(3): 285-294.

KUBICA B. (1992) — Lithofacial development of the Badenian chemical
sediments in the northern part of the Carpathian Foredeep (in Polish
with English summary). Pr. Panstw. Inst. Geol., 133.

LISZKOWSKI J. (1989) — A new halogenetic model for the origin of
Lower and Early Middle Miocene salt formations of the Carpathian re-
gion, eastern Central Paratethys (in Polish with English summary). Pr.
Nauk. USI., 1019.

MACHEL H. G. (2004) — Concepts and models of dolomitization: a critical
reappraisal. Geol. Soc. London, Spec. Publ., 235: 7-63.

MCcARTHUR J. M., HOWARTH R. J. and BAILEY T. R. (2001) — Stron-
tium isotope stratigraphy: LOWESS Version 3: Best fit to the marine
Sr-isotope curve for 0-509 Ma and accompanying look-up table for
deriving numerical age. J. Geol., 109: 155-170.



Isotopic composition of dolomite associated with Middle Miocene Badenian anhydrites 547

McCREAJ. M. (1950) — On the isotopic geochemistry of carbonates and a
paleotemperature scale. J. Chem. Physics, 18: 849-857.

OSZCZYPKO N. (2006) — Late Jurassic-Miocene evolution of the Outer
Carpathian fold-and-thrust belt and its foredeep basin (Western
Carpathians, Poland). Geol. Quart., 50 (1): 169-194.

OSZCZYPKON., KRZYWIEC P., POPADYUK I.and PERYT T. (2006) —
Carpathian Foredeep Basin (Poland and Ukraine): its sedimentary,
structural, and geodynamic evolution. Am. Ass. Petrol. Geol. Mem.,
84: 293-350.

PALMER M. R., HELVACI C. and FALLICK A. (2004) - Sulphur, sul-
phate oxygen and strontium isotope composition of Cenozoic Turkish
evaporites. Chem. Geol., 209: 341-356.

PAYTAN A., KASTNER M., CAMPBELL D. and THIEMENS M. H.
(1998) — Sulfur isotopic composition of Cenozoic seawater sulfate.
Science, 282: 1459-1462.

PERYT D. (1997) — Calcareous nannoplankton stratigraphy of the Middle
Miocene in the Gliwice area (Upper Silesia, Poland). Bull. Pol. Acad.
Sc. Earth Sc., 45 (2-4): 119-131.

PERYT D. (1999) — Calcareous nannoplankton assemblages of the
Badenian evaporites in the Carpathian Foredeep. Biul. Panstw. Inst.
Geol., 387: 158-161.

PERYT T. M. (1996) — Sedimentology of Badenian (middle Miocene) gyp-
sum in eastern Galicia, Podolia and Bukovina (West Ukraine).
Sedimentology, 43 (3): 571-588.

PERYT T. M. (2000) — Resedimentation of basin centre sulphate deposits:
Middle Miocene Badenian of Carpathian Foredeep, southern Poland.
Sediment. Geol., 134 (3-4): 331-342.

PERYT T. M. (2001) — Gypsum facies transitions in basin-marginal
evaporites: middle Miocene (Badenian) of West Ukraine.
Sedimentology, 48 (5): 1103-1119.

PERYT T. M. (2006) — The beginning, development and termination of the
Middle Miocene Badenian salinity crisis in Central Paratethys. Sedi-
ment. Geol., 188-189: 379-396.

PERYT T. M. and KASPRZYK A. (1992a) — Carbonate-evaporite sedi-
mentary transitions in the Badenian (middle Miocene) basin of south-
ern Poland. Sediment. Geol., 76 (3/4): 257-271.

PERYT T. M. and KASPRZYK A. (1992b) - Earthquake-induced
resedimentation in the Badenian (middle Miocene) gypsum of south-
ern Poland. Sedimentology, 39 (2): 235-249.

PERYT T. M., HRYNIV S. P. and ANCZKIEWICZ R. (2010) — Strontium
isotope composition of Badenian (Middle Miocene) Ca-sulphate de-
posits in West Ukraine: a preliminary study. Geol. Quart., 54 (4):
465-476.

PERYT T. M., POBEREZSKI A. W., JASIONOWSKI M.,
PETRYCZENKO O. I., PERYT D. and RYKA W. (1994) - Facje
gipséw badenskich Ponidzia i Naddniestrza. Prz. Geol., 42 (9):
T771-776.

PERYT T. M., PERYT D., SZARAN J., HALAS S. and JASIONOWSKI
M. (1998) — Middle Miocene Badenian anhydrite horizon in the
Ryszkowa Wola 7 borehole (SE Poland) (in Polish with English sum-
mary). Biul. Panstw. Inst. Geol., 379: 61-78.

PERYT T. M., SZARAN J., JASIONOWSKI M., HALAS S., PERYT D.,
POBEREZHSKYY A., KAROLI S. and WOJTOWICZ A. (2002) - S

and O isotope composition of the Badenian (Middle Miocene)
sulphates in the Carpathian Foredeep. Geol. Carpath., 53 (6):
391-398.

PETRICHENKO O. I., PERYT T. M. and POBEREGSKY A. V. (1997) —
Pecularities of gypsum sedimentation in the Middle Miocene
Badenian evaporite basin of Carpathian Foredeep. Slovak Geol. Mag.,
3(2): 91-104.

PIERRE C. (1989) — Sedimentation and diagenesis in restricted marine
basins. In: Handbook of Environmental Isotope Geochemistry. The
Marine Environment (eds. P. Fritz and J. C. Fontes), 3: 247-315.
Elsevier, Amsterdam.

ROSENBAUM J. and SHEPPARD S. M. F. (1986) — An isotopic study of
siderites, dolomites and ankerites at high temperatures. Geochim.
Cosmochim. Acta, 50: 1147-1150.

SANCHEZ-ROMAN M., VASCONCELOS C., SCHMID T., DITTRICH
M., McKENZIE J. A., ZENOBI R. and RIVADENEYRAM. A. (2008)
— Aerobic microbial dolomite at the nanometer scale: implications for
the geologic record. Geology, 36: 879-882.

UTRILLAR., PIERRE C., ORTI F. and PUEYO J. J. (1992) — Oxygen and
sulphur isotope compositions as indicators of the origin of Mesozoic
and Cenozoic evaporites from Spain. Chem. Geol., 102: 229-244.

Van LITH Y., WARTHMANN R., VASCONCELOS C. and McKENZIE J.
A. (2003) — Sulphate-reducing bacteria induce low-temperature
Ca-dolomite and high Mg-calcite formation. Geobiology, 1: 71-79.

VASCONCELOS C. and McKENZIE J. A (1997) — Microbial mediation of
modern dolomite precipitation and diagenesis under anoxic conditions
(Lagoa Vermelha, Rio de Janeiro, Brazil). J. Sediment. Res., 67:
378-390.

VASCONCELOS C., McKENZIE J. A., BERNASCONI S., GRUJIC D.
and TIENS A. J. (1995) — Microbial mediation as a possible mecha-
nism for natural dolomite formation at low temperatures. Nature, 377:
220-222.

VASCONCELOS C., McKENZIE J. A, WARTHMANN R. and
BERNASCONI S. M. (2005) - Calibration of the &0
paleothermometer for dolomite precipitated in microbial cultures and
natural environments. Geology, 33: 317-320.

WACEY D., WRIGHT D. T. and BOYCE A. J. (2007) — A stable isotope
study of microbial dolomite formation in the Coorong Region, South
Australia. Chem. Geol., 244: 155-174.

WARREN J. K. (1989) — Evaporite sedimentology: importance in hydro-
carbon accumulation: Englewood Cliffs, New Jersey, Prentice Hall.

WARTHMANN R., Van LITH Y., VASCONCELOS C., McKENZIE J. A.
and KARPOFF A. M. (2000) — Bacterially induced dolomite precipita-
tion in anoxic culture experiments. Geology, 28: 1091-1094.

WRIGHT D. T. and WACEY D. (2005) — Precipitation of dolomite using
sulphate-reducing bacteria from the Coorong Region, South Australia:
significance and implications. Sedimentology, 52: 987-1008.

ZAK |., SAKAI H. and KAPLAN I. R. (1980) — Factors controlling the
80/**0 and **$/°2S isotope ratios of ocean sulfate, evaporites, and in-
terstitial sulfates from modern deep-sea sediments. In: Isotope Marine
Chemistry: 339-373, Uchida Rokakuho, Tokyo.



