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Sulphur and oxygen isotope signatures of late Permian Zechstein anhydrites,
West Poland: seawater evolution and diagenetic constraints

Tadeusz Marek PERYT, Stanistaw HALAS and Sofiya Petrivna HRYNIV

Peryt T. M., Hatas S. and Hryniv S. P. (2010) — Sulphur and oxygen isotope signatures of late Permian Zechstein anhydrites, West Po-
land: seawater evolution and diagenetic constraints. Geol. Quart., 54 (4): 387-400. Warszawa.

The stable oxygen and sulphur isotope ratios of 52 anhydrite samples from three Zechstein anhydrite units (Lower Anhydrite, Upper
Anhydrite and Basal Anhydrite) of West Poland show 80 values vs. VSMOW in the range of 9.4 to 15.5%o (mean of 12.6 +1.3%o), and
5%s values vs. VCDT between 9.6 to 12.6%o (mean of 11.4 +0.6%o). A generally uniform distribution pattern of both isotopic values
throughout the section, although with some random variation, implies that sulphate ions were sufficiently supplied and the basin was
open during sulphate deposition. There is a slight stratigraphic differentiation of both the §*%0 and §*S values: the highest mean values
are shown by the Upper Anhydrite and the lowest average values occur in the Basal Anhydrite. The correlation between §'20 and §*s
values is statistically significant only in case of the Basal Anhydrite. A wide range of oxygen isotopic ratios (from 11.6 to 25.1%.), with
only several samples having §*°0 values that fall within the range of late Permian seawater, have been recorded in anhydrite cements and
nodules that occur in the Main Dolomite rocks. Sulphur isotope ratios of anhydrite cements (range of 7.6 to 12.9%o., average of 10.7
+1.4%o) tend to reflect the late Permian sulphur isotopic signature of sulphate in seawater. The higher ranges of §*°0 and §*S values of
anhydrite cements and nodules in the Main Dolomite compared to the underlying and overlying anhydrites are due to diagenetic reset-
ting. The conversion of gypsum to anhydrite (often very early and under negligible cover) evidently did not affect the primary marine
stratigraphic sulphur isotope composition of the sulphate deposits.
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INTRODUCTION results, characteristic of an ocean-based hypersaline water
body, although some of the anhydrite beds at different brief pe-

riods, particularly at the marginal location, record an intermit-

The late Permian Zechstein Basin of NW and Central Eu-
rope is one of the classical giant evaporite basins (Fig. 1A).
Evaporites that form the bulk of the basin fill originated
through precipitation from marine-derived brines of sul-
phate-rich type which was characteristic of the parent,
penecontemporaneous seawater, as indicated by the study of
the compositions of fluid inclusions in sedimentary halite
forms (Kovalevych et al., 2002). However, considering the
palaeogeographic framework and especially a very limited and
temporary connection with the ocean, the Zechstein Basin was
in fact an intracontinental basin. Thus, it is reasonable to expect
non-marine inputs not only during the terminal stages of the de-
clining Zechstein evaporite basin but also during the early
stages, related to the Werra and Stassfurt cyclothems (Fig. 2).
A recent strontium isotope study indicated great consistency of

tent meteoric contribution to the ocean-based hypersaline water
body (Denison and Peryt, 2009).

In addition to strontium isotopes, sulphur and oxygen iso-
topes are used to interpret depositional environments of marine
sulphate deposits and to determine the parent fluids of the an-
cient evaporites. Besides being controlled by global cycles
through geological time, they are controlled by local environ-
mental factors (such as salinity increase, redox processes or
non-marine contributions) and post-depositional alteration
(e.g., Claypool et al., 1980; Pierre, 1989; Richardson and
Hansen, 1991; Strauss, 1997). However, the primary marine
stratigraphic sulphur isotope variation can be preserved in
anhydrite despite significant burial and related diagenesis of an
original gypsum deposit (Worden et al., 1997).
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Fig. 1. Location map

A — the Zechstein Basin: 1 — Mid North Sea High, 2 — Ringkebing-Fyn
High, 3 — Texel High, 4 — Brandenburg—Wolsztyn—Pogorzela High; B —
occurrence of reefs (grey) within the basinal facies (white) of the Zechstein
Limestone in the Koscian area, West Poland (after Kiersnowski et al.,
2010), showing the location of the boreholes studied; C — location of the
boreholes studied in West Poland and the palaeogeography of the Main
Dolomite (after Kovalevych et al., 2008, fig. 3, simplified)

This paper presents the results of study of sulphur and oxy-
gen isotope ratios of 52 samples derived from the Zechstein an-
hydrites of the Werra and Stassfurt cyclothems in West Poland.
These samples were collected from ten selected boreholes
based on well-preserved cored sections and their various
palaeogeographic locations (Fig. 1B, C). The earlier published
data on the Werra and Stassfurt anhydrites are scarce (with the

exception of North Poland). The reported 5*S values for the
Werra anhydrites of Germany (Nielsen and Ricke, 1964;
Claypool et al., 1980; Kramm and Wedepohl, 1991;
Kampschulte et al., 1998) vary from 10.5 to 12.6%o (34 sam-
ples), whereas those of the Werra anhydrites (Lower Anhydrite
and Upper Anhydrite) in North Poland are from 9.5 to 12.9%o
(31 samples). Eleven samples of the Stassfurt anhydrite from
Germany have been studied so far (Nielsen and Ricke, 1964;
Holser and Kaplan, 1966; Kramm and Wedepohl, 1991;
Kampschulte et al., 1998) and they showed &*S values in the
range of 10.1 to 11.8%o. The existing data set of the 5'%0 values
is limited to the Werra and consists of three %0 values (from
10.8 to 12.3%o) reported from Germany (Claypool et al., 1980)
and 29 values (from 9.8 to 13.5%0) from Northern Poland
(Peryt et al., 1998, 2005; Kovalevych et al., 2000; Hryniv and
Peryt, 2003).

Only relatively few oxygen isotope determinations have
been performed on sulphate evaporites, probably due to techni-
cal problems in making these measurements (Longinelli and
Flora, 2007). Thus, the main aim of this work is: (1) to provide an
additional set of oxygen isotope values for evaporite sulphates to
the existing database to improve our knowledge of their varia-
tions through time, and (2) to distinguish between isotope ratios
that represent primary solute sources and those that record
syndepositional changes or subsequent diagenetic resetting.

GEOLOGICAL SETTING

The late Permian Polish Zechstein Basin is a part of the
Southern Permian Basin that was initiated in the late Carbonif-
erous. Several depressions separated by fault-bounded ridges
occur within the Variscan orogen and its foredeep. One of these
ridges is the Wolsztyn Ridge (part of the Variscan externides),
which separated the Zielona Géra Basin from the Variscan
Foreland. In the foreland and the Zielona Géra Basin, playa
lake, eolian and wadi deposits up to 1000 m-thick accumulated
during early Permian (Rotliegend) times, whereas Rotliegend
deposits are absent from the Wolsztyn Ridge or are replaced by
coeval volcanic rocks (Kiersnowski et al., 1995, 2010).

Deposition in the Polish Zechstein Basin commenced with
flooding of the continental Rotliegend basin as a result of rift-
ing-induced subsidence combined with a contemporaneous sea
level rise (Peryt and Wagner, 1998). As a result of Zechstein
Limestone deposition, a carbonate platform formed in marginal
parts of the basin (Fig. 2) as well as on pre-Zechstein highs in the
central part of the Wolsztyn Ridge, although in most cases reef
bodies developed in these places (Dyjaczynski et al., 2001). The
thickness of the reef complex reaches 90.5 m, and the deposition
of the Zechstein Limestone resulted in a distinct enlargement of
inherited relief. This relief was leveled by the deposition of the
PZ1 evaporites, making the upper surface of the PZ1 (Werra) de-
posits roughly planar (Dyjaczynski et al., 2001; Figs. 2 and 3)
because evaporite deposits are thin (ca. 25-40 m) in the reef zone
and composed of the Upper Anhydrite only, whereas the
evaporite sequence that encompasses the Lower Anhydrite, Old-
est Halite and Upper Anhydrite is thicker (total thickness
>100 m) outside the reef zone (Fig. 3).
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Fig. 2. Stratigraphy of the Zechstein PZ1 and PZ2 cycles in Poland

LST - lowstand systems tract, TST — transgressive systems tract, HST — highstand systems tract, after Peryt and Wagner (1998). Notice that the boundaries
between HSTs and LSTs occur within the upper parts of carbonate units; Zc1 — Basal Conglomerate, T1 — Kupferschiefer, Cal — Zechstein Limestone,
Ald - Lower Anhydrite, Nal — Oldest Halite, Alg — Upper Anhydrite, Ca2 — Main Dolomite, A2 — Basal Anhydrite, Na2 — Older Halite, K2 — Older
Potash, Na2r — Screening Older Halite, A2r — Screening Anhydrite. Anhydrite units studied are shown in bold
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Fig. 3. Palaeogeological cross-section through the Wolsztyn High, along the NNE-SSW line, at the end of the Older Halite deposition
(modified after Zielinska-Pikulska and Pikulski, 2002, unpubl.)

The cross-section is located outside Figure 1C and is passing through its lower right corner. Please notice that because of its negligible thickness the
Zechstein Limestone is shown only in the reef area (r); anhydrite units are white; other explanations as in Figure 2

The subsequent depositional and burial history of the
Wolsztyn Ridge was the same as that of the entire Fore-Sudetic
Monocline that constituted a part of the Polish Basin. The PZ1
deposits (100 to 300 m thick) are covered by the younger
Zechstein cycles: PZ2 (Stassfurt) (100 to >400 m thick), PZ3
(Leine) (100 to 200 m thick) and PZ4 (<100 m thick), and then
by the Mesozoic (up to 3.5 km thick) and thin Cenozoic depos-

its. During late Permian and Mesozoic times, continual subsi-
dence took place with periods of accelerated subsidence. At the
end of the Jurassic, the Zechstein Limestone deposits were at a
depth of ca. 3.5 km (Karnkowski, 1999, fig. 29), and the pres-
ent base of the Zechstein Limestone lies at a 2.1-2.5 km depth.
The present temperature at this depth is ca. 80°C (Karnkowski,
1999, fig. 42).
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LITHOLOGY OF LOWER ANHYDRITE, UPPER
ANHYDRITE AND BASAL ANHYDRITE

The Lower Anhydrite cores come mostly from the region in
which Zechstein Limestone reefs developed (Fig. 1B). The
lower part of the Lower Anhydrite shows a breccia appearance,
then nodular anhydrite with clasts of red mudstones follows
which is topped by selenitic anhydrite with upward-fining crys-
tals. Eventually, nodular anhydrite that occurs at the base of the
Lower Anhydrite gradually passes into anhydrite with pseudo-
morphs after upright-growth gypsum crystals, and higher
anhydrite breccia and recrystallized clastic anhydrite with clear
pseudomorphs after selenite crystals occur. In some cases clear
fluidization was recorded within the bedded selenite which is
characterized by small forms. The thickness of the Lower
Anhydrite in the reef area is variable — the unit is thin (usually
<30 m) or lacking above the reefs, but much thicker sections
occur outside the proper reefs. In the borehole Bonikowo 2 the
entire Lower Anhydrite is cored (Fig. 4), and in borehole
Koscian 21 and Koscian 22 the core (58.6 and 67.3 m, respec-
tively) comes from the lower part of the Lower Anhydrite.
There occurs nodular, post-selenitic anhydrite with clear relics
of bedding, and then bedded nodular anhydrite in borehole
Bonikowo 2, in the lowermost part of the Lower Anhydrite
(Fig. 4). In its upper part intercalations of massive brecciated,
conglomeratic and recrystallized post-selenitic anhydrite oc-
cur, followed by mostly conglomeratic anhydrite and then bed-
ded brecciated anhydrite with conglomeratic anhydrite
interbeds, showing fluidization in the uppermost 1.5 m. In
borehole Koscian 21, in the lower part of the core from the
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Lower Anhydrite, nodular anhydrite with dolomite streaks oc-
curs, which is followed by recrystallized bedded anhydrite. In
the upper part, bedded nodular anhydrite with streaks of dolo-
mite and rare interbeddings enriched in clay material occurs; in
the uppermost part fluidization was recorded. In borehole
Koscian 22, in the lower part of the core nodular anhydrite (first
bedded, next post-selenitic) occurs which is followed by
recrystallized selenitic anhydrite with local fine clastic
anhydrite interbeds in the lower part and post-selenitic nodular
anhydrite in the upper part. Various parts (or even the entire
section) of the Lower Anhydrite may show a nodular texture.

The Upper Werra Anhydrite is a few metres to over
250 metres thick in West Poland, but in the greater part of the
peripheral part of the basin its thickness is a few tens of metres
(Perytetal., 1996a). In the area of the PZ1 sulphate platform, the
Upper Anhydrite is usually (recrystallized) post-selenitic
anhydrite with rare interbeds of clastic anhydrite (Fig. 4). Locally
itis entirely clastic, or clastic in the bottom gradually passing into
bedded selenitic anhydrite; it may exhibit slumping deforma-
tions. In borehole Bonikowo 2 anhydrite breccia at the bottom
is replaced by nodular anhydrite with carbonate streaks (Fig. 4).
In borehole Koscian 11 anhydrite breccia with a great amount
of dolomitic matrix is replaced by nodular anhydrite, in places
conglomeratic with interbeds, a few to tens of centimetres
thick, of bedded anhydrite occur, and in the upper part
recrystallized bedded anhydrite with more and more clear
pseudomorphs after selenite crystals occurs (Fig. 4). In the
basinal area, the Upper Anhydrite is laminated and shows
graded bedding.

The Basal Anhydrite is usually a few to a dozen metres thick
and, only in the area characterized by the occurrence of the up-
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Fig. 4. Sections of PZ1 anhydrites of the Bonikowo 2, Koscian 11 and Templewo 1 boreholes, showing results of the oxygen, sulfur and,
in the Bonikowo 2 section, strontium isotope measurements (the latter after Denison and Peryt, 2009)

Explanations as in Figure 2
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permost slope of the Main Dolomite platform, its thickness
reaches up to several tens of metres (Peryt et al., 1996b). The
Basal Anhydrite begins with stromatolitic anhydrite (a few tens
of centimetres thick) followed by bedded anhydrite with pseudo-
morphs after selenite crystals. The height of pseudomorphs var-
ies from several millimetres to about ten centimetres; the highest
pseudomorphs occur in the lower part of the Basal Anhydrite.
The pores after selenite crystals are often filled with halite. In
some cases there occurs clastic anhydrite with clasts originated
from broken selenite crystals. The Basal Anhydrite contains ha-
lite intercalations (Peryt et al., 1996b). These intercalations are
1 cm to several metres thick (e.g., 265 m in borehole
Chartow 2), and these thick halite intercalations contain
anhydrite laminae which are several to 10 cm apart. They are fol-
lowed by laminated anhydrite (with pseudomorphs after selenite
crystals) with halite intercalations (10-30 cm thick in borehole
Chartéw 2; Kovalevych et al., 2008).

MATERIAL AND METHODS

We have selected ten boreholes from the area of the
Wolsztyn High in which the studied sulphate horizons were
cored either partly or entirely (Bonikowo 2 and Koscian 22); in
most cases only portions adjacent to carbonate horizons were
cored and thus available to study. The Lower Anhydrite was
studied in six boreholes, the Upper Anhydrite in six boreholes,
and the Basal Anhydrites in five of them (Table 1). The location
of boreholes is shown in Figure 1. Selected samples were sub-
jected to isotopic (S and O) study (52 samples). In two of the
boreholes examined (Bonikowo 2 and Koscian 22) the strontium
isotopic composition has been earlier established (Denison and
Peryt, 2009); nine of the previously studied samples have been
analysed for stable oxygen and sulphur isotopes.

The samples were powdered in an agate mortar, then ca.
100 mg of the powder was dissolved in distilled water acidified
with HCI to pH = 1. The dissolution was performed in 250 mL
glass beakers filled to ca. 1/3 of their volume. The beakers were
covered by watch glasses, stored under a fume hood over sev-
eral days and stirred several times a day. After dissolution of
sulphates the solutes were filtered to small glass beakers and
BaSO, was precipitated by means of an acidified (with HCI)
solution of BaCl,. The precipitate was washed by distilled wa-
ter several times until the disappearance of chloride ions, which
were tested in the remaining filtrate using 10% AgNO; solu-
tion. Clean BaSQ, precipitates were dried in small breakers in
an oven at 100°C and then subjected to the procedures for
quantitative extraction of sulphur and oxygen for isotope anal-
ysis. Under the conditions described, no influence of isotope
exchange between sulphate ions and water was observed due to
low ambient temperatures (16 to 18°C) and the escape of a ma-
jor fraction of HCI from the beakers to the atmosphere within a
few hours.

The isotope ratios (5*S and §'®0) were determined by
means of a dual inlet and triple collector mass spectrometer on
SO, and CO, gases, respectively. SO, was extracted by the
method developed in the Lublin laboratory (Halas and Szaran,
2001, 2004), whereas CO, was prepared by the method de-
scribed by Mizutani (1971) and improved by Halas et al.

(2007). We used typically 8 to 12 mg of BaSO, in each prepara-
tion; however, when necessary we were able to analyse 1 mg
BaSO,. The reproducibility of both analyses (2 standard devia-
tions), obtained on the basis of replicated SO, extractions, was
about 0.16%o. Delta values were normalized to the VCDT and
the VSMOW scales by analysis of the NBS-127 standard, for
which we accepted §*'S = 21.14%o, after Halas and Szaran
(2001), and 80 = 8.73%o according to the recent calibration
performed vs. VSMOW by Halas et al. (2007).

In addition, twelve samples of carbonate rocks with
anhydrite nodules and cement that come from the Main Dolo-
mite of four boreholes were analysed for S, C and O isotopes
following the procedure described above, and besides, two
samples of anhydrite nodules in the Main Dolomite were
analysed for S and O isotopes. CO, was extracted from the car-
bonate samples using the selective chemical separation tech-
nique described by Al-Aasm et al. (1990). CO, was obtained at
25°C in 2 hours of reaction with 100% phosphoric acid for
analysis of calcite. Then the sample kept on reacting until the
next day and thereafter all CO, was pumped away. After that,
the reaction was continued at 50°C over 2 days and CO, was
collected for the isotopic analysis of dolomite. The isotopic
analysis was performed on a dual inlet and triple collector mass
spectrometer with standard uncertainty of §°C and 820 values
of 0.07%o.

RESULTS

The oxygen and sulphur isotope analyses were determined
on 52 anhydrite samples from the sulphate intervals (Tables 1
and 2; Fig. 5). The 8'0 values vs. VSMOW vary from 9.4 to
15.5%0 (mean of 12.6 +1.3%o), whereas the §*'S values vs.
VCDT are in a narrower range of 9.6 to 12.6%o, with a mean of
11.4 +0.6%o). The average 5*'S value for the anhydrites exam-
ined is thus close to that characteristic for the late Permian (10.9
+1.3%o, according to Kampschulte and Strauss, 2004). The
range (and average) §*%0 values obtained from this study differ
from those (limited) values reported by Claypool et al. (1980)
for the Zechstein anhydrites.

Taking into account the average gypsum-water S frac-
tionation of +1.65%. (Thode and Monster, 1965), the original
Zechstein brine would have had an average 5*'S value of
about 9.25%.. In turn, considering the fractionation due to
crystallization, $*°0 being 3.5%o (Lloyd, 1968), the average
original Zechstein brine would have had a 8'%0 of 9.1%., i.e.
within the range of modern values (8.6 to 10.1%o; see Playa et
al., 2007, p. 278).

There is a slight stratigraphic differentiation of both the
50 and &*S values: the highest average values occur in the
Upper Anhydrite (13.1 +0.9%o0 and 11.7 £0.35%o, respectively)
and the lowest mean values occur in the Basal Anhydrite
(10.9 +0.7%o0 and 10.9 +0.6%o, respectively; Tables 1 and 2;
Fig. 5). The Lower Anhydrite shows the greatest range of both
the 8'°0 and 8*S values, the Upper Anhydrite is characterized
by a much greater range of §*®0 values and small range of 5*S
values, and in the Basal Anhydrite the range of both & values is
the smallest (Table 1 and Fig. 5). Despite those differences be-
tween individual anhydrite units, no clear vertical trend is re-
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Table 1
Provenance of anhydrite samples studied and their 3*°0 and 5*S values
18 34
No. Borehole gﬁm (I;F D[%E]th VSM%W VBCDST Unit Sample description
[%o] [%0]
1 3187.70 14.13 11.83 pseudomorphs after selenite crystals; fluidal
2 Barnéwko 7 5 3190.70 15.14 1141 | Alg pseudomorphs after selenite crystals; fluidal
3 3194.70 13.83 11.67 bedded, with pseudomorphs after selenite crystals
4 46 2307.30 10.94 11.35 A2 bedded-laminated with pseudomorphs after mm selenite crystals
5 24 2355.65 14.68 11.33 nodular
6 19 2365.00 13.84 11.38 Alg nodular
7 17 2370.10 13.44 12.2 nodular
8 15 2374.25 13.47 11.9 breccia
9 14 2378.20 15.24 10.92 massive, brecciated
10 12 2384.10 15.49 11.32 massive, brecciated
11 Bonikowo 2 5 2397.70 13.44 11.22 poorly bedded with pseudomorphs after selenite crystals
12 40 2409.15 12.18 10.65 nodular with relics of pseudomorphs after selenite crystals
13 34 2422.20 11.86 11.95 ALd nodular with relics of pseudomorphs after selenite crystals
14 31 2430.55 13.47 11.34 nodular with relics of pseudomorphs after selenite crystals
15 02 2434.40 15.11 11.87 finely crystalline
16 30 2439.75 13.33 11.47 nodular bedded with pseudomorphs after selenite crystals
17 29 2441.80 12.84 10.33 nodular bedded with pseudomorphs after selenite crystals
18 27 2448.30 12.90 10.15 nodular poorly bedded with pseudomorphs after selenite crystals
19 13 2716.00 10.6 11.06 bedded-laminated wit(r:ne;e_u%ocnrw]?mgﬁ)after selenite crystals
20 Chartéw 2 12 2722.00 | 11.17 10.7 A2 laminated with pseudomorphs after mm selenite crystals
21 11 2725.50 12.02 10.71 laminated within halite intercalation
22 10 2730.50 10.5 10.82 nodular, fluidal
23 12 3014.10 9.43 9.63 A2 flaser bedded
24 . 3031.10 10.46 10.17 laminated
Dzieduszyce 3 - -
25 2 3078.10 12.87 12.00 Alg fluidal clastic
26 5 3080.50 12.51 11.35 fluidal bedded
27 C2 2325.90 13.71 11.54 breccia
28 Jabtonna 1 B 2332.00 12.89 10.89 | Ald finely nodular
29 A 2335.95 13.41 11.62 finely nodular
30 33 2137.00 11.04 11.05 A2 bedded with pseudomorphs after selenite crystals
31 38 2139.80 11.56 11.49 bedded with pseudomorphs after selenite crystals
32 Koscian 11 26 2181.00 12.89 11.39 | Alg bedded with pseudomorphs after selenite crystals
33 21 2191.10 12.94 11.60 ALd nodular, fluidal
34 34 2219.00 11.53 11.21 bedded with mm pseudomorphs after selenite crystals
35 38 2244.00 11.96 12.18 nodular with relics of pseudomorphs after selenite crystals
36 Koscian 22 32 2264.10 11.45 11.94 | AU massive with relics of pseudomorphs after selenite crystals
37 22 2294.75 13.01 12.08 bedded nodular
38 o 2 3259.50 12.74 11.80 laminated graded bedded
Sowia Gora 1 Alg -
39 3 3261.85 13.22 12.60 laminated graded bedded
40 26 2678.00 11.44 11.59 A2 bedded with mm pseudomorphs after selenite crystals
41 22 2724.30 12.18 11.63 clastic
42 21 2727.75 12.97 11.68 bedded with mm pseudomorphs after selenite crystals
43 20 2730.00 11.75 11.10 bedded with cm pseudomorphs after selenite crystals
44 18 2732.20 12.33 11.83 | Alg recrystallized bedded
45 | Templewo 1 15 2735.32 12.24 11.51 distorted
46 13 2737.95 12.65 11.75 distorted
47 12 2741.77 12.39 11.64 bedded with pseudomorphs after selenite crystals
48 9 2991.95 12.84 12.51 bedded with pseudomorphs after selenite crystals
49 6 3001.30 11.34 1151 | Al bedded with pseudomorphs after selenite crystals
50 4 3008.20 11.85 12.14 bedded with pseudomorphs after selenite crystals
51 G1 2408.25 11.33 11.48 subhorizontal vein filled by light crystalline anhydrite
52 Wielichowo 3 G2 2408.25 | 11.4 11.38 Ald | host rock of sample G1: gﬁg(rjigl\ggitpeuce)}gtzﬁ's\g cm high pseudomorphs

For explanations see
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Table 2

Summary of §'80 and §*S values of Zechstein anhydrites in West Poland

N 5'%0 VSMOW [%o]
mean | median | maximum | minimum | standard deviation
Total 52 12.6 12.7 15.6 9.4 1.3
Lower Anhydrite Ald | 23 12.8 12.9 15.5 11.3 1.2
Upper Anhydrite Alg | 19 13.1 12.9 15.1 11.8 0.9
Basal Anhydrite A2 10 10.9 11.0 12.0 9.4 0.7
5%S VCDT [%o]
Total 52 11.4 115 12.6 9.6 0.6
Lower Anhydrite Ald | 23 11.4 115 12.5 10.2 0.6
Upper Anhydrite Alg | 19 11.7 11.7 12.6 11.1 0.4
Basal Anhydrite A2 10 10.9 10.9 11.6 9.6 0.6
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Fig. 5. Plots of isotopic data

A —all; B — Lower Anhydrite; C — Upper Anhydrite; D — Basal Anhydrite. The fields shown in A refer to the previous data reported in the literature
for the Werra anhydrites of Germany (field D; after Nielsen and Ricke, 1964; Claypool et al., 1980; Kramm and Wedepohl, 1991;
Kampschulte et al., 1998) and Northern Poland (field N PL; after Peryt et al., 1998, 2005; Kovalevych et al., 2000; Hryniv and Peryt, 2003)
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Table 3

580 and 8C values of Zechstein dolomites intercalated
within anhydrites

Depth Calcite Dolomite
Borehole P = " = "
[m] 8 Cvppe | 8 "Ovpps | 8 "Cyppe | O Ovppe

2293.4 3.34 4.01 3.03 2.60
Jabtonna 1

2291.5 2.45 2.45 4,57 2.21

2345.4 6.38 2.85 6.30 2.82
Jabtonna 2

2345.3 6.45 2.93 6.26 2.74

2285.7 6.31 5.07 4.40 2.70
Jabtonna 3 2285.6 5.88 4.16 4.36 2.78

2285.5 3.94 4.20 3.43 3.15
Wielichowo 3 | 2409.1 6.79 1.76 6.54 1.96
mean 5.2 3.4 4.9 2.6
standard
deviation 1.7 11 1.4 0.4

corded. When plotted on a §'30-8*S diagram, the slope of the
regression line is —0.07 for the Lower Anhydrite, 0.01 for the
Upper Anhydrite, and 0.58 for the Basal Anhydrite; when all
the anhydrite units are plotted together, the slope of the rela-
tionship between §*%0 and §*S is 0.15.

The carbonate intercalations within the Lower Anhydrite
show a range of §'30 values vs. VPDB of 1.8 to 5.1%o in calcite
and 2.0 to 3.2%o in dolomite (mean values of 3.4 +1.1%o. and
2.6 +0.4%o, respectively), and §**C values varying from 2.4 to
6.8%o (mean of 5.2 £1.7%o) in calcite and from 3.0 to 6.6%o
(mean of 4.9 £1.4%o) in dolomite (Table 3 and Fig. 6). These
values are different compared to those recorded in the Main
Dolomite where the §"3C values are more positive (mean val-
ues of 7.7 £1.0%o in calcite and 7.7 0.7%. in dolomite) and the
50 values are more negative (mean values of 0.7 +0.8%o in
calcite and 0.6 +1.3%0 in dolomite; Fig. 7B; cf. Peryt and
Scholle, 1996).

The mean §*%0 of anhydrite cements in the Main Dolomite
deposits is 15.5 +3.6%0. A wide range of §'°0 varying from
11.6 to 25.1%o, with only a few samples having 5'°0 that fall
within the range of late Permian seawater, have been recorded
(Fig. 7A). The 8*S values of anhydrite cements (mean of 10.7
+1.4%o, range of 7.6 to 12.9%.; Fig. 7A) tend to reflect the late
Permian sulphur isotope composition of seawater sulphate.

INTERPRETATION AND DISCUSSION

The obtained range of the 5*'S values in the Zechstein
Werra anhydrites from West Poland is similar to that previ-
ously recorded for the Werra of Northern Poland (Peryt et al.,
1998, 2005; Fig. 5). Compared to the German Zechstein, the
recorded ranges for the Lower Anhydrite and Basal Anhydrite
in West Poland are slightly greater (cf. Nielsen and Ricke,
1964; Claypool et al., 1980; Kampschulte et al., 1998; Fig. 5).
As far as the §'20 values are concerned, their range in West Po-
land is larger than found so far in Germany and Poland (Niel-
sen and Ricke, 1964; Claypool et al., 1980; Kampschulte et al.,
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Fig. 6. Plot of isotopic data for carbonate intercalations
within anhydrites

Jab. — Jabtonna, Wiel. — Wielichowo, C - calcite, D — dolomite

1998; Peryt et al., 1998, 2005), and over one fifth of the sam-
ples studied from the Werra anhydrites show higher values, and
one sample from the Basal Anhydrites shows a lower value
than earlier reported for Poland (Fig. 5).

The normal marine range of sulphur isotope ratios in the
Zechstein anhydrites indicates that the restriction of the basin
was not complete. In addition, a relatively small deviation of
the sulphur isotope ratios from that of late Permian seawater
suggests that the anhydrites precipitated at relatively low tem-
peratures because sulphur (and oxygen) is fractionated by
chemical processes at elevated temperatures.

The major sources of sulphate to the marine sulphate reser-
voir are: (1) riverine sulphate, (2) sulphate from direct oxida-
tion of sulphide and (3) sulphate from sulphur
disproportionation reactions, and the 8'0 of soluble sulphate
produced by disproportionation reactions in natural systems is
likely to be in the range of 8 to 12%. VSMOW (Bottrell and
Newton, 2006). As the changes in the oxygen isotopic compo-
sition of marine sulphate are related to more complex processes
than those affecting sulphur isotopes (see review by Bottrell
and Newton, 2006), a fairly large variability of the §'°0 values
can be expected, related not only to the changes in the bacterial
sulphate reduction that largely affect the sulphur isotope val-
ues, but also to various oxidation processes that occur in buried
sulphides.

The higher §'°0 and 5*S values compared to those in the
seawater indicate that continental contributions were not respon-
sible for the high 80 and §*S values of the Zechstein anhyd-
rites, and combined with the lack of upward decrease of §'30 and
5% values in sections suggest that the reservoir effect played an
insignificant role as regards variation in 8'°0 and §*S of the
Zechstein anhydrites. In turn, during deposition the sulphates
probably underwent significant redox processes which account
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Table 4
5%s and §*°0 values of anhydrite nodules and cements occurring in the Main Dolomite and their isotopic characteristics
Dolomite Calcite w 50
No. | Borehole | Depth [m] Host rock 3 3'°0 31 30 §SVCDT | ysmow
VPDB | VSMOW | VPDB | VSMOW [%] [%o]
[%o] [%0] [%0] [%o]
dolomite: laminated
1 _ 2327.2 mudstone 7.49 32.31 7.55 12.85
Bonikowo 2 recrystallized laminated
2 2339.0 dolomite 6.36 31.45 6.36 29.02 12.88 25.07
3 3038.5 recrystallized dolomite 7.75 30.87 9.24 11.55
recrystallized dolomite:
4 3040.25 | peloidal-intraclast-biocl 8.09 31.24 10.81 14.81
astic grainstone
re?ryétzillized (Ijolort?ite:I
5 - 3041.0 peloidal-intraclast-bioc 8.05 30.89 10.94 15.06
Dzieduszyce 3 astic grainstone
recrystallized dolomite:
7 3050.0 peloidal grainstone 8.12 32.23 10.39 14.60
. dolomite:
8 3062.35 intraclast-peloidal 7.95 32.94 10.25 12.48
wackestone-packstone
9 2158.25 dolomite, mudstone 6.97 33.78 12.32 18.33
Koscian 11 recrystallized dolomite
10 2164.8 With bioclasts 7.02 33.18 12.41 16.86
dolomite, recrystallized
11 2692.2 grainstone 8.00 29.47 8.04 30.60 9.78 15.97
dolomite, recrystallized
12 Templewo 1 2705.0 grainstone 7.68 29.91 7.46 30.10 10.34 20.92
dolomite, recrystallized
13 2711.25 grainstone 9.17 30.10 8.80 30.85 10.03 12.97
dolomite, laminated
14 o 3250.25 mudstone 12.27 13.85
Sowia Gora 1 dolomite, laminated
15 3256.25 mudstone 11.33 12.43
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Fig. 7. Plots of isotopic data for the carbonates and anhydrite of the Main Dolomite

A - sulphates (box shows ranges of expected ratios if anhydrite was precipitated from late Permian seawater); B — carbonates; circles — Bonikowo 2 (Bo. 2),
squares — Dzieduszyce 3 (D. 3), triangles — Koscian 11 (K. 11), diamonds — Templewo 1 (T. 1), X — Sowia Géra 1 (SG1); empty symbols are for calcite (C) and
filled symbols are for dolomite (D)
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for the deviation from normal marine ranges (cf. Lu et al., 2001).
The enrichment factor for §*%0 during a single stage sulphate re-
duction is around one quarter of that for §*'S (Mizutani and Raf-
ter, 1969) but repeated redox cycles of sulphate reduction pro-
duce higher 8'0 values (Bottrell and Raiswell, 2000). Model-
ling effects of redox cycling of sulphur during evaporite deposi-
tion on evaporite sulphate 50 yielded the maximum achievable
shift in 820 (via long-term recycling in deep evaporating pans)
of about 5% (Pierre, 1985; Lu et al., 2001).

The correlation between 8§20 and §*S values is statistically
important only in case of the Basal Anhydrite. The slope of the
relationship (0.58) is slightly higher than that expected from the
single effect of precipitation (0.47) (Thode and Monster, 1965;
Lloyd, 1968). The lack of a gradual decrease upwards of the
50 and 5*S values, which would be expected when the reser-
voir effect had taken place, and besides a rather uniform distri-
bution of both isotopic values throughout the section, although
with some random variation, implies that sulphate ions have
been sufficiently supplied and that the basin was open during
sulphate deposition.

The data on the late Permian Ochoan evaporites of the Dela-
ware Basin (USA) show a smaller range and mean 8'%0 values
(8.4-12.2%o0 and 9.6%e, respectively; Claypool et al., 1980) and
late Permian evaporites of Italy (Cortecci et al., 1981; Newton et
al., 2004; Longinelli and Flora, 2007) show much higher §°0
values (averaging 16.7%o after Longinelli and Flora, 2007) com-
pared to the Zechstein. The relatively narrow range (<3%o) of
50 values from Permian gypsum of Italy and their fairly regu-
lar distribution have been interpreted as due to rather homoge-
neous environmental conditions during the deposition of these
evaporites despite the fairly large area of sample collection
(Longinelli and Flora, 2007). Thus, the variability recorded in
the Zechstein anhydrites studied indicates important changes of
physico-chemical conditions during deposition in that part of the
sedimentary basin. This conclusion is supported by the strontium
isotope study of the Zechstein anhydrites in Poland, which indi-
cated intermittent meteoric contributions to the ocean-based
hypersaline water body (Denison and Peryt, 2009). Although the
set of the Zechstein samples which were subjected to S, O and Sr
isotopic analyses is rather limited, it is interesting to note that the
deviations (either to more positive or more negative values of
50 and §*S) fit the deviations of ¥’Sr/®Sr from the ideal late
Permian marine signal (Fig. 8).

The anhydrite cements and nodules from the Main Dolo-
mite often show greater ranges of 830 and §*S values com-
pared to the underlying and overlying anhydrites ( ).
The most reasonable source of the sulphate forming nodules
and cement in the Main Dolomite rocks is the bedded anhydrite
deposits either above or below the Main Dolomite. In particu-
lar, it is commonly accepted that diagenetic anhydrite is com-
monly associated with reflux dolomites (Jones and Xiao,
2005). However, if the sulphate was derived directly from the
bedded anhydrite, then the §*%0 and §*S of the anhydrite ce-
ment should reflect the late Permian seawater isotopic signa-
tures. As this is not the case, then both the sulphur and the oxy-
gen must have been fractionated during aqueous transport of
the sulphate into the Main Dolomite (if the sulphate had origi-
nated from bedded anhydrite). Although low-temperature and
high-temperature processes could result in such fractionations,
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Fig. 8. ¥Sr/®Sr (strontium isotope data after Denison and Peryt,
2009) of the PZ1 anhydrites versus 50 and &*S values

Other explanations as in

the former cannot explain enrichment in the heavy sulphur iso-
tope in the Zechstein anhydrites (see Dworkin and Land, 1994,
for their discussion of the Louisiana basin case). In turn, the
high-temperature process of thermally mediated sulphate re-
duction seems to be a plausible mechanism of the heavy sul-
phur isotope composition in the anhydrite cement. The most
likely process responsible for the heavy isotope composition is
thermal sulphate reduction and equilibration of sulphate oxy-
gen with pore-fluid oxygen (see discussion by Dworkin and
Land, 1994). Some samples of anhydrite cement in the Main
Dolomite retain the seawater values while others underwent
fractionation. This implies that either some of the sulphate was
transported rapidly into the Main Dolomite before it had a
chance to equilibrate fully or anhydrite cementation proceeded
over a range of temperatures (cf. Dworkin and Land, 1994).
Alonso-Azcérate et al. (2006) discussed an example of
evaporites from Spain where Sr and sulphate-sulphur isotopic
composition appears to represent the original composition of
primary evaporitic gypsum, and evaporite sulphate §*%0 is en-
riched by about 10%o relative to sulphate sources to the basin.
This large effect resulted from re-equilibration of oxygen iso-
topes during low grade metamorphism when oxygen isotopes
were open to exchange with aqueous fluids and/or interbedded
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carbonates that constituted a large exchangeable oxygen reser-
voir (Alonso-Azcarate et al., 2006). The maximum tempera-
ture which affected sulphate in the Zechstein anhydrite studied
did not exceed 100°C, and the dolomite is enriched in **0
(mean 8°0 of 31.5%. compared to mean sulphate 8°0 of
15.9%o); thus, the enrichment of *0 in sulphate has not been
affected by isotopic equilibration with dolomite (cf.
Alonso-Azcérate et al., 2006). On the other hand, the oxygen
isotopic enrichment in the sulphate could result at least partly
from recycling, as clastic recycling is indicated by intercala-
tions of clastic anhydrite, and this evidence suggests a possibil-
ity of accompanying chemical recycling.

The carbon and oxygen isotopic ratios of the Main Dolo-
mite show clearly higher §**C values (by ca. 2.5%o) and lower
8°0 values (by ca. 3%o), combined with a greater spread of the
latter (5%o) ( ), compared to the carbonate intercalations
in the Werra anhydrites where the spread of 80 values is
<3.5%o ( ). This is due to the strong association between
the §*%0 data and palaeoenvironments in the Main Dolomite of
Poland (Peryt and Scholle, 1996) and the origin of dolomite in-
tercalations within anhydrite deposits in much stronger
hypersaline settings compared to those in which the Main Do-
lomite sediments accumulated.

In most cases the original sulphate mineral was gypsum
which underwent multistage dehydration. A considerable part
of selenitic gypsum that formed sulphate platforms of the
Lower Werra Anhydrite and Upper Werra Anhydrite was
transformed into anhydrite at very early stages of diagenesis.
The partial or complete replacement of gypsum by anhydrite is
often very early: Hovorka (1992) indicated that a major part of
such a replacement in the Permian of Palo Duro Basin occurred
under a sediment cover less than 1 m-thick. Diagenesis in the
presence of less-concentrated brines resulted in the obliteration
of primary sedimentary structures due to the growth of nodules
while the presence of highly-concentrated brines made it possi-
ble to preserve pseudomorphs after large gypsum crystals. In
addition, the inflow of halite-saturated brines to the bottom of
brine ponds caused a widespread replacement of gypsum by
halite (Hovorka, 1992). Schreiber and Walker (1992) came to
conclusion that the process of pseudomorphic replacement of
gypsum by halite at the boundary of bedded sulphates and
chlorides in cyclic evaporites is a feature of thermal non-equi-
librium and hot brines — gypsum undersaturated and halite
oversaturated — cause the replacement when they are in contact
with the earlier originated gypsum substrate.

Some gypsum shows fluidal deformations, which could be
aresult of both gypsum dehydration that was due to the increas-
ing pressure of overburden and temperature, as well as to the
origin of gypsum diapirs. These diapirs have been recorded in
the Zechstein of the Harz Mts. (Williams-Stroud and Paul,
1997). The gypsum is secondary, and the diapirs most probably
were formed when the rock was primary gypsum, relatively
early in the basin history. A very early origin of diapirs is indi-
cated by the recorded deformations of unconsolidated Main
Dolomite deposits. It is assumed that the origin of faults and
laterally variable overburden pressure was of primary impor-

tance for the initiation of diapir growth (Williams-Stroud and
Paul, 1997). In West Poland such deformations of the strata at
the Upper Anhydrite—Main Dolomite boundary are fairly
common, which can be related to the origin of such diapirs. On
the other hand, a common local character (in places including a
several-metre-thick bed) of fluidization occurrence suggests
that the gypsum dehydration was due to the increasing pressure
of overburden and temperature, and a sudden decline of
fluidization indicates a complex pattern of circulation of dehy-
dration solutions. In any case, it seems that the anhydritization
of gypsum deposits occurred during the Zechstein deposition
and in some cases it had a stepped nature. Therefore, it can be
assumed that the origin of faults in the overburden of the Basal
Anhydrite was related to the stages of intensive gypsum dehy-
dration or the origin of gypsum diapirs.

IMPLICATIONS AND CONCLUSIONS

Most Zechstein anhydrites precipitated as gypsum (as indi-
cated by common pseudomorphs after gypsum crystals) which
underwent a multistage dehydration. The anhydritization of gyp-
sum deposits occurred during the Zechstein deposition and often
the partial or complete replacement of gypsum by anhydrite was
very early and occurred under negligible cover. The conversion
of gypsum to anhydrite did not evidently affect, as in the
Permian-Triassic boundary interval in Abu Dhabi (Worden et
al., 1997), the primary marine stratigraphic sulphur isotope com-
position. Worden et al. (1997) concluded that the primary differ-
ences in sulphur isotopes were preserved in the rocks and fluids
and that significant mass transfer had not occurred: all reactions
took place in situ and there was no significant sulphur isotope
fractionation. We concur with that conclusion.

In contrast to the range of *'S values, which is within the
range previously recorded from the Zechstein, the spread of §*%0
values is considerably larger in the Werra anhydrites of West Po-
land ( ) due to a large variability of physico-chemical con-
ditions during deposition of the Werra deposits in the part of sed-
imentary basin studied. At least a part of the recorded oxygen
isotopic enrichment in the sulphate resulted from recycling, as
clastic recycling is indicated by the common occurrence of
clastic anhydrite, and this physical recycling could be coupled
with chemical recycling. During the Stassfurt deposition the
physico-chemical conditions became more stable.

Anhydrite cements and nodules in the Main Dolomite often
show greater ranges of 5*%0 and *S values compared to those
in the underlying Werra and overlying Stassfurt anhydrites
( ), which served as the source for the sulphate that
formed anhydrite nodules and cements. Because part of the sam-
ples with anhydrite cements in the Main Dolomite retain seawa-
ter values whereas the others underwent fractionation; either the
sulphate was transported rapidly into the Main Dolomite before
it had a chance to equilibrate fully, or anhydrite cementation pro-
ceeded over a range of temperatures (which can be neglected).
Thus, although the syndepositional control was of primordial
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importance, diagenetic resetting was an important factor that
controlled the 80 values of Zechstein anhydrites.
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