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Dolomitisation was the main diagenetic process in the Upper Permian Zechstein Limestone of the Wolsztyn High — dolomite
cementation (“over-dolomitisation”) also occurred. The rocks studied usually have a mixed mineralogy and represent a con-
tinuous spectrum from pure limestone to pure dolomite. This is due to varying degrees of dolomitisation, dolomite cementa-
tion and dedolomitisation. There are two main types of dolomite: replacement dolomite (mostly planar unimodal dolosparite
mosaics that are mainly fabric-destructive) and cement dolomite (planar isopachous rims and pore-filling non-planar sad-
dle-dolomite crystals). The timing of dolomitisation and dolomite cementation is difficult to ascertain, but comparing petro-
graphical and geochemical data indicates that the reef carbonates were dolomitised shortly after deposition in a near-surface
sabkha/seepage-reflux and then in burial systems. It seems that many of the dolomites gain their present isotopic composi-
tion when buried in relatively high-temperature conditions, as shown by low oxygen isotopic ratios (8180 as low as —9%o0 PDB)
and the presence of saddle dolomite. No isotopic support for a water-mixing mechanism is documented.
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INTRODUCTION

Although the origin of dolomite remains subject to consider-
able controversy, geochemical data and numerical models sug-
gest that most regionally extensive dolomites form(ed) at tem-
peratures around 50-80°, commensurate with depths of 500 m
to a maximum of 2000 m (e.g., Machel, 2004). However, even
the smallest dolomite crystal may be a composite crystal result-
ing from multiple, time-separated phases of dolomitisation. It is
difficult to assign particular petrographic features and/or geo-
chemical signatures to specific phases of dolomitisation (Jones,
2005) as primary dolomitisation of a limestone by basinal fluids
generates similar characteristics to those of a replacive burial do-
lomite (Machel and Burton, 1991; cf. Warren, 2000). In addition,
the formation of numerous dolomite bodies was driven not by
one, but by several mechanisms of dolomitisation (e.g., Nader et
al., 2004; Chen et al., 2004; Garcia-Fresca et al., 2012).

The Upper Permian Zechstein dolomites are products of
both early and late diagenesis (e.g., Flichtbauer, 1980; Clark,
1980; Peryt, 1984, 1987; Tucker and Hollingworth, 1986; Be-
cker, 2002) and the pattern of the occurrence of dolomite is
complex (e.g., Lorenc, 1975; Kijewski, 1981; Peryt, 1984;
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Michalik, 2001). As far as early diagenetic dolomites are con-
cerned, those from the Zechstein Limestone (that preceded the
evaporite deposition — Fig. 1) of marginal carbonate platform fa-
cies in SW Poland show a broad range of nearly 7%o of §'%0 val-
ues (average —1%o) and a relatively narrow range (=3.5%o) of
8'°C values (average +4.6%.) (Magaritz and Peryt, 1994).
These dolomites were thought to have formed via meteoric-
seawater mixing (Magaritz and Peryt, 1994) and such an inter-
pretation for dolomites from the Bonikowo 1 section (located on
the Wolsztyn High in SW Poland) showing §'°0 values —0.67 to
—7.24%0 was accepted by Sylwestrzak (2000). However, the
study of Melim et al. (2004) of mixing-zone diagenesis com-
bined with a critical examination of literature data advocates re-
jection of the mixing-zone dolomitisation model. Dolomites of
the Zechstein Main Dolomite (sandwiched between evaporites
—Fig. 1) in SW Poland show relatively large 'O values (aver-
age 2-3%o), with a broader range of nearly 5%o. 8'°C values
show a relatively limited range (=4%o) but a very large average
value (7%o), and are inferred to have been derived from very
early (near-surface) reflux of dense, hypersaline, Mg-rich brines
(Peryt and Scholle, 1996).

In the basinal facies of the Zechstein Limestone in SW Po-
land, reefs were encountered (Fig. 2), and they are surrounded
laterally and overlain by evaporites (Dyjaczynski et al., 2001;
Dyjaczynski and Peryt, 2014). The purpose of this paper is to
define the mechanisms and timing of dolomitisation in those
reefs, as concluded from carbon and oxygen isotopic investiga-
tions combined with a petrographic study.



504 Marek Jasionowski, Tadeusz Marek Peryt and Tomasz Durakiewicz
Sw » » NE playa lake, aeolian and wadi deposits up to 1000 m
Kosgan 6 T Koscian2  Koscen T hick accumulated during Middle and the earliest
P12 Late Permian times. Those siliciclastic rocks are ab-
Na3 + PZ4 sent from the Wolsztyn Ridge or are replaced by co-
eval volcanic rocks (Kiersnowski et al., 1995, 2010).
o Main Anhyckite (A3) Deposition in the Polish Zechstein Basin com-
o5  OderRockSalt(Na2) menced with flooding of the continental Rotliegend
o) Basal Anhydrite (A2) . .
55 Main Dolomite (Ca2) basin (e.g., Peryt et al., 2012a with references there-

Upper Anhydrite (A19) ~ pig ( ’

Oldest Rock Salt (Na1) 9

Lower Anhydrite (A1d) P
Zechstein Limestone (Ca1)

Wuchia-
p|nglan

1 km

Fig. 1. Stratigraphy of basal and middle parts of the Zechstein (Peryt et al.,
2010a with references therein) shown on an example of an interpreted
seismic section controlled by three boreholes (location of the section is

shown in Fig. 2C)
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GEOLOGICAL SETTING

The Late Permian Polish Zechstein Basin is a part of the
Southern Permian Basin initiated in Late Carboniferous when,
within the Variscan orogenic belt and its foredeep, a number of
sub-depressions developed, separated by horsts and ridges.
One of these ridges, the Wolsztyn Palaeo-Ridge, part of the
Variscan externides, separated two Rotliegend sedimentary
basins (Zielona Géra Basin and the Variscan Foreland) where

in). The first basin-wide lithological unit is the Kupfers-
chiefer, absent from most marginal parts of the
Zechstein Basin as well as from more elevated parts
of the Wolsztyn Palaeo-Ridge. It is followed by
dolomites and limestones of the first cycle carbonate,
the Zechstein Limestone. In the area studied, reef
complexes were formed on more eminent elevations
related to the central part of the Wolsztyn Palaeo-
Ridge (Dyjaczynski et al., 2001; Kiersnowski et al.,
2010; Peryt et al., 2012b). The thickness of reef com-
plexes reaches 90.5 m. Biofacies sequence and the
dominant fauna of those reefs (Raczynski, 2000;
Peryt et al., 2012b) show remarkable similarity to the
isolated reefs described by Flchtbauer (1980) from NW Ger-
many. Coeval basinal sections of the Zechstein Limestone are
very thin in the area studied, often <1 m thick, and consist of lime-
stone and/or dolomite (Dyjaczynski et al., 2001; Kotarba et al.,
2006; Peryt et al., 2014; Dyjaczynski and Peryt, 2014).

In the sections of reef complexes of the Wolsztyn High
zone, five units can generally be distinguished: (i) breccia (char-
acterized by D. Peryt et al., 2012); (ii) bioclastic grainstones with
extraclasts, (iii) bioclastic grainstones and packstones with
abundant anhydrite; (iv) bioclastic wackestones-grainstones
with intraclastic breccia and carbonate crusts; (v) stromatolitic-
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Fig. 2. Location map

A - Zechstein Basin (after Smith, 1980, modified by
Kiersnowski et al., 2010); 1 — Mid North Sea High, 2
— Ringkgbing-Fyn High, 3 — Texel High, 4 — Bran-
denburg-Wolsztyn-Pogorzela High arrow shows
the Wolsztyn reefs; B — Zechstein Limestone Basin
in Poland (after Buniak et al., 2007, in Kiersnowski
etal., 2010); C shows the area shown in Figure 2C;
C — Wolsztyn reefs interpreted from 3D seismic
data (after Geofizyka Torun, in Kiersnowski et al.,
2010)
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pisolithic carbonates (Dyjaczynski et al., 2001; Kiersnowski et
al., 2010; Peryt et al., 2012b). In places where units (i) and (iv)
are absent and deposits of unit (v) lie directly on those of unit
(ii), units (iii) and (iv) were either not deposited or were eroded
prior to unit (v) deposition (Dyjaczynski et al., 2001). Where
present, units (iii) and (iv) constitute the major part of the
Zechstein Limestone section, and unit (v) is mostly several

metres thick.

Units (i)—(iv) in general reflect deposition in subaqueous
environments, whereas unit (v) originated in very shallow wa-
ter and a temporarily subaerial environment. Unit (i) is inter-
preted as a transgressive systems tract (TST; D. Peryt et al.,
2012), units (ii)—(iv) as a highstand systems tract (HST), and

unit (v) as a lowstand systems tract (LST) (Dyjaczynski et al.,
2001). The overlying Lower Anhydrite shows a breccia-like ap-
pearance, nodular anhydrite with clasts of red mudstone oc-
curring, topped by selenitic anhydrite with upward-fining crys-
tals (Peryt et al., 2010b; Hryniv and Peryt, 2010). The (re-
crystallised) anhydrite with clear pseudomorphs after selenite

The subsequent depositional and burial history of the
Zechstein Limestone deposits of the Wolsztyn Palaeo-Ridge
was the same as that of the entire Fore-Sudetic Monocline that
constituted a part of the Polish Basin (e.g., Kotarba et al.,
2006). During Late Permian and Mesozoic times, continual
subsidence took place with periods of accelerated subsi-
dence, until the Turonian to Paleocene tectonic inversion of
the Polish Basin (see Resak et al., 2007; Krzywiec et al., 2009;
and references therein). At present, the base of the Zechstein
Limestone lies at a depth of 2.0-2.5 km, and at the end of Ju-
rassic it was located at a depth of ca. 3.5 km (Karnkowski,
1999: fig. 29). The present temperature at that depth is ca.
80°C (Karnkowski, 1999: fig. 42).

MATERIAL AND METHODS

In this paper we report the results of study of the Zechstein

crystals form the greater part of the anhydrite platform sec-
tions that are related to the elevated areas within the basin
(among them, reef zones), and in the depressed area coeval
halite deposits have formed (Dyjaczynski and Peryt, 2014).
The deposition of the PZ1 evaporites levelled off the earlier
existing relief, making the upper surface of the PZ1 deposits
roughly planar (Dyjaczynski et al., 2001: fig. 2; Dyjaczynski

and Peryt, 2014).

Limestone carbonates in six selected boreholes; two of them are
located in the Koscian Reef (Koscian 9 and 10), two in the
Papro¢ Reef (Papro¢ 21 and 29), and two in the Bronsko Reef
(Bronisko 1 and Kokorzyn 1; Figs. 2 and 3). Of those six bore-
holes, the Zechstein Limestone of the Bronsko 1 borehole was
characterized by Dyjaczynski et al. (2001), and the Kokorzyn 1
borehole by Sylwestrzak (2000). Jasionowski et al. (2000) and
Jasionowski (2010) presented a preliminary interpretation of sta-
ble isotope study of the Zechstein Limestone in other boreholes.
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Fig. 3. Lithological and §'*C and §'®0 logs of selected Zechstein Limestone sections

Triangles — §'°0, circles — 8'°C, solid symbols — calcite, open symbols — dolomite;
units of the Zechstein Limestone after Dyjaczynski et al. (2001)
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Thin sections (332 in total, including 49 for CL study) were
stained with Alizarin Red S and potassium ferricyanide to assist
in the identification of dolomite and to assess the Fe content of
the carbonates. They were studied under a polarizing micro-
scope. The petrographic analysis was enhanced by cathodo-
luminescence observations. In addition, fresh rock samples
and thin sections were examined using a scanning electron mi-
croscope (SEM), and backscattering and microprobe studies
were carried out. To establish the mineralogical composition
and the stoichiometry of dolomite, analyses of 54 samples were
made using the X-ray diffraction method in the Central Chemi-
cal Laboratory of the Polish Geological Institute — National Re-
search Institute in Warszawa. The Philips X-ray Diffractometer
System PW1840 with Cu-tube and solid state detector provided
with an automatic computerized powder identification system
APD 1877 was used.

205 samples were studied for oxygen and carbon isotopes
at the Institute of Physics, Maria Curie-Sktodowska University,
Lublin, Poland. For isotopic analyses of limestone, CO, gas
was extracted from the samples by the reaction of calcite with
H3zPO,4 (McCrea, 1950) at 25°C in a vacuum line, following the
standard. The gas was purified of H,O on a P,0Os trap and col-
lected on a cold finger. Isotopic compositions were analysed
using a modified Russian M/1305 triple-collector mass spec-
trometer (Durakiewicz, 1996) equipped with a gas ion source.
Isobaric correction was applied. After subsequent normalisa-
tion to measured certified reference materials, the isotopic
composition was expressed in per mille (%o0) relative to the
VPDB international standard and separately to PDB. Analyti-
cal precision of both §"°C and §'°0 in a sample was +0.08%.

The temperatures of calcite and dolomite precipitation
were interpreted using the temperature-dependence of the
80-"°0 fractionation factors between calcite and fluid, and
dolomite and fluid (oxygen isotope thermometry), according to
equations given respectively by Vasconcelos et al. (2005) and
Friedman and O’Neil (1977) for low- and high-temperature
dolomites.

RESULTS

MINERALOGY

Petrographical and X-ray studies indicated that the Zech-
stein Limestone rocks usually are of a mixed composition and
represent a continuous spectrum from pure limestone to pure
dolomite (Fig. 4 and Appendix 1*). This is due to varying de-
grees of dolomitisation, dolomite cementation and dedolomi-
tisation. The rocks contain varied amounts of anhydrite (even to
more than a half of rock volume — Fig. 4 and Appendix 1) and
other subordinate and accessory authigenic minerals: fluorite,
ankerite, quartz, celestine, clay minerals, galena, sphalerite,
pyrite, apatite, in addition to siliciclastic and volcanogenic clasts
recorded especially in the lower unit of the Zechstein Limestone
(cf. D. Peryt et al., 2012).

X-ray study and then the calculation of molar concentration
of CaCO; in dolomite based on the position of peak dio4
(Lumsden, 1979) showed that the dolomites are mostly non-
stoichiometric and are characterized by quite varied CaCOj3
content, although most of the values are within the range
47-52%, with the dominant range 49-50% (Fig. 5 and Appen-
dix 1). No clear relation between the calculated dolomite
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Fig. 4. Calcite, dolomite and anhydrite content
in the samples studied (1-54 — see Appendix 1)
according to X-ray analysis

stoichiometry and its petrographic features (and origin) was en-
countered. Microprobe study showed that most dolomite crys-
tals do not contain detectable Fe and Mn admixtures that have
been recorded only in rare crystals of one dolomite generation
characterized by banded structure.

PETROGRAPHY

The Zechstein Limestone deposits were originally composed
of calcite (mostly high-Mg) and partly aragonite (a part of bio-
clasts and synsedimentary cements). Primary calcite is rare;
when present, it builds perfectly preserved bioclasts and ce-
ments, thus the diagenetic transformation was restricted in such
cases to high-Mg — low-Mg calcite transformation. Most depos-
its, however, experienced intense diagenesis, and the dolomi-
tisation and dolomite cementation were the most important pro-
cesses. In addition, dedolomitisation, several phases of calcite
cementation, anhydrite cementation and anhydritisation as well
as authigenic mineral formation were recorded (Figs. 6-12).

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1194
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Fig. 5. Histogram of CaCOj; content in dolomite samples
(1-54 — see Appendix 1)

There are two main types of dolomite in the Zechstein Lime-
stone: replacement dolomite (mostly unimodal dolosparite mo-
saic that is mainly fabric-destructive) and cement dolomite.
Both types show two basic textural types: non-planar and pla-

nar (both subhedral and euhedral) (Sibley and Gregg, 1987),
and the latter are clearly predominant.

Planar dolomites are composed of transparent crystals of
clear rhomb cross-section with a size of several tens of microm-
eters. They occur throughout the entire Zechstein Limestone
section and form usually isopachous rims on bioclasts and pore
walls (Figs. 6, 7D, 9D and 11D). This cement generation follows
the synsedimentary calcite cements and precedes blocky and
other coarse-crystalline calcite cements and non-planar dolo-
mite cement (saddle dolomite). The latter is composed of dark
(due to abundant inclusions) centre and clear outer zones (Fig.
11), and is characterized by fan-shaped extinction and, in the
case of euhedral habit, also by curved crystal walls. They do not
show luminescence due to a high Fe content. Saddle dolomite
is rare, and it usually fills large pores or joints, fully (mono-
crystals) or partly (druse-like aggregates).

There occur three varieties of replacement dolomite in the
Zechstein Limestone: dolomicrite, fine to medium-crystalline
dolosparite, and dolosparite. The latter is rare and the first two
varieties are ubiquitous, being end-members of a continuum.

Dolomicrite is characterized by very fine- or cryptocrystalline
texture. In some cases it underwent a clear recrystallisation that
resulted in a unimodal mosaic of rhomb planar euhedral dolomite
crystals (several tens of micrometres across). Dolomicrite occurs
in sabkha and in pisolithic deposits of the uppermost unit of the
Zechstein Limestone (Fig. 11), as well as in part strongly
dolomitised wackestones, packstones and grainstones forming
units (iii) and (iv), both in the matrix and the mimetically
dolomitised bioclasts and other grains (Figs. 8A-D and 10A-D).

Fig. 6. Bryozoan grainstone (b — bryozoan) with several generations of carbonate cement

The two first generations are syndepositional marine cements forming isopachous rims (fc) and botryoidal ce-
ment (bc) of most probably primary aragonitic mineralogy. The next cement generation is isopachous rim dolo-
mite (dc) intensely red in CL. Individual dolomite rhombs occur also within the botryoidal fabric. The last
generation is coarsely crystalline calcitic sparry cement (cc) showing zoned structure in CL that is also subtly ex-
pressed in BS, indicating delicate differences in chemical composition (probably a greater Mn admixture) indistin-
guishable in microprobe study. Koscian 10, sample 34; A — plane polarized light; B — CL; C, D — backscattered
electron image (BS) of a scanning electron microscope thin section
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Fig. 7. Fully dolomitised bioclastic grainstone; the primary bioclast structures are obliterated
due to fabric-destructive dolomitisation

Dolomitised bioclasts are made of fine dolomite crystals and coated by larger dolomite cement crystals (dc)
showing euhedral forms. Dolomite is intensely red in CL; the pore space filled with poikilitic calcite cement (pc).
Part of the porosity (black areas in CL and BS images) is primary and part is secondary (due to dissolution of

bioclasts). Papro¢ 29, sample 74

A — plane polarized light; B — CL; C — backscattered electron image (BS)
of a scanning electron microscope thin section; D — SEM photo

Those dolomites could have originated both in near-surface con-
ditions (early diagenetic dolomitisation related to the sabkha
zone), and during burial diagenesis.

Fine- and medium-crystalline dolosparite is usually de-
veloped in the form of a unimodal planar mosaic with abundant
inclusions of crystals several tens of micrometres across. It
originated due to the replacement of calcite, forming bioclasts
and micritic deposits which destroyed the primary texture (fab-
ric-destructive dolomitisation). It is common in units (ii), (iii), (iv)
(fully dolomitised grainstones, packstones and wackestones)
(Figs. 7 and 9) and within recrystallised deposits of unit (v) (Fig.
12C, D). Under cathodoluminescence almost all these dolo-
mites show an intense red colour and rarely orange or yel-

low-green colours that are activated by Mn (Habermann et al.,
1996). The length of the emitted waves (and thus the colour)
depends on the position of Mn ions in the crystal lattice. If it sub-
stitutes Mg?* ions, which is the most common case, dolomite
shows a red colour, and the position of the maximum of emis-
sion spectrum at about 660 nm wavelength. More rare yellow or
orange colours are due to the occurrence of Mn?* ions in the po-
sition of Ca®" ions leading to the overlapping of the spectrum
coming from the Ca-replacing Mn (maximum of about 575 nm)
over the maximum of 660 nm (Mg-replacing Mn) (Habermann
etal., 1996). However, microprobe study did not show a detect-
able content of trace elements (including Mn).
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Fig. 8A-D - bioclast-peloid grainstone. Dolomitised grains (red in CL, dark grey in BS) occur within
calcitic cement (yellow in CL, light grey in BS). Although the primary microstructures are fully
recrystallised due to dolomitisation, their outlines are perfectly preserved (f — foraminifer). Papro¢ 29,
sample 72; E-H - dolomitic-calcitic mosaic (in CL dolomite is intensely red and calcite is yellow-black in
CL) with calcitic bryozoan zoarium (b) filled by rim dolomite cement (dc). The zoarium is completely
recrystallised; black are pores. Papro¢ 29, sample 55

A, E — crossed polars; B, F — CL; C, D, G, H — backscattered electron image (BS)
of a scanning electron microscope in thin section
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Fig. 9A-D - fully dolomitised bioclastic grainstone of obliterated primary structure of bioclasts, charac-
terized by very high primary and secondary porosity, party destroyed by anhydrite cement (ac). Much of
the dolomite shows yellow-free colours in CL; rare fluorite crystals (fl) show a blue colour. Dolomitised
grains are coated by rhombohedral euhedral crystals of dolomite cement (dc); Papro¢ 29, sample 62;
E-H - biolithite; Koscian 9, sample 32 (b — bryozoans, o — encrusting foraminifer). Cavern filled by anker-
ite-dolomite-calcite mosaic; ak — ankerite, ¢ — calcite, d — dolomite. Calcite shows a red colourin CL. Do-
lomite crystals show zoning in BS — outer parts of crystals are enriched in Fe and Mn and they are not
bright in CL. Crosses 1-3 in D show places of analyses with microprobe

A, E — crossed polars; B, F — CL; C, G, H — backscattered electron image (BS)
of a scanning electron microscope in thin section; D — SEM photo
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Fig. 10A-F - bioclastic grainstone, Papro¢ 21, sample 2-TMP; a — anhydrite, ¢ — calcite, d4, d, — dolo-
mite. Outer (lighter) zones of dolomite (d,) crystals are enriched in Fe and Mn and they are not bright in
CL (arrows); in places they are calcitised (yellow in CL and light in BS images)

A — plane polarized light; B — CL; C—F — backscattered electron image (BS)
of a scanning electron microscope in thin section

Dolosparite of a banded structure usually comprises pla-
nar euhedral crystals several tens to ca. 100 micrometre
across, individual or clustered in aggregates (Figs. 9 E-H and
10). They show opaque pore centres composed of luminescent
pure dolomite, showing cathode luminescence, that are sur-
rounded by a non-luminescent dolomite rim. This is the youn-
gest dolomite generation occurring rarely in some sections,
usually in their basal parts. In some cases these crystals are
calcitised (Figs. 9H and 10E-F).

STABLE ISOTOPE GEOCHEMISTRY

The oxygen and carbon isotope composition of calcite and
dolomite in the samples studied are listed in Table 1 and shown
in Figures 3 and 13.

Measured values of §'°C of calcite and dolomite in the stud-
ied boreholes are in the ranges shown, except for one sample of
calcite and dolomite, of about 0 to +8%. VPDB (average +4.7%o
for calcite and average +5.13%o for dolomite; Table 1 and Fig.
13). The 5'°0 values show even greater variation from about +3
to —13%o VPDB in calcite (average —4.79%o) and from +3 to —9%o
VPDB in dolomite (average —3.99%o) (Table 1 and Fig. 13).

In the sections studied of the Zechstein Limestone, the ver-
tical variations in the §'°C values and especially 3'0 values are
large, both in calcite and dolomite, but show a random pattern
(Fig. 3), although a slight upward increase trend in 8°C values
can be observed. In addition, the isotopic composition of oxy-
gen is controlled to a greater extent by primary facies and
diagenesis than by the isotopic composition of carbon. For ex-
ample, the calcite mosaic at the base of the Zechstein Lime-
stone in the borehole Papro¢ 29 is highly depleted and the
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Fig. 11A-D - large pore in dolomicrite sabha deposits filled by monocrystal of saddle dolomite (ds). In the
dolomicrite, common silt quartz occurs (darker sharp-edged fields in BS, see arrows in D). Dolomicrite is
cryptocrystalline and only the walls of pores are rimmed by finely crystalline dolomite cement (dc).

Koscian 10, sample 20

A — crossed polars; B — CL; C, D — SEM photos

dolomicritic sabkha deposits in the uppermost part of the
Koscian 9 section are clearly rich in '®0, whereas their §*C val-
ues differ only slightly (see Figs. 13 and 14A).

INTERPRETATION AND DISCUSSION

When the omnipresent anhydrite is ignored and only the
carbonate composition is taken into consideration, most ana-
lysed samples of dolomite and all analysed samples of lime-
stone are not 100% dolomite or 100% calcite, respectively. This
implies that sharp limestone-dolomite contacts are rare, and
this is supported by macroscopic observations. The geometry
of replacement dolomite bodies can be complex, as this is a di-
rect image of the geometry of dolomitising fluid flow paths (Wil-

son et al., 1990) that in turn is controlled by the proximity to the
brine source, zones of relatively higher porosity, and permeabil-
ity contrasts, as indicated by Garcia-Fresca et al. (2012) for the
Permian San Andres Formation (cf. Carmichael and Ferry,
2008; Carmichael et al., 2008; Al-Helal et al., 2012). In addition,
complex limestone-dolomite distribution as observed in the
Zechstein Limestone reefs resulted from multiple reflux events,
both in time and space (cf. Garcia-Fresca et al., 2012).

The timing of the extensive dolomitisation and dolomite ce-
mentation are difficult to ascertain, but combined petrographical
and isotopic geochemical data (e.g., dominance of planar and
sparsity of nonplanar dolomites, relatively high §'°0 values) in-
dicates that the reef carbonates were dolomitised soon after de-
position in a near-surface sabkha/seepage-reflux system. Cal-
cite was mostly dolomitised in association with low-temperature
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Fig. 12A, B - partly recrystallised vadoid grainstone; pores filled by calcite cement (red in CL) and
anhydrite cement (black in CL). Koscian 9, sample 16; C, D — sabkha dolomite composed of unimodal mo-
saic of fine dolomite crystal rhombs; slightly larger dolomite crystals occur in pores; q — authigenic
quartz, ac — anhydrite cement. Koscian 9, sample 13 (C), Koscian 19 (D)

A — crossed polars; B — CL; C, D — SEM photos
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Fig. 13. Oxygen and carbon isotopes in the Zechstein Limestone (Ca1) deposits of the
Wolsztyn High in the reef sections studied (Bronsko 1 after Dyjaczynski et al., 2001)
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Table 1

The oxygen and carbon isotope composition (in %) of calcite and dolomite in the samples studied

. ) . Standard
Minimum | Maximum Mean Mediane L
Borehole Mineralogy Number of deviation
analyses [%] [%] [%] [%] 0
[%]
calcite — 8°C 20 2.34 6.94 5.39 5.36 1.01
calcite — §'®0 20 -6.62 -1.8 —4.26 —4.43 1.19
Bronsko 1
dolomite — §'°C 25 37 7.09 5.71 5.67 0.79
dolomite — §'®0 25 -8.1 1.18 -3.57 -3.4 2.64
calcite — 8°C 48 2.89 8.26 5.11 5.22 1.08
calcite — §'0 48 -8.79 2.21 -4.68 —4.86 2.15
Kokorzyn 1
dolomite — §°C 23 3.72 71 54 5.48 0.91
dolomite — §'®0 23 -8.97 2.18 —4.64 -5.31 3.59
calcite — 8'°C 8 -2.16 3.17 1.23 1.68 1.68
calcite — §'®0 8 -10.13 -1.91 -6.08 -6.14 3.0
Koscian 9
dolomite — §'°C 22 1.21 7.87 5.18 5.52 1.57
dolomite — §'%0 22 -8.11 3.085 —2.23 —2.55 3.41
calcite — 8'°C 20 0.85 5.33 2.80 2.84 1.14
calcite — §'®%0 20 -9.39 3.2 -5.06 —-5.34 3.05
Koscian 10
dolomite — §°C 11 1.83 5.48 4.22 4.26 1.05
dolomite — §'%0 11 -8.88 -0.07 —-4.81 -4.93 2.80
calcite — 8"°C 12 2.01 5.88 4.35 5.21 1.52
calcite — 8'®0 12 -7.34 0.3 —4.05 —4.65 2.46
Papro¢ 21
dolomite — §°C 25 2.33 7.58 5.57 5.52 1.20
dolomite — §'%0 25 -8.87 1.86 —4.74 -5.13 2.70
calcite — 8°C 18 2.7 5.72 4.41 4.46 0.88
calcite — 8'®0 18 -12.97 0.37 -5.27 —4.58 4.15
Papro¢ 29
dolomite — §'°C 21 -1.11 6.72 4.05 4.56 1.82
dolomite — §'%0 21 -8.84 2.06 —4.28 —4.6 3.20
calcite — 8°C 126 -2.16 8.26 4.37 4.64 1.63
calcite — §'®0 126 —12.97 3.20 —4.79 —4.72 2.65
TOTAL
dolomite — §'°C 127 -1.11 7.87 513 5.41 1.39
dolomite — §'%0 127 -8.97 3.08 -3.99 —4.74 3.16

seepage reflux during deposition of the overlying PZ1 sulphate
deposits. This process was accompanied by anhydrite precipi-
tation (cf. Rahimpour-Bonab et al., 2010).

This dolomitisation was usually fabric-selective, or at least
fabric-retentive, as is common for low-temperature dolomite
(Machel, 2004). In contrast, high-temperature dolomitisation
is mostly fabric-destructive (cf. Machel, 2004). Machel (2004)
concluded that dolomites that originally form very close to the
surface and from evaporitic brines tend to recrystallise with
time and during burial, and the case studied fully supports
such a conclusion. This early dolomite (either of sabkha or re-
flux origin) was extensively recrystallised during burial with
neomorphism and formation of fabric-destructive dolomites,
and dolomite cement precipitated from highly saline, hot wa-
ters during Late Permian to Triassic times that were character-

ized by higher heat flow, that subsequently decreased during
the Early Jurassic to Late Cretaceous (Karnkowski, 1999;
Kotarba et al., 2006).

The isotopic composition of dolomites may actually reflect a
gross representation of the chemistry of recrystallising fluids,
rather than the composition of the original fluids (e.g., Land,
1985; Hardie, 1987), and therefore diagenetic stabilization after
multiple periods of dolomitisation produces complex dolomite
textures and chemical compositions (Gao and Land, 1991;
Gregg et al., 2001; El-Tabakh et al., 2004).

Very positive carbon isotopic values recorded in the Zech-
stein Limestone are typical of Permian dolomites of marine
provenance (8'>C values about +4%, PDB — Scholle, 1995) and
are probably related to changes in the burial rate of organic car-
bon during this period (Scholle, 1995). Those values indicate
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that the basic source for carbonate ions during diagenesis was
the Zechstein Limestone deposits, and therefore the diagenetic
system was closed as far as the carbon is concerned. Most
measured values of §'°C of calcite and dolomite overlap in the
range 2—3%o and thus it is assumed that in most cases the car-
bon isotope composition of replacement dolomite was inherited
from its calcite (Table 1).

A broad range of 8'80 values was found in the dolomites,
corresponding to both the low- and high-temperature dolo-
mites (Fig. 13). Two groups of dolomite can be distinguished
(Fig. 14A).

The first group are laminated or structureless and cavern-
ous sabkha dolomicrites with anhydrite and pisolithic deposits
that were syndepositionally dolomitised in the sabkha environ-
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ment by solutions enriched in "®0 due to evaporation. The §'°0
values are from 0 to +3%. VPDB. Assuming a crystallisation
temperature of 40°C, sabkha deposits originated from water
characterized by 5'80 values close to 0%. SMOW, which corre-
sponds to slightly evaporated ice-free Late Permian seawater
(Chen et al., 2013). Depending on the temperature, an uncer-
tainty in 8'0 of fluid of +1%. translates into an uncertainty in the
temperatures recorded by §'0 of calcite or dolomite of 5 to
1+8°C (Carmichael and Ferry, 2008).

A part of the isotopically heavier deposits is also repre-
sented by dolomitised grainstones showing perfectly preserved
primary fabric (fabric-preserving dolomitisation; Fig. 14A).
These dolomites might have originated through dolomitisation
in the sabkha environment or through reflux.

Other dolomites, independently of primary facies and
diagenesis intensity, show low 8'0 values (from —2 do —10%o
VVPDB) that often are located within the field of interfingering of
low- and high-temperature dolomites (Fig. 14A) and thus it is
difficult to conclude their origin. Assuming that dolomites have
low-temperature provenance (for example, they originated in
the mixing zone), the 8'0 values of water should be very low (in
some cases around —10%o. PDB — see Fig. 14B). This seems to

be improbable, even if the isotopic composition of Late Permian
sea water was slightly lighter and the Earth surface tempera-
tures were much higher than they are today (Chen et al., 2013;
Schobben et al., 2014). In turn, if crystallisation at a higher tem-
perature is accepted, the §'20 values are more realistic. There-
fore it seems that most of the dolomites gained their present
isotopic composition in burial conditions at relatively high tem-
peratures (see Fig. 14B), and such a conclusion is supported by
the presence of saddle dolomite that is characteristic for deeply
buried conditions with temperatures ranging from 60 to 150°C
(Radke and Mathias, 1980). However, the most common petro-
graphic texture of dolomite is planar, typical of low-temperature
diagenetic environments (Sibley and Gregg, 1987) although
Wright et al. (2004) deduced, for the Lower Carboniferous of
Ireland, that planar replacement dolomite can be produced by
modification of sea water by an increase in temperature to a
minimum of 50°C and a maximum of 70°C, and thus was inher-
ited after earlier, low-temperature phases of dolomite formation.
Jones (2005) showed that the development of planar as op-
posed to non-planar boundaries of dolomite crystals is not al-
ways dependent on the critical roughening temperature. The
number of major dolomitisation phases is difficult to ascertain.
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The dolomites studied show a much greater range of §'°0
values and a slightly greater range of §'"°C values than dolo-
mites from the marginal carbonate platform of the Zechstein
Limestone in SW Poland (Fig. 14), and at the same time a simi-
lar range of 8'®0 values and slightly greater range of §'°C val-
ues than dolomites from the Hessian Zechstein characterized
by Becker (2002). He distinguished four types of dolomites,
based on petrography, cathodoluminescence, trace elements
and carbon and oxygen isotope data:
— dolomite 1 formed in a sabkha environment and charac-
terized by %0 values ranging from —2.4 to 1.5%o;

— dolomite 2 formed due to brine-reflux during deposition
of the Lower Werra Anhydrite — it shows 80 values
from —0.8 to 3.4%q;

— dolomite 3 formed during shallow burial dolomitisation,

with §'0 values from —8.2 to 0.3%o; and the youngest;

— saddle dolomite, with 80 values from —5.7 to —9.3%o

(Becker, 2002; Fig. 15).

8'®0 values of the dolomites from three basinal sections lo-
cated close to the reefs studied (Papro¢ 28, Koscian 21 and
Czarna Wies$ 4 — Peryt et al., 2014) range from —2.4 to 7.1%o
and §8'C values are from 1 to 7.2%o; thus their ranges are
smaller. The basinal dolomites show higher 8'%0 values com-
pared to the reef sections (Fig. 14; Peryt et al., 2014).

The dolomites of the isolated reefs differ from the dolomites
in reefs related to the marginal carbonate platform in that the
latter are mostly stoichiometric and well ordered (Magaritz and
Peryt, 1994). Evaporitic dolomites tend to be more stoichio-
metric (Lumsden and Chimahusky, 1980). Kaczmarek and
Sibley (2011) concluded that dolomite does not evolve towards
more stoichiometric composition, but instead, more stoichio-
metric dolomite was formed in solutions with higher Mg/Ca.

CONCLUSIONS

1. The Zechstein Limestone sections of the Wolsztyn High
are usually of a mixed mineralogical composition and represent
a continuous spectrum from pure limestone to pure dolomite.
This is due to varying degrees of dolomitisation, dolomite ce-
mentation and dedolomitisation. Dolomitisation was the main
diagenetic process and it was accompanied by dolomite ce-
mentation (“over-dolomitisation”).

2. Both main types of dolomite, replacement dolomite and
cement dolomite, show two basic textural types: non-planar and
planar (both subhedral and euhedral).

3. Petrographical and geochemical data indicate that the
reefs were dolomitised shortly after deposition in a near-surface
sabkha/seepage-reflux environment, probably from cumulative
short-lived events, and then in burial conditions.

4. The present isotopic composition of dolomites was con-
trolled by relatively high-temperature burial conditions as shown
by quite low oxygen isotopic ratios (8180 as low as —-9%0 PDB)
and the presence of saddle dolomite. There is no isotopic evi-
dence for mixing-water dolomitisation.
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