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Alicja KASPRZYK

Zechstein Anhydrites NW of the Holy Cross Mts. (Upper
Permian, central Poland): facies and palaeogeography

The facies variety of the sulphate deposits in the Zechstein of the Holy Cross Mits. reflects distinct sedimentary
conditions in the peripheral part of the evaporitic basin, where the cyclic sedimentation of PZ1, PZ2, PZ3, and
PZA was largely affected by input of ternigenous material. In this area two sectors, southern and northern, may be
distinguished on the basis of facies zonation. During the evaporite sedimentation, a major area north-west of the
Holy Cross Mts. was exposed and affected by intense denudation at low sea level stands. Tn the marginal zone,
evaporites are lacking and their facies equivalents are siliciclastic deposits. Palacogeographic and facies patterns
were controlled mainly by climatic and tectonic factors,

INTRODUCTION

Throughout geological history giant evaporitic accumulations have been formed under
particular climatic and tectonic conditions that occurred in the past but do not exist today
(P. Sonnenfeld, 1984). Although no modern analog exists as far as size is concerned, facies
comparison has important implications for the interpretation of the sedimentary regime
during evaporite deposition (J. K. Warren, C. G. S. C. Kendall, 1985; B. C, Schreiber, 1988).
Consequently, the facies and sedimentary variety of evaporites are attributed to a wide range
of depositional settings, as indicated by the study of modern evaporitic environments, all
of which have the common attribute of aridity (e.g. A. V. Arakel, 1980; F. Orti Cabo et al.,
1984; B. W.Logan, 1987; B. H. Purser eral., 1987, C. G. S. C. Kendall, J. K. Warren, 1988),

The facies succession and lateral distribution of the Zechstein (Upper Permian) deposits
north-west of the Holy Cross Mts. (Fig. 1) are an expression of different basin configuration
in the peripheral part of the Polish Basin (R. Wagner, 1994). In this area, shallow-water
evaporites formed on the shelf whilst in the basin margin sabkha deposition took place (op.
cit.). Along with sea-water ingressions, successive deposition of pelites, carbonates and
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Fig. 1. Location of studied borehales in the area north-west of the Holy Cross Mis.
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evaporites resulted in evaporitic sedimentary cycles, which were largely incomplete in the
marginal zone (Z. Kowalczewski, M. Rup, 1989; Z. Kowalczewski, S. Zbroja, in press). As
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aresult, the lithostratigraphic correlation of sedimentary cycles between the marginal and
basinal parts of the Zechstein basin is difficult and sometimes controversial in a more
detajled approach (discussion in: Z. Kowalczewski, M. Rup, 1989; R. Wagner, 1994).

In this paper the facies and sedimentary pattern of sulphate deposits is discussed and
used to reconstruct palaeoenvironmental conditions during cychc evaporite deposition in
the peripheral part of the Zechstein basin. For these purposes, several boreholes with
sulphate deposits at depth between 275.0 and 2267.0 m, located north-west of the Holy
Cross Mts. (Fig. 1) were chosen for detailed lithofacies and sedimentary studies. The results
of this work provide implications for interpretation of sedimentary evolution in peripheral
areas of the Polish Zechstein Basin.

GEOLOGICAL SETTING

During the latest Permian, laterally-extensive evaporite sedimentation took place in a
shallow epicontinental basin which occupied large areas of central and eastern Eurape, from
the North Sea to Lithuania (R. Wagner, 1994). The resulting evaporite-bearing formation
of the Zechstein locally exceeds 1000 m in thickness and comprises interbedded carbonates,
anhydrites, halites, locally K-Mg salts, and terrigenous clastic deposits, which are strongly
cyclic. In the lithostratigraphic division of the Zechstein formation distinct sulphate units
are distinguished within each evaporite cycle (Table 1).

The Zechstein deposits north-west of the Holy Cross Mts. are from 3 to 760.6 m thick
(the supposed original thickness is estimated from several tens to hundreds metres, S.
Zbroja, personal communication 1995), and the major part is ascribed to the PZ1 cycle (Z.
Kowalczewski, M. Rup, 1989). The oldest lithostratigraphic units are the Zechstein Lime-
stone (Cal) and the locally developed Copper Shale (T1) (Table 1). In the most complete
section, two anhydrite units of the PZ1: the Lower Anhydrite (A1d) and the Upper Anhydrite
(Alg) are separated by the Oldest Halite (Nal). The PZ2 deposits show limited extent and
comprise the Main Dolomite (Ca2) and the Basal Anhydrite (A2) units. The succession of
PZ3 contains the Grey Pelite at the base, which is overlain by the Platy Dolomite (Ca3), the
Main Anhydrite (A3), and finally by the Younger Halite (Na3). The PZ4 cyclothem is made
up of terrigenous-evaporitic sequences. In the extreme peripheral part of the basin, evaporite
units are absent and replaced by siliciclastic deposits referred to as the Recessive Terrige-
nous Series Tlr, T2r, and PZt in the lithostratigraphic division of the Zechstein (Table 1).

The Zechstein deposits developed in carbonate-siliciclastic facies, locally with sul-
phates, are exposed or occur in the shallow subsurface in the western part of the Holy Cross
Mits. (Fig. 1). In distal peripheries the cyclic sequences of the PZ1, PZ2, PZ3, and PZ4 are
more complete and well fitted to the lithostratigraphic division of the Zechstein in the Polish
Basin (R. Wagneretal.,, 1978; R. Wagner, 1988, 1994). The succession of facies throughout
the cycle is transgressive-regressive, which reflects relative changes in sea level and in the
physicochemical regime of sedimentation (Z. Kowalczewski, M. Rup, 1989; R. Wagner,
1994).

The regional tectonic framework of the study area is characterized by a dominant E-W
and ESE-WNW fault system (Fig. 1), linked to late Variscan and Alpian diastrophism (Z.
Kowalczewski et al., 1990).
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FACIES AND SEQUENCES

A general zonal distribution of sedimentary facies of the Zechstein Anhydrites north-
west of the Holy Cross Mts. permits the distinction of two palacogeographic regions,
different in facies variation and sedimentary evolution (Figs. 2 and 3; P I, Figs. 8-14). In
the southern region (so-called “...proximal Permian-Mesozoic margin of the Holy Cross
Mountains...”, Z. Kowalczewski, S. Zbroja, in press), the following boreholes are located:
Ruda Strawczyriska 1, Stachura IG 1, Cmirisk 3, Tumlin Podgrodzie IG 1, Jaworzna IG 1,
Goleniawy IG 1, Jaworze IG 1, Eaczna Zaszosie IG | (Figs. 1 and 2). The northern region,
represented by borehole Nie$win PIG 1, is part of the distal periphery of the Holy Cross
Mits.

PZ1 ANHYDRITES

In the vertical section, sulphate deposits of the PZ1 cycle locally exhibit (Stachura IG
1, Tumlin Podgrodzie IG 1, Jaworze IG 1, Nie§wir PIG 1) a distinct bipartition which
comprises the Lower Anhydrite (Ald) and the Upper Anhydrite (Alg) units (Fig. 2). In
other profiles studied, the only sulphate unit present is the Upper Anhydrite (S. Zbroja,
1990; A. Kasprzyk, 1994).

LOWER ANHYDRITE Ald

In the southern region, the Lower Anhydrite is 6.0-9.6 m thick (Fig. 2). It is composed
of nodular, nodular-mosaic and mosaic sulphate facies (anhydrite and secondary gypsum)
interbedded with red mudstones and (or) dolostenes, which commonly show sulphate
impregnation and nodules (PL I, Figs. 8 and 9). Nodules are millimetre-centimetre sized
and occur isolated or aggregated into nodular layers, deforming the relict lamination of the
hostrock. They are connected with each other by a dense net of fibrous gypsum veins. Other
characteristic sedimentary structures are lamination (planar, irregular and flaser), biolami-
nation, grading, load structures, and brecciated layers. The transition to underlying deposits
of the Zechstein Limestone and to overlying siliciclastics of the Terrigenous Secies Tlr is
gradual and expressed as a relative decrease (< 50% on average) of the sulphate content (A.
Kasprzyk, 1994).

In the Nieswiri PIG 1 section, the Lower Anhydrite has been geophysically recognized
at depth 2260.5-2286.1 m (Z. Kowalczewski ef al., 1991). The 3-metre long cored interval
(depth 2264.0-2267.0 m) is composed of flaser anhydrites in the lower part, followed by
massive and mosaic anhydrites with pseudomorphs after grass-like selenites; at the top,
banded anhydrite with graded layers is present (PI. I, Fig. 10).

_ UPPER ANHYDRITE Alg

In the studied area, the Upper Anhydrite is the best developed and the most extensive
sulphate horizon which reaches 53.5 m in thickness (Nie§win PIG 1) (Fig. 2).

Based on a vertical set of lithofacies it is possible to distinguish four units (lithotypes),
designated A, B, C, D (Fig. 4); each of them comprises a characteristic variety of facies
which has palaeoenvironmental implications (A. Kasprzyk, 1994).
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UnitA is composed of mixed siliciclastic-carbonate-sulphate facies which is transitional
between Tlr siliciclastics and overlying sulphate deposits (Fig. 4). Locally in the southern
region (Tumlin Podgrodzie IG 1, Jaworzna IG 1, Goleniawy IG 1, £3czna Zaszosie IG 1)
there is an alternation of layers, from some centimetres to decimetres thick, of carbonate
and sulphate facies. Among them biolaminites as well as nodular and banded sulphate rocks
(gypsum and anhydrite) contaminated with clay and carbonate material are dominant, and
all display irregular clayey-organic lamination. In other sections (Ruda Strawczyniska 1,
StachuraIG 1, Cmifisk 3, Jaworze IG 1) unit A is composed of red mudstones, locally sandy,
which commonly reveal sulphate impregnation and nodules (often calcified), and minor
interbeds of carbonate rocks (limestones, dolostones, marls) (Fig. 2).

Unit B is distinctive in the sequence of the Upper Anhydrite by a presence of clayey-
anhydrite breccias and conglomerates 0.45-8.70 m thick. Clasts are slightly abraded or
angular fragments, millimetre-centimetre sized, of massive and laminated anhydrites and
secondary gypsum, limestones, dolostones, claystones, and mudstones, embedded in a
pelitic or clayey-carbonate-sulphate matrix (P1. I, Fig. 11). Aligned, deformed and partly
liquefied clasts are common. Locally, packets of sulphate-pelitic-carbonate laminae occur
as interbeds within the thicker layers of breccias (Jaworze IG 1, Eaczna Zaszosie IG 1). In
the Ruda Strawczyriska 1 and Tumlin Podgrodzie 1G 1 sections the local equivalents of
breccias are sandy mudstones with sulphate nodules and impregnation, commonly showing
distorted and deformation structures.

Breccias occur throughout the Alg section in different positions: in the middle or lower
parts, just at the boundary with the Terrigenous Series T1r (southern region), or in the upper
part (Nieswif PIG 1) (Fig. 2). It seems to be a rule that toward the north, with increasing
burial, breccias displace upwards through the A 1g section, and disappear in the central parts
of the Zechstein basin (R. Wagner, 1994).

All features described allow the interpretation of unit B as an equivalent of the PZI
Anhydrite Breccia (BrAl), distinguished by R. Wagner (1988) in the lithostratigraphic
division of the peripheral parts of the Zechstein basin (Table 1).

In the middle section of the Upper Anhydrite — usually a thick (from 4.1 to 26.2 m)
sulphate complex — unit C occurs (Fig. 4). It is composed of massive and mosaic gypsum
and anhydrites with common pseudomorphs (up to 5 cm high) after grass-like and cavoli
selenites (PL. I, Fig. 12). Locally the transition to laminated, mosaic or bedded nodular-mo-
saic varieties, several decimetres thick, is observed. Massive and mosaic anhydrites are
dominant lithologies of the Upper Anhydrite in the Nie§wir PIG 1 section (Fig. 3). They
are Jacking in the extreme peripheral areas (Ruda Strawczysiska 1 — Fig. 4).

Fig. 2. Lithofacies of the Zechstein Anhydrites in studied boreholes

Wyksztalcenie litofacjalne pozioméw anhydrytowych cechsztynu w badanych otworach wieriniczych

| — brekeje anhydrytowo-ilaste, 2 — biolaminoidy, 3 — anhydryty gruztowe, 4 — anhydryty gruztowo-maozai-
kowe, 5 — anhydryty gruztowo-mozaikowe warstwowane, 6 — anhydryly mozaikowe, 7 — anhydryty warstwo-
wane, 8 — anhydryty chmurzyste, 9 — anhydryty masywne, 10 — anhydryty masywne grubokrystaliczne, 11 —
anhydryty laminowane, 12— anhydryty szkieletowe, 13 — gipsy wiéme, 14 — wapienie, 15 — dolomity, 16 —
dolomity z gruztami, 17 — itowce, 18 — mulowee, 19 — ilowce z gruziami 1 impregnacjami siarczanowymi, 20
— mulowee z gruztami i impregnacjami siarczanowymi, 21 — piaskowee, 22 — zasieg anhydrytéw A2, 23 —
zasi¢g anhydrytu gléwnego A3, 24 — zasig anhydrytu dolnego A ld, 25 — zasigg anhydrytu gémego Alg
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In the southern region, the Alg sequence is terminated by unit D (Fig. 4), which
comprises different sulphate lithofacies greatly contaminated with clay and carbonate. The
mostcommon varieties are nodular and banded gypsum and anhydrite. They are intercalated
with marls and claystones that abound in sulphate nodules and impregnation. This facies
variety is transitional to the overlying Terrigenous Series of PZ2 (Fig. 4).

BASAL ANHYDRITE A2

In the northern region (Nieswif PIG 1), the facies association of the Basal Anhydrite is
3.5 m thick and consists of mosaic, nodular and nodular-mosaic bedded anhydrites (PL. I,
Fig. 13). Characteristic structures are: irregular biolamination, occasionally with preserved
calcifield cyanobacterial filarents, fenestrae, deformation structures, and sulphate nodules
— horizontally aligned, single or aggregated in layers. Nodules are several centimetres in
diameter and show features typical of displacement growth within the laminated pelitic-car-
bonate matrix. These deposits grade upward into red mudstones of the Terrigenous Series
T2r, which, in turn, are followed by a layer, 2.1 m thick, of intercalated mosaic, nodular-
mosaic and nodular anhydrites referred to as the Screening Anhydrite of PZ2 (A2r) (Z.
Kowalczewski er al., 1991) (Fig. 3). The nodular lithologies are distinctive due to the
presence of sulphate nodules, from some millimetres to a centimetre in diameter, commonly
aggregated, deformed and embedded in the pelitic matrix, irregulary laminated with organic
matter. Locally relict pseudomorphic structures after cavoli selenites and prismatic gypsum
crystals (up to 3 cm long) may be seen, although recrystallization largely obliterated the
original crystal morphologies. The transition to overlying dolomitic mudstones of the Grey
Pelite (T3) is gradual,

In the southern tegion, the sulphate deposits of the PZ2 cycle are lacking (Figs. 2 and
4). A greatdiversity of siliciclastic facies, defined as the Terrigenous Series of the PZ2 cycle
(S. Zbroja, 1990), comprises siltstone breccias with pelitic matrix in the extreme peripheries,
and dolomitic sandslones, mudstones and claystones in more distal areas. Considering the
palaeogeographic pattern in the peripheral parts of the Zechstein basin (e.g. R. Wagner,
1994), these deposits are interpreted as a facies equivalent of the PZ2 carbonates and
anhydrites of the northern region (Z. Kowalczewski, S. Zbroja, in press) (Table 1).

MAIN ANHYDRITE A3
The sulphate deposits of cycle PZ3 are widespread in the northern region (Fig. 5). In the

profile of Nie§wif PIG 1 they are 31.0 m thick. The 8-metre long cored interval (depth
18641872 m) from the upper part of the complex is completely composed of skeleral

Fig. 3. Correlation of the Zechstein Anhydrites in bareholes Tumlin Podgrodzie IG 1 and Nieswird PIG 1
Explanations in Table 1

Korelacia pozioméw anhydryrowych w otworach: Tumlin Podgrodzie IG 1 1 Nieswirt PIG |

I — gipsy widme, 2 — anhydryty sztieletowe, 3 — anhydryty soczewowo-smuzyste, mozaikowe i masywrne, 4
— anhydryty chmurzyste, 5 — anhydryty laminowane, 6 — anhydryty warstwowane, 7 — anhydryty gruztowe i
gruztowo-mozaikowe, 8 — brekeje anhydrytowo-ilaste, 9 — biolaminoidy, 10 — ilowee, mulowce z siarczanami,
11 — dolomity z siarczanami, |2 — interwal nierdzeniowany, pozostale objasnienia w tabeli 1



10
5] & 12km
[b]

W

A A
Stachura G 1 L 5 E
’L Tumlin Joworzna IG 1 A
Podgrodzie 16 1
1 gl 3 6 8
Ruda Cad Cminsk3 ,L pyt OoleniowyiG1 7 taczna
Strowczyhska 1 L 1 e Ca3 Jaworze IG 1 Zaszosie G 1
T3 i’
L <TE L i)
V=" VX v_:u vr A3 Pzl
&
IR 5 T2r
V'Y o
!./é.;_); VT
Y=y hnd r~t—
] 35 Al
W @ ® 5
Tir Tir Tir
VTV
Cat
T1

Sobkha facies: (Vv +] sulphatet) E253] carbonate - sulphatel?) X323 siliciclastic - sulphate(3}[Zc =] carbonale ~ siliciclasticlk) e siliciclastic (5]
Saling lacies &}

@ - @ lithotypes of the Upper Anhydrile

g6t

shzsdsery eflly




Zechstein Anhydrites NW of the Holy Crass Mis.... 499

anhydrites, which is a transitional facies between sulphate and halite rocks (cf. A. Kasprzyk,
1992). This variety is distinguished because of abundant halite cement and the importance
of porosity due to dissolution (PL. I, Fig. 14). The rock is fragile and crumbles when strongly
impregnated with halite. Halite crystals are up to 2 cm in diameter, and aggregated into
irregular clusters or bands within the anhydrite host rock contaminated with dolomicrite
and organic matter. Fairly well preserved pseudomorphs after selenite crystals are typical
(PL 1, Fig. 14).

In the southern region, the Main Anhydrite does not exceed 3.3 m in thickness and
appears only locally (Tumlin Podgrodzie 1G 1, Goleniawy IG 1, Jaworze IG 1) above the
microbialites of the Platy Dolomite (Ca3) (Fig. 4). It is composed of secondary gypsum
largely contaminated with pelitic-dolomite-organic material which occurs dispersed or in
streaks, diffuse bands, and interbeds. Characteristic structures of sulphates are: nodular,
banded and nodular-mosaic, Grading, cross-lamination, load structures, deformation lami-
nation, and biolamination are common features of the pelitic-dolomitic matrix and inter-
beds.

The top erosional surface of the Main Anhydrite is overlain by grey claystones and sandy
mudstones, commonly cross-laminated, ascribed to the Top Terrigenous Series (PZt), which
terminates the sequence of Zechstein depaosits in the studied sections (Z. Kowalczewski, S.
Zbroja, in press).

INTERPRETATION OF SEDIMENTARY ENVIRONMENT

A general zonal distribution of the sedimentary facies in the peripheral parts of the
Zechstein basin was determined by complex interactions resulting from basin configuration,
salt and water budgets, and the impact of local floods and sediment accretion, all affected
by climatic and tectonic conditions (e. g. T. M. Peryt, 1984; Z. Kowalczewski, M. Rup,
1989; R. Wagner, 1994; A Kasprzyk, 1994).

Basin morphology was one of the major controlling factors. In peripheral parts of the
evaporitic bastn the topographic configuration (inherited from the deposition of the Upper
Rotliegendes) favoured continual free-flow water exchange between the shelf and the basin
centre. In the area north-west of the Holy Cross Mits., the topographic pattern was related
directly to three distinct structural elements: (1) the Palaeozoic core of the Holy Cross Mits.
(the Holy Cross Mis. Land), (2) the Wioszczowa Elevation, and (3) the Radom-Krasnik
Upland, which separated Podlasie Bay from the Holy Cross Mts. Terrace (R. Wagner, 1988;
A. Morawska, 1992). These structural elements restricted sea-water incursions and affected
the facies distribution (Fig. S). During Zechstein deposition, a system of widespread
sulphate platforms and adjacent basins formed north-west of the Holy Cross Mits. The

Fig. 4. Swratigraphic-facies cross-section through the Zechstein Anhydrites along the line A — A’

Przekrdj stratygraficzno-facjalny poziomdw anhydrylowych cechsztyno wedluz linii A — A’

Kompleks sebhy — facje: 1 — siarczanawa, 2 — weglanowo-siarczanowa, 3 — silikoklastyczno-siarczanowa, 4
— weglanowo-silikcklastyczna, 5 — silikoklastyczna; 6 — salina; 4-D — lilotypy anhydrytu gérnego
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topographic configuration of the basement was important for the formation of the Zechstein
Anhydrites.

The facies variety of sulphate deposits (Figs. 2 and 3; Pl ], Figs. 8—14) reflects distinct
sedimentary conditions in the study area. They comprise subaqueous (relatively deep-water
and shallow-water) as well as subaerial seltings (Figs. 4, 6 and 7) as may be interpreted by
comparing the facies with recent evaporitic environments.

Studies of coastal salinas and sabkhas (e.g. A. V. Arakel, 1980; F. Orti Cabo et al., 1984;
B.W.Logan, 1987; B. H. Purser et al., 1987, C. G. S. C. Kendall, I. K. Warren, 1988) allow
more detailed reconstruction of sedimentary conditions during the sulphate deposition in
the peripheral areas of the Zechstein basin (Fig. 6). During low stands of sea level the sabkha
complex developed in the peritidal zone of the basin margin (Fig. 7). The sabkha complex
is defined by great facies diversity, that comprises siliciclastic, carbonate and sulphate
deposits formed in subaerial settings and in ephemeral hypersaline ponds of the coastal flats.
Characteristic sedimentary structures are: biolamination, stromatolites, sulphate nodules
and enteroliths, erosional surfaces, dessication cracks. A stromatolitic and nodular facies
developed in extremely shallow-water to subaerial environments, whereas bottom-nu-
cleated selenites grew in stratified and high salinity lagoons (salinas) a few metres deep
(Fig. 7). All these settings were episodically affected by incursions of sea-water as well as
brackish-water inflow by runoff from the hinterland. Selenites developed characteristic
morphological forms: grass-like and cavoli horizons, giant intergrowths, sabre-like crystals,
all well known from recent salinas of southern and western Australia and south-eastern
Spain (J. K. Warren, [982; F. Orti Cabo et al., [984; B. W. Logan, 1987). Physical accretion
of clastic deposits with a common assemblage of structures: cross-lamination, ripples,
grading, prevailed in periods of high-water dynamics. Tectonic-eustatic activity, along with
increased subsidence, promoted gravity-controlled basinward redistribution of clastic sul-
phate deposits by mass flows (T. M. Peryt er al., 1993) (Fig. 7).

DIAGENESIS

Evaporites are easily affected by diagenetic alterations which lead to partial or complete
obliteration of the original structure of the rocks (A. C. Kendall, 1992). The effects of these
alterations, including dissolution-reprecipitation, displacement and replacement growth,
are especially strongly manifested in the Zechstein section, where the only sulphates
identified in the cores studied are anhydrite and secondary gypsum.

Preservation of sedimentary structures and pseudomorphs after crystalline fabrics of
primary gypsum facies within the anhydrites (P11, Figs. 9, 10, 12-14) indicate that gypsum
was the main original sedimentary product, which was transformed to anhydrite during
burial diagenesis. Alteration processes are altributed to high burial temperature and (or)
pressure (cf. R. Langbein, 1979). Locally, anhydrites have becen partly or completely
hydrated (or rehydrated) owing to increased migration of meteoric waters, initiated by
tectonic activity and (or) uplift and exhumation. Pseudomorphs after crystalline and
sedimentary structures of original facies in anhydrites and secondary gypsum are useful for
the interpretation of sedimentary evolution in the peripheral part of the Zechstein evaporitic
basin.
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EVOLUTION OF SEDIMENTATION

A regional eustatic drop in sea level, which followed from synsedimentary tectonic
movements and from increased evaporation in extreme arid climate, preceded the deposition
of evaporites in the Zechstein basin (e.g. R. Wagner, 1994). Lithofacies and sedimentary
studies show that the depositional pattern of Zechstein evaporites was complex and resulted
from interaction of several factors. Among them the most important werc rate of precipita-
tion, sedimentary accretion, subsidence (both local and regional), and tectonic-custatic
fluctuations of sea level, all of these determined the sedimentary evolution in a basin system
of physiographically differentiated palacoenvironments.

PZ1 ANHYDRITES

A rapid sea-level drop at the end of deposition of the Zechstein Limestone (T, M. Peryt,
L. Antonowicz, 1990; R. Wagner, [994) [ed to the exposure and denudation of most of the
peripheral areas. At the beginning of sulphate depaosition, a system of widespread sabkha-
like coastal flats was developed north-west of the Holy Cross Mts. (Fig. 6). Under variable
sedimentary conditions physical and biogenic sediment accretion alternated with chemical
precipitation. Resulting sulphate deposits of the Lower Anhydrite form onlapping associa-
tions of sulphate, sulphate-carbonate and sulphate-siliciclastic facies of the sabkha complex
(Fig. 4). There was adistinct increase in the amount of terrigenous material toward the south,
with a dominant continental sedimentary regime close to the Holy Cross Mits. Land.
Accretion of siliciclastic deposits was the most intense on the landward side and gradually
expanded over the entire area of the coastal plain. Resulting siliciclastic deposits compose
the Terrigenous Series (T1r) (Fig. 4). '

During sabkha deposition at the extreme peripheries of the basin, subaqueous sulphate
sedimentation took place in the shallow-water lagoons (salinas) of more distal areas (Fig.
6). The progradation of sulphate deposits, along with the transgression, led to development
of the sulphate platform attached to the carbonate platform of the Zechstein Limestone (R.
Wagner, 1994). Consequently, a thick sulphate complex, now preserved as massive and
mosaic anhydrites with pseudomorphs after selenites, formed in the northern area (Nie§win
PIG 1) (Fig. 2). Flaser and banded anhydrites with graded laminae and layers in the upper
Ald section (P1. I, Fig. 10) are typical slope deposits of the deeper parts of the basin (cf. W.
Schlager, H. Bolz, 1977; T. M. Peryt et al., 1993; A. Kasprzyk, [992). Accordingly, these
facies may be used to interpret the local palacogeographic pattern by distinguishing the

Fig. 6, Facies and palacogeography of the Zechstein Anhydrites (Ald, Alg, A2, and A3) in the area north-west of
the Holy Cross Mts.

J-9 — boreholes: / — Ruda Strawczyiiska 1, 2 — Stachura 1G 1, 3 — Cirisk 3, 4 — Tumlin Podgrodzie I1G 1,
5 — Jaworzna G [, 6 — Goleniawy IG [, 7 — Jawacze 1G 1, § — Laczna Zaszosie 1G 1, 9 — Miedwin PIG 1
Facje i paleogeografia pozioméw anhydrytowych cechsziynu (Ald, Alg, AZ i A3) w péinocno-zachodnim
obrzezeniu Gér Swigtokrzyskich

1 — obszary bez osaddw siarczanowych, 2 — sebha silikoklastyczno-siarczanowa, 3 — sebha weglanowo-siar-
czanowa, 4 — sebha siarczanowa, 5 — plytka laguna, 6 — laguna, 7 — otwér wiertniczy; /-9 — nazwy otworéw
wierlniczych — paurz tekst angielski
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Fig. 7. Scheme of sedimentary environments of the Zechstein sulphate deposils in the area north-west of the Holy
Cross Mis,

Schemat §rodowisk sedymentacyjnych utwordw siarczanowych cechsztynu w pétnocno-zachodnim obrzezeniu Gér
Swietokrzyskich

sulphate platforms and slopes in the peripheral parts of the Zechstein basin. Along with the
progradation of sulphate platforms, formation of halite deposits of PZ1 started in rapidly
subsiding local basins, presumably due to water-column stratification.

Further lowering of the sea level stopped the development of the sulphate platform and
led to the exposure and intensive denudation of a large section of the southern region (Z.
Kowalczewski, L. Lenartowicz, 1975). The increased input of terrigenous material by
torrential floods and streams from the hinterland resulted in the formation of a thick
siliciclastic complex (T1r) covering the sulphate deposits of the Lower Anhydrite or directly
overlying the Zechstein Limestone (Fig. 4).

A marine transgression resulted in renewed evaporite accretion in the southern region,
where a system of coastal flats developed early during the sulphate deposition of the Upper
Anhydrite (Fig. 6). Only locally, in the extreme marginal areas, continuous siliciclastic
deposition took place (M. Rup, 1985). The environmental systemn of the Upper Anhydrite
comprised two main settings (Fig. 4): (1) sabkha-like coastal flats, where different silici-
clastic, carbonate and sulphate facies display a distinct lateral distribution, and (2) lagoons
or salinas with continuous subaqueous sulphate deposition.

The sequence of the Upper Anhydrite in the north-west of the Holy Cross Mts. is
transgressive-regressive, similar to other areas in the peripheral parts of the Zechstein basin
(T. M. Peryt, 1990, 1991; A. Kasprzyk, 1992; T. M. Peryt, A, Kasprzyk, 1992). In the
southern region, breccias of BrAl (PI, T, Fig. 11) are thin or lacking. Where present they
are overlain by a platform sulphate facies (unit C) (Fig. 4; P. I, Fig. 12). This succession
evidences the progressive sulphate deposition which, in the peripheral part of the evaporite
basin, took place along with transgression. Breccias formed during the flooding phase
following the sea level low stands, according to the model presented by B. W. Sellwood
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and R. E. Netherwood (1984) for the Miocene evaporites of the Gulf of Suez. There are,
however, alternative explanations for the breccia formation in the Alg section (discussion
in: 8. Lorenc, 1975; A. Kasprzyk, 1992, 1994); this will be the subject of a separate paper
by the author.

Towards the end of the deposition of the Upper Anhydrite, a sea level drop led to the
exposure of the major part of the southern region. Nodular and nodular-mosaic facies (unit
D) of the upper Alg section formed under extremely shallow-water to subaerial conditions
in a coastal sabkha (Fig. 4). Deposition of terrigenous clastic material in fluvial and
tacustrine environments prevailed on the basin margin.

PZ2 ANHYDRITES

At the end of the deposition of the Main Dolomite, a regional eustatic drop in sea level
favoured evaporite precipitation. During the formation of the Basal Anhydrite the southern
region was exposed and intensively denudated, whilst in the northern region (Nieswini PIG
1) sedimentation took place in extremely shallow-water to subaerial settings (Fig. 6; PI. T,
Fig. 13). A facies associatian expresses an unstable sedimentary regime in a basin margin
where a complex salina-sabkha system developed carly during the evaporite sedimentation
of the PZ2 cycle.

Fine differences in sedimentary accretion and subsidence rate between the marginal and
more distal parts of the basin resulted in formation of a system of isolated hypersaline
lagoons over a large area of the northern cogion where continuous subaqueous sulphate
deposition created a vast sulphate platform (Fig. 6).

Intense siliciclastic deposition of the Terrigenous Series T2r started when changes in
climate and (or) basin configuration, along with regression, resulted in a brackish-water
inflow by runoff from the hinterland. The occurrence of sulphate facies of the Screening
Anhydrite (A2r), overlying the Terrigenous Series (T2r) in the upper PZ2 section (Fig. 3),
indicates renewed sea-water influx related with the initial episode of the PZ3 transgression.

PZ3 ANHYDRITES

In the southern region, deposition of the Main Anbydrite was limited to particular areas,
where microbial and nodular facies developed in extremely shallow-water to subaerial
environments of the carbonate-sulphate sabkha system (Figs. 4-6). Perhaps deposition
expanded over a larger area but later denudation resulted in the complete removal of
sediments. Sulphate deposition in shallow-water hypersaline lagoons prevailed in the
northern region (Fig. 6), where bottom-nucleated selenitic facies developed characteristic
crystalline structures, now perfectly preserved as pseudomorphs within the anhydrites (PL
I, Fig. 14). In the deeper, more subsided parts of the basin, halite started to precipitate in
Jocal salt pans, along with continuous deposition of sulphates.

Atthe end of sulphate deposition, sea level fell again. Intense redeposition of siliciclastic
material by floods and strearns led to formation of the Top Terrigenous Series PZt, which
terminates the sequence of the Zechstein in the basin margin north-west of the Holy Cross
Mis. (Fig. 4).
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Further sediment progradation of the PZ4 cycle was limited to the extreme distal areas
where a system of playa-like coastal flats and ephemeral hypersaline ponds formed (Z.
Kowalczewski ef al., 1993; R. Wagner, 1994). In an unstable physicochemical regime,
owing to changes in climate, physical accretion was accompanied by chemical precipitation
of sulphates and halites,

CONCLUSIONS

The main factors coatrolling palacoenvironmental conditions of evaporite deposition in
the peripheral parts of the Zechstein basin were: subsidence, tectonic and eustatic activity,
evaporite drawdown and sedimentary overburden — all influencing the short-term evolu-
tion of the basin system (cf. T. M. Peryt, 1984 R. Wagner, 1988, 1994; Z. Kowalczewski,
M. Rup, 1989). Of these, synsedimentary (ectonic movements were the determining agent
in the area north-west of the Holy Cross Mts., where the facies distribution reflects
physiographically differentiated palaeoenvironments.

One response to the tectonic activity, accompanied by regional, eustatic fluctuations of
sea level and changes in climate (cf. T. M. Peryt, 1984; Z. Kowalczewski, M. Rup, 1989,
R. Wagner, 1994), was major cyclicity during Zechstein deposition. On the basis of
interpreted sedimentary evolution it is shown that sea level fell several times during
evaporite formation. In peripheral areas of the basin even slight sea level fluctuations
resulted in important changes in the sedimentary regime that are expressed in facies
variations. These phenomena were the main causes of cyclic sedimentation of evaporites
in the peripheral areas of the Zechstein basin.
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Alicja KASPRZYK

POZIOMY ANHYDRYTOWE CECHSZTYNU W NW OBRZEZENIU GOR SWIETOKRZYSKICH
(GORNY PERM, CENTRALNA POLSKA): FACJETPALEOGEOGRAFTA

Streszczenie

Obszar péinocno-zachodniego abrzezenia Gor Swigtokrzyskich wehodzi w sktad peryleryjnej czegci zbior-
nika cechsztyiiskiego (fig. 1), co znajduje odzwierciedlenie w niepetnym rozwoju sedymentacji cyklicznej
utworéw ewaporatowych cyklotemdw PZ1, PZ2, PZ3 i PZ4 oraz duzym udziale skat klastycznych (fig. 2, tab. 1).
Analiza wyksztalcenia litofacjalnego poziomdw anhydrytowych w wybranych otworach wiertniczych pozwala
wyrédznic dwa rejony o nieco odmiennym wyksztalceniu utwordw cechsztyiskich i odrebnie przebiegajacym
procesie sedymentacji: potudniowy {tzw. bliskie obrzezenie permsko-mezozoiczne Gor $wigtokrzyskich) i
pétnocny (tzw. obrzezenie dalekie) (fig. 2, 3).

W obrzezeniu bliskim anhydryt dolny jest wyksztatcony jedynie lokalnie jako anhydryty gruzlowe i gruzio-
wo-mozaikowe, powstale w §rodowisku sebhy, Sekwencja anhydrytu gérnego obejmuje cztery litotypy (fig. 4).
Rozpoczynajg ja ilowce i mutowce, lokalnie skaly weglanowe z siarczanami, lub utwory siarczanowe silnie
zanieczyszczone. Ich rozwdj, zwigzany z nows transgresja morza, objal strefg brzezna zbiomnika. Wyzej w profilu
wystepujg brekcje anhydrytowo-ilaste, a ponad nimt gruby kompleks anhydrytéw i gipséw wtérnych masywnych
i mozaikowych. Utwory te powstaly w §rodowisku piytkich, potaczonych lagun (salin), tworzacych system
platformy siarczanowej. Sekwencje anhydrytu gérnego kodicza osady siarczanowo-weglanowo-silikoklastyczne
o teksturach gruztowych. Rozwdj ich zachodzil w warunkach czestych zmian reiimu fizykochemicznego,
charakteryzujacych zréznicowane §rodowiska okotoplywowe systemu sebhy paralicznej. Tym samym sekwengja
anhydrytu gémego w péinocno-zachodnim obrzezeniu Gér Swietokrzyskich ma charakter transgresywno-regre-
sywny.

Na obszarze dalekiego obrzezenia permsko-mezozoicznego Gér Swictokrzyskich utwory siarczanowe PZ1
reprezentujg facje platformy siarczanowej i jej sklonu. W czasie rozwoju anhydrytéw gruztowo-mozaikowych
cyklu PZ2 w érodowisku przybrzeinej sebhy, rozwinigtej w dalekim obrzezeniu Gér Swietokrzyskich, strefa
brzezna — obejmujaca obszar obrzezenia bliskiego — byla wynurzona i peddana intensywnej denudacji. Utwory
siarczanowe poziomu AZr to osady inicjaluej transgresji cyklo PZ3, ktdra objeta swym zasiggiem jedynie
obrzezenie dalekie (fig. 5). Na obszarze tym uiwory siarczanowe anhydrytu gtéwnego sa wyksztatcone jako
anhydryty gruzlowe — w cz¢sci dolngj, oraz utwory siarczanowe laminowanc i gruztowo-mozaikowe — wyzgj.
Utwory te powstaly w Srodowisku skrajnie ptytkowodnym i subaeralnym systemu sebhy weglanowo-siarczanowej
(fig. 6). W tym czasie w dalekim obrzezeniu Gér Swigtokrzyskich tworzyly si¢ w zbiomiku typu laguny facje
selenitowe, ktdrych charakterystyczne struktury krystaliczne dzi$ sg zachowane w anhydrytach szkieletowych w
formie pseudomorfoz.
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Najpelniejsze wyksztalcenie i najszerszy zasigg majg utwory anhydrytu gémego (fig. 2, 5). Duze zréinico-
wanie litofacjalne oraz bogaty inwentarz struktur sedymentacyjnych sekwencji siarczanowych (tabl. [, fig. 8-14)
wskazuja na zmienne warunki sedymentacji. Warunki te, zrekonstruowane na podstawie analogii do wspétezes-
nych érodowisk ewaporacyjnych, reprezentuja §rodowiska zacdwno subakwalne (wzglednie glebokowodne i
ptytkowodne), jak 1 subaeralne (fig. 4, 6, 7).



PLATEI

Fig. 8. Nodular-mosaic anhydrite with dolomite matrix and a dense net of fibrous-gypsum veins, Lower Anhydrite;
depth 376.8-377.0 m

Anhydryt gruztowo-mozaikowy o matriks dolomitowym, gesto zytkowany gipsem widknistym; anhydryt doiny;
gteb. 376,8-377,0 m

Fig. 9. Dolomite (biopelmicrosparite) irregularly laminated, with sulphate nodules and impregnations, and with
gypsum veins, clayey-organic laminae {dark) are distorted by sulphate nodules resembling pseudomorphs after
lenticular and prsmatic gypsum crystals (arrows); Lower Anhydrite; depth 379.65-379.80 m

Biopelmikrosparyl nieregulamie laminowany z gruziami { impregnacjami siarczanowymi, gesto Zzytkowany
gipsemn; laminy ilasto-organiczne (ciemne) nieciggle, lokalnie o przebiegu zaburzonym przez gruzly siarczanowe
przypominajace pseudomorfozy po soczewkowych i pryzmatycznych krysaalach gipsu (stezalld), anhydryt delny,
gleb. 379,65-379,80 m

Fig. 10. Graded-bedded anhydrite with erosional base at the contact with mosaic anhydrite (lower part); Lower
Anhydrite; depth 2264.35-2264.60 m

Anhydryt frakcjonalnie warstwowany, w dole ostro kontaktujacy z anhydrytem mozaikowym; anhydryt dolny,
gleb. 2264,35-2264,60 m

Fig. 11. Anhydrite-clayey breecia with [ithoclasts of anhydrites (A), dolomites — laminated biopelmicrosparites
(D), and claystones in claycy-carbonate-anhydrte matrix contaminated with organic matter; aligned components are
orented uniformly; note porosity within carbonate clasts; Upper Anhydrite, unil B; depth 1943 ,4-1943.5 m
Brekeja anhydrytowo-ilasta z litoklastami: anhydrytdw (4), dolomiléw — laminawanych biopelmikrosparytdw
(D) 1 ilowcedw w matriks dolomitowo-ilasto-anhydrytowym, zanieczyszczonym materig organiczng; wydluzene
skladniki wykazujq jednokiecunkowq orientacjg; okruchy weglandw porowate; anhydeyt gérny, litotyp 8; gleb.
1943,4-1943,5m

Fig. 12. Mosaic anhydrite with pseudomorphs after cavoli selenites; note relicts of regular growth bands of former
gypsum prisms {arrows); Upper Anhydrite, unit C; depth 343.20-343.35 m

Anhydryt mozaikewy z psendomotfozami po wigzkach selenitowych Lypu cavelf; miejscowo czytelne relikty stref
przyrastu pierwotnych krysztaléw pryzmatyczaych gipsu (strzatki); anhydryt gémy, litotyp C, glgh. 343,20~
343,35 m

Fig. 13. Nodular-mosaic bedded anhydrite with alternation of layers: anhydrite (A) and dolomitic siltstone (D),
small arcuate-shaped nodules arc anhydrite pseudomorphs ofter prismatic gypsum crystals; Basal Anhydrite; depth
1894 65m

Anhydryt gruzlowo-mozaikowy warstwowany z naprzemianleglymi warstwam anhydrytu (A) i mulowea dolomi-
towego (D), drobne gruzly o zarysach ostrokrawgdzistych ta pseudomorfozy anhydrytu po krysztatach pryzma-
tycznych gipsu; anhydryt podstawowy; gteb. 1894,65 m

Fig. 14. Skeletal anhydrite; psendomorphs afler selenite crystals outlined by dolomite-organic material; note
dissolution pores after halite; Main Anhydrite; depth 1868 .40-1868.55 m

Anhydryt szkieletowy; zarysy psesdomorfoz po krysztalach selenitowych podkreslone ciemnymi smugami
dolomitowo-organicznymi; liczne pory z rozpuszezania halitu; anhydryt gléwny; gleb. 1868,40-1868,55 m

Figs. 8,9, {2 — Tumlin Podgrodzie 1G | borehole; Figs. 10, 11, 13, 14 — Nieéwii PIG 1 borehole
Fig. 8,9, 12 — otwér wientniczy Tumlin Podgrodzie IG [ fig. 10, [ 1, 13, 14 — otwér wiertniczy Nie§wiri PIG [
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