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Abstract: The Badenian sulphate sediments are represented by primary gypsum (crystalline
selenitic gypsum, massive gypsum, and clastic gypsum), secondary gypsum and anhydrite. Great
variety of lithofacies and sedimentary structures is characteristic of the primary gypsum. The studied
.sediments were laid down in changing conditions — from subaqueous (deep-water to shallow-water)
to subaerial, in salinas, and in sabkhas on a gently inclined (< 1°) evaporite ramp of distinct relief.
The sequence of lithofacies — « through r — distinguished in the gypsum sections, is indicative of a
general regression, and it includes 6 sedimentary cycles.

Manuscript received 11 March 1991, revised accepted 28 October 1993

INTRODUCTION

Studies on modern evaporite environments enhanced the interpretation of
depositional and diagenetic processes in ancicnt sulphate sediments such as
the Messinian sediments of the Mediterranean area (Dronkert, 1985; Schrei-
ber, 1986, 1988; Warren, 1991 and references therein). These sediments —
whose interpretation remained controversial for many years (see Warren,
1989) — represent very variable sedimentary environments, from deep-water
to subaerial (e.g. Schreiber et al., 1976; Orti Cabo & Shearman, 1977; Garri-
son et al., 1978; Rouchy, 1982; Dronkert, 1985; Schreiber, 1986). Badenian
sulphate sediments of the Paratethys also attract increased interest in the re-
cent years because of their great lithological variability and a rich assemblage
of sedimentary structures. The studies on Miocene sulphate sediments in the
Carpathian Foredeep continue for more than one hundred years (see reviews
by Kwiatkowski, 1972; Garlicki, 1979; Kubica, 1992). The main goal of the
author’s studies was to restore the history of deposition and diagenesis of
Miocene sulphate sediments in the northern part of the Carpathian forcdeep
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(Fig. 1A) based on a comparison to well studied — as a result of the last
decade’s research — modern evaporite environments.

The studied area of about 1,100 km? (Fig. 1) is situated south of the Gory
Swietokrzyskie (in some geological papers referred to as the Holy Cross
Mountains) and it includes four sectors with numerous exposures of gypsum
and a dense network of boreholes (Fig. 1B): the Nida river area, Staszow arca
(see Kasprzyk, 1989a), Osiek area, and the Wschodnia river arca. The most
detailed work was concentrated in these four arcas.

The sequence of Badenian sediments in the area of this study begins with
lithologically diversified sequence of the so called Baran6w Beds (Pawlowski
et al., 1985; Fig. 1C). These are followed by chemical sediments which in the
northern, peripheral part of the Carpathian Foredeep include gypsum and car-
bonates. The thickness of gypsum with clayey and carbonate intercalations
attains 60 m in local depressions (Pawlowski, 1965; Kubica, 1992). The area
of gypsum occurrence is a W-E trending zone up to some tens of kilometres
wide. Towards the south, with increasing depth of its occurrence, gypsum is
replaced by anhydrite (depths 500 - 2,500 m) which occupies the central part
of the Carpathian Foredeep (Kubica, 1972). Salt deposits occur in the south-
ern part of the foredeep, where the evaporite sediments attain their maximum
thickness of more than 600 m (Ney et al., 1974; Garlicki, 1979).

The methods of study and the classification of sedimentary structures were
based mainly on the papers by Kwiatkowski (1972), Dronkert (1985), Ciarapi-
ca et al. (1985) and the textbook by Gradziniski et al. (1986). The petrographic
classification by Ciarapica et al. (1985) was used for the structures of primary
gypsum, the classification of microstructures proposed by Orti Cabo (1977)
and Orti Cabo & Rosell-Ortiz (1982) was used for secondary gypsum and
anhydrites; nomenclature of Maiklem et al. (1969) was applied in the descrip-
tion of anhydrite textures.

GYPSUM LITHOFACIES

The lithological varictics of gypsum (Table 1; Figs. 2-6) reflect its diversi-
fied origins; they may be classified in two main groups: (1) primary (crystal-
line selenitic, massive, and clastic gypsum) (Pls. I-IX: 1, 3; PL. X: 1) and (2)
secondary gypsum (Pl. X: 2). The crystalline selenitic gypsum includes the
following lithofacies: glassy, sabre-like, skeletal, and banded with sclenite
horizons. The other varieties include those of massive gypsum — with crystal-
line aggregates, stromatolitic, laminated (horizontal or wavy), flaser, alabas-
trine and nodular, and those of clastic gypsum — gypsoolites, gipsopclites,
gypsarenites and gypsorudites.
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Table 1

Sedimentary structures in the Miocene gypsum south of the Géry §wigtokrzyskie

ported framework

Position
Occur- | . .
rencein | ™ litho-
Sedimentary structures Description lithofa stratigra-
. phical
cies %
sequence
Giant symmetrical
block vertical v Blocks of parallel subcrystals;
rvs t'l)llline asymmetrical o flanks of intergrowths symme- < u
i;?;r‘ vertical 4 trical/asymmetrical to verti-
assymetrical ,_// cal/inclined intergrowth surface
growths [.777.
inclined
Strengly elongated prismatic
Sabre-like selenite crystals with curved upper sur- sa ,,
Ty pp 8
crystals face delimited by faces (111), sk m, f
(101), (102)
. . Bundles of sabre-like crystals sa, sk e, i,m,
Split selenite crystals f joined at base Yy el sl bd Ir
Framework of rod-like prisma-
Related | Skeletal selenite crystals —M tic crystals chaotically arran- sk f
to ged and intergrown
crystal - -
growth | Grags-like selenite E‘;giasdoef- hl:;;‘:figilu‘?l?g ho- :11’ th’ b, d, e, m,
horizons Rl Prismatic crysta e VL fira
oriented perpendicular to beds sz, ¢l
Cavoli-type selenite Domal through cauliflower-li- , b, d,m, e,
Azl | ke clusters of prismatic crystals | sl,st,cl | 7,
crystals . . Ltk
arranged in radial bundles
Streaks of impurities (clay, car- .
X sz,sa, | a,8,0f,
Crystal growth bands A\ |bonate, organic matter) parallel k. st o
to the (120) prism faces o ’
.o Sabre-like crystals, interpene- .
Crystalline intergrowths e $4
rystatime interg X trated or terminating at contact sa & Lm
Domal-like structures, up to 12
m in diameter, up to 4 m high .
Gypsum domes . R i sa, s
P i & | built of radially arranged sabre- > sk &S
like crystals
Deposi- |Homogenous clastic Homogenised sediment with
tional | structure : grain-supported or matrix-sup- | ga + gp n, At
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Position
Occur- | . 5.
rencein | ™ litho-
Sedimentary structures Description . stratigra-
lithofa- -
. phical
cies "
sequence
Alternations of parallel lami- la. ga
Millimetric, horizontal/ | === [nae, 0.03-1 cm thick, differing gr, ia, n,p, Ik,
inclined lamination in minera ositi u T hm, g, i
= |In min !comp ition, colour ol al g
or grain-size
. . . Horizontal, parallel laminae,
Centimetric horizontal rizonta P rallel laminac k1, n,m,
A e |0.3-1 cmn thick, of: gypsum and | ga, st
lamination s . . o,p,lr
pelite, pelite, and sandy marl
Alternating wavy laminac of la sl st 1, k, n,m,
Wavy lamination . |different mineral composition S I AT AY /X
— sk,cl,sa| 77
and colour d,f,o
Isolated, irregular and lenticu-
. L rinserts of laminat su la,
Lenticular lamination b1 ?a 1nser o.fl'lmu ed gypsum | 1, h, k,0,m
in gypsarenite or pelitic ga,cl
Deposi- groundmass
tional . . .
Discontinuous laminae of va- fl,1a, | W, k1, m,
Flaser lamination ~~ |riable thickness, irregular stre- | ga, gr, | ¢, g, 1, D,
aks of pelitic sediment st, cl, al J,0
Small climbing ripples up to 5
Ripples mm high (angle of climbing ca. | la, ga, | &,1,m, 1,
pp = |30°), asymmetrical - symmetry | fl,st,sl | A, j,r, b
index 4-10
Gypsum and claycy-carbonate
_ . —a. |laminae in sets of flat or her-
Cross-lamination . . ga, gr | o,p kI
e |ring-bone cross-laminae -
angle of dip 15-20°
. . la, ga, .
normal Gradual or discrete changes in hyk,m, j,
. = . gr, sl st,
Grading grain size from 0.01 to 1.0 mm i al n,p,e,c,
' reverse s | within laminae o rd by g
sk, cl ‘
Flat and slightly wavy surfaces 7 sa
of discontinuity, often accentu- sk, ls‘l, a0 f,
Erosio- |Erosion and (or) dissolu- | AaaA |ated by a detritic laminae -co- A PO
X X X st, la, fl, | D, d, m, J,
nal tion surfaces vered by selenite horizon or
. . al, I hn
partly obliterated by syntaxial
crystal g I ga+ep
ystal growth
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Position
Occur- | . .
rencein | ™ litho-
Sedimentary structures Description . stratigra-
lithofa- .
. phical
cies %
sequence
Depressions 1-1.6 cm deep and
up to 8 cm wide, trough-like in
. cross-section; erosion or defor-
Erosional channels e . . ga c
mation base; channels filled
with gypsum and claystone
clasts and clay
Erosio- -
nal Depressions between corroded
Pocket-like infillings of eg: and (or) eroded tops of selenite saslsz| @& i, m,
clastic sediment crystals, filled with clastic gy- |~ """ b, d
psum or siliciclastic sediment
. . Strongly elong: abre-like
Sabre-like crystals in re- nely e! ng'l.ted 349 .
.. N\ |crystals lying with their curved sa i
versed position
upper surface down
Contorted and broken beds; o
. . angular blocks and rick frag- ’ np, ko,
Distorted beddin . LR a+tgp, .
slorted be & Z ments chaotically distributed in ggt f{) o, j, m
fine matrix .
Deformation slices o cu"nlc,.l"mgments of layers ot, ar n n
and laminae It 0,p
Bouma sequences, usually in-
Tagco complete, devoid of upper divi-
Turbidite sequence sions, repeatedly occurring in - | ga + gp n,p
section; often sharp bases and
radational tops
Defor- £ P
matio- Anticlinal or diapiric swelling doehm
nal Escape structures A of laminated packets with asy- | st,sl,la | r’ ’
stem of vertical joints b
Network of polygonal cracks
Dessication-cracks === |in gypsum or clayey-gypsum sl, st, al b,c,j
laminae
Deformations of laminae Bending and steepening of la- dsa | i,m,d,
below/above selenite “T- | ninae above and beneath sabre- >0 gbye,l,
) Aalbs . ) cl, st, sk
crystals like crystals h,f
Deformation of laminae
Nucleation cone-type _& beneath selenite clusters; sz,sa, | a,8,1i,b,
load structures knobby protrusions on the base | sl, cl d,m,j

of selenite layers
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Position
Occur- | . 7.
. in litho-
Sedimentary structures Description rl(?nce 1 stratigra-
ithofa- -
. phical
cies o«
sequence
Fractured or broken crystals sa. sk i,
Broken crystals * with translated or rotated frag- sl’ st’ & e, . {’ ’
ments ’ ’
Packets of deformed laminae,
Defor- with deformation gradually dy- —
matio- |Convolute lamination - |ing out upwards or sharply EATED | DS 1
nal truncated at top and overlain la "
by non-disturbed laminae
Deformations of boundary sur-
Load casts -g¢~ |faces of gypsum and gypsum- la P
clayey or marly laminae
Parallel lamination, horizontal , .
or wavy; alternation of lami- st, s1, la, “ 'fl’j‘ [’
Cyanobacterial laminites | zmga [nae: gypsum, 0.2-0.8 mm al, no, 0,’ ”‘ © i’
thick, and organic-rich clayey | fl, gp, gr 01; ?61\‘3
or carbonate, 0.1-0.4 mm thick P
Packets of gypsum laminae:
white - microcrystalline and
brownish-grey - granular or .
Domal stromatolites NN amocboidz?l, gcnf in dome-like st sl, al, c., " /j ’ If
fashion; isolated small, loaf- la, el | dy ik
shaped forms, 2-5 mm high, 3-
Bioge- 10 mm wide
nic
Columns 1.0-7.2 cm high and
0.8-3.6 cm wide; vertical cross-
section - cyllindrical or
Columnar stromatolites () [reversed cone, transverse st, sl Jy I, m
cross-section - circular or ova-
te; laminae rectangular or
convex
Columnar and branching ™ Parallel branching columns o m
stromatolites (astyle) ’
Coalescing columnar — | Two columns covered by one .
stromatolites ™M with gently convex laminae st "
Isolated spherical and ellipsoi- m,o,r,b,
Dia- dal nodules 0.5-2 cm in diame- sec, 1o, c,d, 1, n,
. |Nodular ') . al, s, st,
genetic ter, embedded in clayey- e,
carbonate matrix g 8 iinne
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Position
rglf((:::il-l in litho-
Sedimentary structures Description lithofa- stratigra-
. phical
cies | "
sequence
. no, sec, | «, b, ¢, d,
22‘::;? mosaic and ag Aggregated sulphate nodules st sl,al, | e, m, p, 1,
gr o
Sulphate nodules, vertically or
Vertically aligned subvertically elongated, several sec u
nodular mosaic & ﬂ centimetres in diameter, outli- ’
ned by bituminous clay
Horizontally elongated gypsum | no, al, oo ik
Layered nodular mosaic % nodules aggregated into nodu- | sec, st, ’ b’i >
lar layers s, {1 ’
. ates and la sul-
Distorted nodular Aggregates and layers of sul
. o $YY | phate nodules, closely packed sec o
mosaic (enterolithic)
and strongly deformed
Dia- Packets of finely crenulated la- dstsl e b ok
genelic |Crenulated lamination | S"U U | minac with streaks of clayey- | lla, N m’ (; ’
organic material ’
. sa, sk, | f,e. 0, q,
stals of le o e
Corroded crystals Gy psum erystals of irregular sz,sl, st, | m, d, r, b,
ry outlines
’ cl, gr k,n
la, sec,
. . . . . . a, st,al, | n, m, o, qa,
Rosettes of prismatic cry-| \\.. |Radial- or chaotic-prismatic s e (', e i f
$ N |a ite la
stals 7 |aggregates of anhydrite laths sk, inne
iinne
S orphs bui laci-
Pseudomorphs after PSGUdO.l MOTPhS bu} I ofrep N see, sz, | a ko
¢ |ve calcite, anhydrite or mic- -
gypsum crystals : st,la,no | 1inne
rocrystalline secondary gypsum
Pseudomorphs after - Gypsum pseudomorphs with la, fl,st | nm.r o

halite crystals

cement-like fabric

* — Lithofacies symbols arranged in order of decreasing frequency

The distinguished lithofacies build up a persistent sequence of cighteen
lithostratigraphical units, labelled a through r (Kasprzyk, 1991; Fig. 7). The
lithostratigraphical division is based on that proposed by Wala (1979, 1980)
for gypsum sediments in the Nida river area (cf. Kasprzyk, 1991 — Table).
Units a - r have their equivalents also in those sections where gypsum is
partly replaced by anhydrite and secondary gypsum (area of the Wschodnia
river — Figs. 5, 6; Kasprzyk, 1991).
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Fig.2 Lithological-sedimentological columns of gypsum deposits in selected exposures in the
Nida area (sections Gacki — new quarry and Borkéw). I — gypsum, 2 — anhydrite, 3 — sulphate
rocks in general, 4 — limestones, 5 — dolomites, 6 — carbonate rocks in general, 7 — clays, clay-
stones, mudstones; sz — glassy gypsum, sa — sabre-like gypsum, sk — skeletal gypsum, sl —
banded gypsum with selenite horizons, st — stromatolitic gypsum, cl — massive gypsum with
crystalline clusters, la — laminated gypsum, fl — flaser gypsum, al — alabastrine gypsum, no —
nodular gypsum, oo — gypsoolite, gp — gypsopelite, ga — gypsarenite, gr — gypsorudite, sec —
secondary gypsum, a — anhydrite, do — dolomite, ¢ — clay, claystone, s — mudstone, | — lime-
stone, Ib — brecciated limestone, (k) — karstic void. For other explanations see Table 1

3 — Annales Sodiet. ...
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Crystalline selenitic gypsum

The main constituent of crystalline selenitic gypsum are selenite crystals,
of variable form and size, depending on their growth conditions. The specific
forms of crystalline aggregates (blocky intergrowths, grass-like aggregates or
cavoli) and the sedimentary structures — dissolution and erosion surfaccs (Pl.
I: 2, 3), load structures (P1. I: 2), pocket-like infillings with detritic matcrial,
detritic laminae, and stromatolitic structures (Pl. IV) — suggest a primary
origin of gypsum, in a shallow subaqueous environment of highly concen-
trated brine (Warren, 1982; Schreiber et al., 1982; Orti Cabo et al., 1984;
Schreiber, 1986; Babel, 1986, 1987 and references therein). Thin intercala-
tions of massive or clastic gypsum indicate episodic changes in the conditions
of crystallization and sedimentation.

Glassy gypsum (sz — szklica gypsum in Polish) is distinguished among
the selenitic gypsum varieties by its spectacular crystal form (Kwiatkowski,
1972, 1974; Wala, 1979; Kubica, 1985; Babel, 1984; 1987; Kasprzyk, 1989a).
It is built of giant (up to 3.5 m high) blocky crystalline intergrowths PI. I-II.
The aggregates of parallel intergrown crystals arc arranged symmetrically on
the opposite sides of a vertical or subvertical cleavage surface, which is also
the composition surface of crystal intergrowth (Babel, 1987, 1990; PL. 1I: 1).
The crystals in both flanks of the intergrowth maintain the basic features of
selenite growth, such as: splitting, bending ol upper surfaces, and zonal
growth of prismfaces (120) delineated by streaks and laminae of mincral and
organic inclusions (clay and calcite aggregates, cyanobacterial filaments). The
clayey-carbonate streaks distributed along the curved surfaces of the split
crystalline segments represent the sediment that was preferentially trapped
and accumulated on the surfaces which passively participated in the process
of crystal growth (cf. Orti Cabo et al., 1984).

The intergrowth surface has a reliel related to the blocky structure of the
intergrowth flanks (PL. II: 1). Asymmetrical intergrowths up to 1.5 m high,
whose intergrowth surface is slightly or strongly inclined, occur in the upper
part of the glassy gypsum complex. Their upper, better developed flanks often
include a second generation of smaller intergrowths (up to 0.5 m high) (P1. II:
2, 3). They show irregular zig-zag contact surfaces and reduced widths of
their flanks due to competitive growth. Surfaces of dissolution and(or) crosion
(PL I: 2, 3) correlate over a distance of more than ten kilometres, indicating
palaeorelief of the upper surface of the selenite layer at a certain stage of its
growth (cf. Warren, 1982; Babel, 1984, 1987).

Flat-walled intercrystalline voids, often covered with fine lenticular crys-
tals up to 2 cm in diameter, occur within the intergrowths, especially at their
tops and in the outer parts of their flanks. The shapes of these voids indicate
their synsedimentary origin.

The giant blocky crystalline intergrowths grew at the basin bottom (cf.
Babel, 1987); the growth has taken place under relatively stable conditions of
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Fig.3  Lithological-sedimentological columns of gypsum deposits in selected boreholes in the
Staszéw area. The interpretation includes: solid line — petrographical and chemical composition,
dashed line — petrographical composition. Other explanations see Fig. 2

salinity, depth and water dynamics. The discontinuity (dissolution) surfaces
and the streaks of impurities record small variations in water salinity and
fluctuation or vanishing of halocline, similarly as in modern salinas of south-
ern Australia (Warren, 1982, 1983). Competitive growth of neighbouring in-
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tergrowths controlled the development of the vertical asymmetrical forms (P1.
II: 2, 3). The inclined intergrowths grew as isolated forms under conditions of
increased water dynamics. In the inclined position, the growth of the upper
flank was favoured and of the lower one — hindered.

Similar structures occur in extremely coarse-crystalline selenitic gypsum in
modern coastal salinas of southem Australia (Goto, 1968; Warren, 1982,
1983; Kendall & Warren, 1988). There the middle part of gypsum sediments
includes crusts of great (up to 2 m high) vertically oriented selenite crystals
with irregular, millimetric lamination. These great crystals, related to shallow
(Iess than 10 m) waters of periodically changing salinity, are a modem cqui-
valent of the Badenian glassy gypsum.

Sabre-like gypsum (sa) is distinctive by the presence of strongly clong-
ated sabre-like crystals (Pawlowska, 1962; Kwiatkowski, 1974; Wala, 1979;
Kubica, 1985; Babel, 1986; Kasprzyk, 1989a, b; Pl. III: [-3). The sabre-like
selenite crystals are 15 - 90 cm long and show characteristic features: splitting
(P1. III: 2), regular growth zones, and curvature of the upper surfaces (P1. III:
2, 3) due to a torsion of the crystalline lattice (Babel, 1986). Crystals were
deformed during their growth on the bottom in the presence of organic matter
(ct. Cody, 1976; Orti Cabo & Shearman, 1977; Schreiber, 1986). Organic and
mineral impurities hampered the growth of crystals on the curved surfaces.
The sabre-like selenite crystals grew competitively by expansion of prism
faces (120) or clusters of parallel intergrown rod-like prismatic crystals (Orti
Cabo et al., 1984; Babel, 1986), which detcrmined the elongated form and the
characteristic growth structures.

The sabre-like crystals arc variously distributed in the rock. The most
commonly, especially in the upper part of the gypsum sequence, they have
uniform orientation (P1. III: 3). In the Nida river area their inclination to the
north and northeast was recorded in most exposures along a line several ki-
lometres long (Babel, 1986). The sabre-like crystals that build gypsum domes
arc oriented radially (PL III: 1, 2). The gypsum domes arc megastructures up
to 12 m in diameter and up to 4 m high, exposed in the Nida region (Babel,
1986 and references therein). The structure of the domes includes a distinct
core, up to 5 m across, built of skeletal gypsum and selenite clusters of cavoli
type. The core is surrounded by deformed layers of sabre-like gypsum, 0.3 -
0.5 m thick. The sabre-like crystals are strongly elongated (up to 90 cm) and
intergrown (P1. III: 2). Bedding is obliterated in the flanks of the domes by
syntaxial growth of subhorizontally oriented clongated crystals. The gypsum
domes occur isolated or in groups. Their origin is the subject of a long-lasting
discussion. By the analogy of their form to the gypsum domes that form
contemporancously in coastal salinas of southeastern Spain and southern Aus-

Fig. 4 Lithological-sedimentological columns of gypsum deposits in selected boreholes in the
Osiek area. Explanations see Figs. 2 and 3
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tralia (Warren, 1982, 1983; Orti Cabo et al., 1984; Kendall & Warren, 1988),
they may be regarded as synsedimentary structures formed on substrate clev-
ations due to preferential growth of crystals.

The space between the sabre-like crystals is filled with finer selenites crys-
tals, up to 10 cm long. They are oriented perpendicularly and geopetally to the
curved surfaces of the sabre-like crystals, or distributed chaotically in a
clayey-carbonate-gypsum matrix (Pl. III: 3) locally strongly contaminated
with organic matter.

Sabre-like gypsum forms a unit up to 5 m thick with distinct intercalations
of laminated or flaser gypsum, clastic gypsum and pelitic interlayers. The
sabre-like crystals load-deform underlying laminae underlying (cf. Babel,
1986; Kasprzyk, 1989a). Similar load structures are described from gypsum
deposits of the Mediterranean region as nucleation cones (Dronkert, 1976,
1985; Lo Cicero & Catalano, 1976) or mamelloni (Vai & Ricci Lucchi, 1977);
they were also recognized in secondary gypsum, preserving primary structures
of selenite, in Eocene of Catalonia (Busquets et al., 1985). Bending and over-
steepening of laminae over the selenite crystals, observed in the Badenian
gypsum, is due to compaction (cf. Hardie & Eugster, 1971; Dronkert, 1985;
Babel, 1986). The elongated crystals were especially susceptible to break-
down during compaction and to penesyndepositional dissolution and mechan-
ical abrasion (Dronkert, 1985; Schreiber, 1986). Sabre-like crystals in rcver-
sed position have been observed in the top part of unit i; they record a change
in hydrodynamic regime in the basin and terminate the subaqueous sedimen-
tation of selenite gypsum (Kasprzyk, 1991).

Selenitic lithofacies with sabre-like crystals are known from modem coas-
tal salinas of southeastern Spain and southern Australia (Warren, 1982; Orti
Cabo et al., 1984) where they form dome-like selenite crusts.

Skeletal gypsum (sk) (Pawlowska, 1962; Kwiatkowski, 1972, 1974; Kubi-
ca, 1985, 1992; Wala, 1974, 1979) is built of rod-like to prismatic selenite
crystals up to 15 cm long, chaotically distributed and mutually intergrown (P1.
III: 4). Twins along (100), asymmetrical with the lower flank poorly de-
veloped or reduced, are common. The space between selenite crystals is partly
filled with granular and microcrystalline gypsum rich in carbonate and pelitic-
organic material. Skeletal gypsum occurs in layers, 0.2 - 2.5 m thick, interca-
lated with massive and clastic gypsum laminae, locally graded.

It also builds central parts of the gypsum domes (PL. III: 1, 2). Clusters of
crystals, similar to those described above, form the cores of the gypsum
domes that are forming now in coastal salinas (Warren, 1982; Orti Cabo et al.,
1984; Kendall & Warren, 1988).

Banded gypsum with selenitic horizons (sl) is a widely distributed litho-
facies. Stratification consists in alternation of layers of selenitic gypsum and
massive (laminated, alabastrine and stromatolitic) or clastic gypsum (Pl. 1V).
The boundaries between successive selenite horizons are in some cases indis-
tinct, marked only by a thin pelitic lamina or a gradation in crystal sizc.
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Fig.5  Sections of sulphate deposits in boreholes Przyboréw 1, Zerniki 1 and Strzelce 1 situated
in the Wschodnia river area. Explanations see Figs. 2 and 3

Selenite crystals, up to 25 cm high, arc oricnted vertically or radially and
perpendicular to the stratification. They form palisade and grass-like struc-
tures or domal, rosette and cauliflower-like forms of cavoli type (PL. IV: 2).
The grass-like and cavoli structures were first described by Richter-Bernburg
(1973) from the Messinian gypsum of Sicily. Crystalline clusters of cavoli
type — in contrary to grass-like aggregates — do not form continuous horizons
and they have grown preferentially on substrate elevations (PL. IV: 2).
Schreiber et al. (1976, p. 742) explain their origin in the Messinian gypsum by
increased density of nucleation and competitive growth of crystals.

The other distinctive sedimentary structures in banded gypsum include
pocket-like hollows between the corroded or eroded apices of selenite crys-
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tals, infilled with detritic material, stromatolitic structures, traces of dissolu-
tion and erosion of crystals, load structures of nucleation-cone type, brecci-
ated horizons and desiccation cracks.

Horizons of selenite crystals of grass-like and cavoli type are characteristic
forms of selenite crusts in Quaternary sediments of coastal salinas in SE Spain
and in southern and western Australia (Arakel, 1980; Warren, 1982; Orti Cabo
et al., 1984; Dronkert, 1985; Logan, 1987). They also form temporarily in
shallow (up to 0.5 m) hypersaline waters in canals draining sabkha area at the
coasts of the Persian Gulf (Gunatilaka & Shearman, 1988). Pelitic-carbonate
or organic laminae in the selenite horizons record changes in salinity, dyna-
mics and depth of water.

Massive gypsum

Massive gypsum is a rock in which the proportion of selenite and other
macrocrystalline forms of gypsum does not exceed 50 percent. Several litho-
facies of massive gypsum could be distinguished on the base of their lithologi-
cal, petrographical and sedimentological characteristics.

Massive gypsum with crystalline clusters (cl) is a transitional varicty
between crystalline selenite and massive gypsum. Selenite crystals, up to 25
cm long, occur in aggregates — common arc twins along (100), grass-like
horizons or cavoli — and in single crystals chaotically distributed in the back-
ground of microcrystalline and granular gypsum. The background displays
planar or irregular lamination with pelitic-carbonate material. Deformation of
laminae (load structures) beneath selenite clusters proves their primary nature
(ct. Dronkert, 1985; Babel, 1986) and permits their distinction from recrystal-
lization forms common in the microcrystalline background. Fine lenticular
gypsum crystals (up to 2 mm in diameter) probably originated early during
diagenesis by growth in gypsum mud (cf. Schreiber, 1986). Primary outlines
of crystals were partly or completely obliterated by diagenetical modifications
including reduction, dissolution and recrystallization, similarly as in modern
evaporite environments (Logan, 1987).

Stromatolitic gypsum (st) is a lithofacies (P1. IV: I; Pl. V) whose devel-
opment reflects the intensity and relations of two superimposed processes:
cyanobacterial activity and chemical precipitation of gypsum. Stromatolite
structures have been hitherto described only from the lower part of the gyp-
sum sequence (Kwiatkowski, 1972; Schreiber, 1978; Wala, 1979, 1980; Kubi-
ca, 1985, 1992; Niemczyk, 1988b; Kasprzyk, 1989a). The present author’s
studies revealed that stromatolitic gypsum occurs at various positions in the
sequence, in layers 0.3 - 3.2 m thick (Figs. 2-6). Their common feature is the
presence of well preserved organic structures such as stromatolites and cyano-
bacterial laminites whose morphological and microstructural variety permits
the distinction of several types of stromatolitic gypsum (Kasprzyk, 1993).

Laminated gypsum (la) is differentiated with respect to its lithology and
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origin. The lamination is expressed by alternating gypsum laminae: light, 0.1
- 3.0 mm thick, only slightly contaminated with clay and carbonates, and dark
laminae, 0.01 - 0.5 mm less frequently up to 1 mm thick, containing a greater
admixture of pelitic and carbonate material. The variation in chemical compo-
sition is reflected in the varying colour of laminae. In thin section the laminac
reveal microcrystalline or granular structure; clay and carbonate minerals are
usually dispersed. Parallel orientation of crystals, sometimes with traces of
corrosion and (or) abrasion, is especially well marked in pelitic or gypsum-
marly laminae. The inclination of laminated sets usually does not exceed 8°,
but exceptionally it may attain even 45°. Besides parallel lamination (horizon-
tal or wavy — P1. VIL: 2; PL. IX: 3), there occur also lenticular, flaser, crenu-
lated and convolute lamination. The disturbed, folded laminae often are
thinned or swelled in the fold hinges. A large variation in the fold styles is
present within sets of laminac (Kwiatkowski, 1972). Parallel lamination is
often accentuated by normal or reversed gradation within laminae. Laminated
gypsum occurs in both, thin layers of a few centimetres, and in beds up to 9
m thick.

The origin of the studied laminated gypsum is referred by the author to
periodical, not necessarily seasonal, variations in water chemistry and halo-
cline fluctuations. Redeposition of gypsum sediment in shallow and deep
(below wave base) subaqueous environment could play a role. In this case,
diagenetic processes including dissolution and recrystallization completely
obliterated or modified the structural and textural features typical of clastic
sediment.

Shallow-water laminated gypsum is a facies widely distributed in modemn
salinas and sabkhas (Arakel, 1980; Warren, 1982, 1983; Schreiber, 1988; Ken-
dall & Warren, 1988; Gunatilaka & Shearman, 1988).

Flaser gypsum (f1) displays indistinct lamination, locally oblitcrated and
discontinuous, expressed by the presence of irregular bands and flasers distin-
guished from the microcrystalline or granular background by their darker
colour and rich pelitic admixture. Gypsum crystals within these bands and
flasers display usually parallel orientation and traces of corrosion and ab-
rasion. Kwiatkowski (1972) included this variety of gypsum to banded alabas-
ter with relic lamination, and explained its origin by spontaneous liquefaction
of laminated sediment during carly diagenesis. Flaser gypsum with graded
bedding has — in the present author’s opinion — synsedimentary origin, related
to current deposition.

Alabastrine gypsum (al) is macroscopically a cryptocrystalline massive
rock, cream-coloured, light grey or beige, with distinctive® finely crenulated
lamination (Pl. IV; PL. VII: 1). It occurs usually in thin layers, 0.1 - 0.5 m
thick, with sharp boundaries and irregular, dome-like to cauliflower-like tops
(P1. VII: 1), sometimes covered with a thin horizon of selenite crystals up to 5
mm high of cavoli-type morphology. Locally they are overlain by claycy-gyp-
sum rhythmite with characteristic structures — horizons of brecciated gypsum
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Fig.6  Sections of sulphate deposits in boreholes Rudniki 23, Okragta 22 and Okragta 31-9,
situated in the Wschodnia river area. Explanations see Figs. 2 and 3

laminae, mud-cracks, erosional channels (P1. VII: 1) indicating periodic emer-
gence (cf. Schreiber et al., 1982). Another form are irregular nodular layers
and patches of alabastrine gypsum within the matrix in selenite gypsum. Re-
crystallization effects are common within these patches.

Alabastrine gypsum, similar to that described above, is known from sedi-
ments of modern coastal salinas and sabkhas (Warren, 1982, 1989; Orti Cabo
et al., 1984; Warren & Kendall, 1985; Purser et al., 1987). A 30-cm thick
layer of finely crystalline gypsum (gypsum mush — Warren & Kendall, 1985)
is present in the sequence of sabkha sediments of the Persian Gulf. It is built
of fine, up to 2 mm across, lenticular gypsum crystals growing carly during
diagenesis within a microbial mat in the intertidal zone. The resulting sedi-
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ment, preserving only relics of original lamination, is very similar to the
alabastrine gypsum accompanying the studied Badenian stromatolitic litho-
facies. A modem facies equivalent of the alabastrine gypsum is also a finely
crystalline (crystal diameters < 0.06 mm) gypsum sediment (gypsite), termi-
nating the sedimentary sequence in coastal salinas of southern Australia (War-
ren, 1982). This sediment is a result of multiple phases of dissolution of
gypsum crystals during intermittent subaerial cxposure and of precipitation of
gypsum from brine in vadose zone.

Nodular gypsum (no) is a rock whose distinctive feature is the presence of
spheroidal and ellipsoidal nodules 1 to 12 cm in diameter (cf. Maiklem et al.,
1969). The nodules occur within a clayey-carbonate matrix, isolated or in
aggregates and layers up to 20 c¢m thick. Individual nodules and their aggre-
gates arc sometimes contorted, forming enterolithic structures, or spread in
irregular, horizontally extensive bands. Inner parts of the nodules arc built of
microcrystalline, granular and irregularly cloudy gypsum, surrounded by an
aureole of lenticular crystals (up to 0.4 mm in diameter) concentrically
oriented. Microcrystals of calcite and dolomite occur dispersed. Internodular
space is filled with dolomicrite, clay minerals and organic matter; thcy are
sometimes accompanied by quartz and celestitc. Parallel or wavy lamination
is common within the matrix, it is marked by the presence of discontinuous,
wedging out or nodular laminae up to 2 mm thick, composed of lenticular and
granular gypsum. The lamination is accentuated by streaks of clay and organic
matter, distinctly bent around the gypsum nodules.

The Badenian nodular gypsum consists of fine (up to 2 mm in diameter),
single or aggregated gypsum nodules, interpreted by the author as carly diag-
enctic, formed in subacrially exposed environment of sabkha type (cf. West et
al., 1979), as well as from greater, vertically or horizontally elongated nodules
of secondary gypsum (Pl. X: 2), genetically related to the transformations of
crystalline selenite gypsum (Kasprzyk & Orti Cabo, in prep.).

Clastic gypsum

Clastic gypsum includes varicties with structural and textural features cha-
racteristic of terrigenous material (Hardic & Eugster, 1971; Arakel, 1980).
They formed by mechanical remobilization of gypsum sediment and its rede-
position. The clastic gypsum includes a marked proportion (15 - 50 weight
percent) of terrigenous material — clay minerals, quartz, micas, feldspars, rock
fragments and coalificd plant debris. The grains include also macrofaunal and
microfaunal bioclasts and sporadically ooids. The clasts vary in their degree
of rounding and sorting as well as in shape (discoidal, elliptic, spherical,
rod-like) and dimension (0.1 - 50 mm), depending on the intensity of the pro-
cesses of physical abrasion, dissolution and crystallization in a high-energy
environment (cf. Logan, 1987). Clasts of gypsum rocks are also common. The
long axes of the clasts are often oriented parallel to bedding.
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The varieties of clastic gypsum include: gypsoolites, gypsum pelites, gyp-
sarenites, and gypsorudites.

Gypsoolites (00) have been found in the upper part of the gypsum se-
quence as a layer 28 c¢m thick in banded gypsum with selenite horizons (Fig.
3; Kasprzyk & Babel, 1986). Detritic sediment with ooids fills also spaces
between selenite crystals in the underlying beds. Gypsoolites arc built of
gypsum ooids, 0.7 -2 mm in diameter, representing various morphological
forms and genetically related to an environment of variable salinity and water
dynamics (Babel & Kasprzyk, 1990).

Gypsopelites (gp) have pelitic structure with dominant grain-size fraction
below 0.06 mm. These rocks occur mostly in thin (up to few tens of centime-
tres) layers with homogeneously clastic structure, rarely with graded bedding
and flaser, lenticular or convolute lamination (Pl. IX: 1). Convolute lamina-
tion is characteristic of turbidite sequences and other laminated sediments,
whose rapid deposition makes them susceptible to spontaneous liquefaction.
They packets of deformed laminae gradually flattening towards the top or
sharply truncated by overlying non-folded lamina (PL. IX: 1). Similar disturb-
ances and deformations of laminac in laminated gypsum in the southern mar-
gin of the Gory Swietokrzyskie were described as “folds” (Kwiatkowski,
1972) or “flowage-fold structures” (Kubica, 1992). Kwiatkowski (1972) at-
tributed their origin to thixotropic liquefaction of laminae within a laminated
package during carly diagenesis. Brecciated horizons and algal laminites with
calcified cyanobacterial filaments, observed in gypsopelites, record periods of
water agitation and freshening. The gypsum clasts are reworked (corroded and
abraded) crystals, which occur in clusters or dispersed in clayey-marly matrix
locally rich in peloids and coalified plant debris.

Clastic, fine-grained (< 0.06 mm) gypsum sediments were described from
modern coastal salinas of western Australia (Arakel, 1980; Logan, 1987; Ken-
dall & Warren, 1988). These sediments show distinctive sedimentary struc-
tures — lamination, ripples, cross-lamination, graded bedding, and they occur
together with other varieties of clastic gypsum.

Gypsarenite (ga) is — according to Arakel (1980), Warren (1982) and
Schreiber (1986) — a variety of clastic gypsum with dominant fraction of 0.06
-2 mm. Gypsarenites occur in massive or stratified beds 0.1 - 11.5 m thick.
The gypsum clasts are strongly abraded and corroded crystals or their [rag-
ments (P1. VIIL: 4). The granular components are set in gypsum-clayey-carbo-
nate matrix. Structures of gypsarenites arc homogeneous or laminated . The
types of lamination include millimetric parallel lamination — horizontal or
wavy — and centimetric horizontal lamination, consisting of alternating lami-
nac of gypsum and pelite or marly sand (clayey gypsum-rhythmite — Kas-
przyk, 1989a; PL. VII: 1, 2). Lenticular, flaser and convolute lamination is also
common (PL. VIII: 1; PL. IX: 1). Frequent are: folding and fracturing of lami-
nated packets, graded bedding (Pl. VII: 2, 3), ripples as well as turbidite
sequences, usually incomplete and devoid of the upper division. More com-
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plete TABCD sequences, up to 60 cm thick, occur in the area of the Wschodnia
river (Fig. 5). The turbidite sediments include load casts related to thixotropic
liquefaction of laminated sediment in a system with unstable density stratifi-
cation. Alternating laminae pure and rich in clayey-carbonatc impurities
formed a trigger system in which liquefaction — not spontaneous but mechan-
ically triggered by a storm, earthquake or alike — occurred selectively in pure
gypsum laminae (see Kwiatkowski, 1972). The impurc laminaec werc less
susceptible to liquefaction and sunk in the liquefied laminae, forming charac-
teristic, tight depressional structures, flame and load structures, described
from the Messinian sulphate turbidites of Sicily (Catalano et al., 1976). All
these structures indicate that gypsarenites originated by mechanical remobili-
zation and redistribution of clastic gypsum sediment (cf. Garlicki, 1980;
Schreiber, 1988).

Lithofacies of fine-grained and medium-grained gypsum (grains < 2 mm in
diameter) are known from sediments of modern salinas and sabkhas on the
coasts of Australia, Spain, USA and Egypt (Arakel, 1980; Warren, 1982; Orti
Cabo et al., 1984; Schreiber, 1986; Dronkert, 1985). Gypsarenites in salinas
of southern and western Australia form due to the action of waves and (or)
wind by mechanical remobilization of shallow water or emerged sediments;
they are a modern cquivalent of the fossil gypsarenites.

Gypsorudites (gr) consist of broken gypsum crystals, clasts of gypsum,
carbonate and argillaceous rocks (up to 15 cm long), and bioclasts, which
form the skeletal framework dispersed in gypsarenite matrix (Pl. VIII: 1-3).
Peloids, fragments of cyanobacterial filaments and coalified plants, as well as
lenticular gypsum crystals (up to about 0.5 mm in diameter) occur within the
matrix. Gypsum crystals have traces of corrosion and abrasion (P1. VIII: 3, 4)
and are often oricnted parallel around greater rock fragments. The degree of
rounding of the grains is variable, depending of the environment of deposi-
tion. The gypsorudites which occur in thick beds, up to 12.9 m in thickness,
display disturbed bedding, deformational slabs, fragmented and folded layers
and laminae as well as matrix-supported fabric.

Gypsorudites were described from various evaporite formations. Most
authors relate their origin to mechanical remobilization and redeposition of
clastic material by subaerial or subaqueous mass movements (¢.g. Meier,
1975; Schlager & Bolz, 1977; Richter-Bemburg, 1985; Kubica, 1985, 1992;
Niemczyk, 1988a, b).

INTERPRETATION OF SEDIMENTARY ENVIRONMENT

Palaeogeography at the onset of sulphate sedimentation

The evaporite basin of southern Poland, which formed at the foreland of
the Carpathians during the Badenian time, was bordered by barriers and fea-
tured by a zonal distribution of facies. Sulphate deposits were laid down on a
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shallow shelf while rock salt formed in the narrow deepest part of the basin
(Garlicki, 1979). The extent and nature of evaporite deposition were control-
led by climatic and tectonic factors, which determined palacogeographical
conditions within the basin, such as substrate relief, water depth and salinity.

The deposition of the Baranéw Beds largely levelled the morpho-structural
relief of the sub-Miocene substrate, though algal “reefs” growing on clev-
ations emphasized the pre-existing relief. It is probable that these areas, now
devoid of sulphate deposits, were alrcady emergent during the deposition of
evaporites in the central part of the basin (cf. Wilczyriski, 1984; Studencki,
1987; Kasprzyk, 1991, fig. 8).

Table 2
Diagnostic features of sabkha environment

. subaerial*
environment ..
peritidal zone
climate arid
rainfall, supply:
supply a/ surficial* (rivers, sea-water flooding by tides or storm, winds)

b/ subsurface* (percolation of sca water)
¢/ underground (continental groundwater)

— growth of sulphate minerals*: in siti replacement and displacive growth
diegenesis — nodular structures* and enterolithic structures*
— lenticular gypsum crystals*, dispersed or in clusters in biogenic sediment

evaporitic

i sum*, drite*, halite*
minerals gypsum*, anhydrite*, hali

other replacing

. dolomite*, celestine*, magnesite
minerals

* — features present in the studied sediments

The sulphate deposits were laid down at the front and below the clevations
of the carbonate shelves, partly covering the Lithothamnium sediments. The
bottom surface, inherited after the deposition of the Baranéw Beds, displayed
a slight (< 1°) southward or southeastward inclination, characteristic of ramps
(cf. Read, 1985). The facies variation of the sulphate deposits reflects the
relief of the ramp. At the beginning of evaporite sedimentation the southern
slopes of the Gory Swietokrzyskie were occupied by a system of extensive
shallow-water lagoons separated by NW-SE trending island barriers or shoals
(Kasprzyk, 1991, fig. 3). The facies variation permits the distinction of the
following palacogeographic zones: 1) sabkha-like coastal salt flats, 2) lagoons
(salinas) forming a system of interconnected shallow, more or less isolated,
evaporite basins, 3) islands devoid of cvaporitc sedimentation (carbonate
shelves), 4) outer shelf — wide zone directly connected with the open basin.
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Sabkha has been variously interpreted and defined in the literaturc (ITand-
ford, 1981; Purser, 1985; Warren, 1989), nevertheless there is a consensus on
the structural and textural characteristics as well as mineral composition of
sabkha sediments and the assemblage of diagenetic processes (Table 2), which
are distinctive for the modern sabkha. This assemblage may be also rccog-
nized in the Badenian sulphate deposits south of the Gory Swigtokrzyskie
(Table 2). Typical sabkha sediments arc nodular gypsum and anhydrite with
abundant pelitic-dolomitic matrix (Pl. IX: 2); their origin in a diagenetic envi-
ronment of sabkha is confirmed by the results of isotopic analyses: the values
of §'%0 in dolomite are 3.15 and 3.50 permill (cf. Hatas, 1982; Pierre, 1988).

Sabkha formed in the studied area in Badenian time, at the initial stage of
evaporite sedimentation, on the southern slope of a NW-SE extending central
elevation (Kasprzyk, 1991, fig. 3). The salinas occupied an extensive arca of
subaqueous deposition and communicated with the open sea through a zone of
outer shelf.

Evolution of sulphate sedimentation

The uniformity of gypsum lithofacies over the large area of the southern
margin of the Géry Swigtokrzyskie indicates uniform environment and a simi-
lar evolution of sedimentation. In this arca sulphate sedimentation began in
coastal lagoons, partly isolated from the open sca by a system of carbonate
barriers, inherited after the deposition of the Baranéw Beds (Kasprzyk, 1991,
fig. 8). Lenticular gypsum crystals grew in local depressions of the bottom,
within black clays, thus forming the basal biolaminites (Pl. V).

The gypsum sequence begins with glassy gypsum (unit a, Fig. 7), laid
down in conditions similar to those in modern coastal salinas of southern
Australia (Goto, 1968; Warren, 1982, 1983; Kendall & Warren, 1988). Condi-
tions favourable for the growth of the great crystalline intergrowths existed in
calm, density-stratified highly saline waters. The streaks of impuritics as well
as dissolution and erosion surfaces in the glassy gypsum prove that its growth
was periodically interrupted or slowed down duc to increased supply of fresh
water and halocline fluctuations.

The growth anomalies, such as inclined intergrowths (P1. II: 2, 3), laminae
of detritic gypsum, grass-like selenite horizons, or a large proportion of im-
purities, which are observed in the upper part of the glassy gypsum, indicate
a change in the conditions of deposition: increased dynamics of water, and
greater changes in salinity.

A sea level drop, probably related to custatic movements or evaporation in
connection with the shallowing due to the increase of sediment fill, as wcll as
the decrease in salinity, impeded the development of glassy gypsum. The
varying sedimentary conditions are recorded in alternating selenite crystals
and microbial mats (Fig. 7). It is probable that cyanobacterial mats, which
bound and stabilized detritic gypsum sediment, were completely gypsified in
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the conditions of increasing salinity, as it was found by Orti Cabo et al. (1984)
and Dronkert (1985) in the modern coastal salinas of southeast Spain. The
common occurrence of gypsum-microbial laminites (biolaminites) typical of
coastal sabkha (Kendall & Warren, 1988; Gunatilaka & Shearman, 1988),
dome-like stromatolites formed in a rhythmically flooded and emergent envi-
ronment, as well as selenite horizons growing in subaqueous conditions, indi-
cates changing regimes of sedimentation during the deposition of units b-e.
Similar lithofacies are known from extremely shallow-water to subacrial mod-
ern evaporite environments at the southeastern coasts of Spain (Orti Cabo et
al., 1984; Dronkert, 1985; author’s own obscrvations), southern and western
Australia (Arakel, 1980; Warren, 1982; Logan, 1987) and the Persian Gulf
(Purser et al., 1987; Gunatilaka & Shearman, 1988).

The sea-level rise resulted in restoring the subaqueous conditions, though
— as may be inferred from the morphology of the skeletal and sabre-like
gypsum in units f, g, i — the depth of the sca was slightly less than that at
which glassy gypsum had developed (Fig. 7). Spontaneous precipitation and
crystal growth occurred at the bottom and near the water/air interface in the
conditions of high salinity. The chaotical arrangement of selenite crystals in
skeletal gypsum, intercalations of detritic gypsum, admixture of terrigenous
material and deformational structures in laminated layers indicate elevated
energy of environment.

Episodical lowering of sea level resulted in general predominance of physi-
cal accretion, recorded in the formation of a layer of laminated clastic sedi-
ment (unit 4 — Fig. 7). Characteristic sedimentary structures — graded bedding,
ripples, cross-lamination and brecciation — prove mechanical remobilization
and redeposition of clastic material by intermittent currents.

A renewed increase in depth and salinity permitted the continuation of the
growth of sabre-like gypsum (unit i — Fig. 7). The appearance of laminac of
peloidal limestone and brecciated horizons with selenite clasts in the upper
part of the selenite complex indicates a distinct variation in the physico-
chemical regime, which put end to the selenite growth in the most part of the
area. This variation was probably caused by a distinct fall of sea level, in-
crease in energy of environment and decrcase in salinity, following a change
of climate to a more humid one.

Evolution of sulphate sedimentation in the central part of the studied area
was different (Fig. 5; Kasprzyk, 1991, fig. 8; Kasprzyk & Orti Cabo, in prep.).
The drop in sea level at the end of the Baranéw Beds deposition resulted in
emergence of a large part of the central shoal. In its peripheral zone, the
sequence of structures in the gypsum rocks (crystalline - stromatolitic - nodu-
lar) records a change of sedimentation from subaqueous to subaerial; typical
sabkha sediments — nodular gypsum and anhydrite (P1. IX: 2; Fig. 5) were laid
down in the coastal zone at this time (Kasprzyk, 1991 — figs. 3, 4, 8). Episodic
return to subaqueous conditions was marked by the development of selenite
gypsum (Fig. 5), followed by another sea-level fall.

4 — Annales Sodict. ...
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The fall of sea-level preceded essential changes in the physiographic sys-
tem, which caused that the farther sedimentation in the central part of the
studied area — hitherto slightly different in evolution — was similar as in the
other areas.

The peripheral part of the basin and some parts of the shoals were emerged
and extremely shallow water conditions reigned over the remaining arca. Such
a change in the sedimentary environment favoured the development of micro-
bial facies, periodically interrupted or slowed down in conditions of dominant
physical accretion or chemical precipitation (units j-m; Fig. 7; Pl. VI: 2; PL
VII: 3). Gypsooid sands were laid down in the littoral zone by strongly agi-
tated water (Babel & Kasprzyk, 1990; Fig. 3), then transported towards the
adjacent lagoon and deposited in the parts of the bay better protected from the
wave action. The increased supply of terrigenous material, possibly related to
the fluvial supply loaded with the residuum after dissolution of the gypsum
rocks, occurred mainly in the peripheral part of the basin. Modemn facies
analogs are the coastal salinas of western Australia (Logan, 1987) where
strongly reworked clastic gypsum sediment is laid down in conditions of
seasonally varying salinity and water agitation.

Mechanical remobilization and redeposition of gypsum sediments was con-
spicuous in the remaining area in the same time. Numerous synsedimentary
structures in thick beds of clastic gypsum in the western part of the studied
area (Fig. 2) point to a high degree of tectonic instability, interpreted as a
trigger for the redistribution process (Peryt & Kasprzyk, 1992).

The rise in sea level resulted in restitution of subaqueous conditions in the
whole studied area. It was in a close relation to the tectonic activity in the arca
of the Gory Swictokrzyskie which changed the morpho-structural pattern in
the southern margin. This preceded an important change in the facies evol-
ution.

Tectonic activity, probably accompanicd by volcanic activity (proven by
tuffite and tuffitic clay intercalations — Fig. 3-6), initiated redistribution of
gypsum sediment by mass movements — debris flows, slumps and turbidity
currents (unit n — Fig. 7; Kasprzyk, 1991, fig. 8; Peryt & Kasprzyk, 1992).

The sea level fall resulted in emergence of the peripheral part of the basin
(Kasprzyk, 1991, fig. 6). Perhaps deposition continued there in an extremely
shallow-water environment, and a later denudation resulted in the complete
removal of sediments. This may be indicated by clasts of stromatolite gypsum
and microbial-peloidal limestones in gypsorudites in the northern part of the
studied area. Conditions favourable for the development of microbial and
nodular facies (unit o: Fig. 7; Pl. VI: 1) prevailed in the remaining arca. These
are known from the modem sabkhas at the coasts of the Persian Gulf and the
Mediterranean Sea (Kendall & Warren, 1988).

The tectonic rearrangement resulted in a new palacogeographical pattern in
the peripheral part of the evaporite basin (Kasprzyk, 1991, figs. 7, 8). The
structural evolution was manifested in the castward shift of the basin axis
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which resulted in the intense redistribution of clastic material from the pcriph-
eral areas of the basin (unit p; Fig. 7).

Towards the end of the sulphate deposition the sea-level fell again (Fig. 7).
The marginal zone was emerged and subject to intense denudation. Only lo-
cally microbial carbonates were laid down in extremely shallow hypersaline
basins (ponds) of the coastal plain. The microbial mats were being gypsified
in the conditions of elevated salinity, as was found in the Osiek area (Pl. VI:
3, 4). Horizons of finer selenite developed sporadically. Exteremely shallow-
water to subaerial conditions, similar to those occurring now in ephcmeral
coastal lagoons in western Australia (Logan, 1987), prevailed in the northern
marginal zone of the evaporite basin at the final stage.

Lithofacies of the sulphate deposits in the northern part of the Carpathian
Foredeep indicate a large variation within the sedimentary environment (Fig.
8). The results of sedimentary processes, normally well marked in the litho-
logy and in the assemblage of sedimentary structures, were partly or com-
pletely obliterated during diagenesis. The diagenetic modification included
(Fig. 8): 1) dehydration (partial or complete replacement of gypsum by anhy-
drite), 2) hydration or rehydration (replacement of anhydrite by secondary
gypsum), 3) bacterial reduction of sulphates (replacement of sulphates by
carbonates with concentrations of native sulphur).

Causes of facies changes

The evolution of sulphate sedimentation was controlled mainly by tectonic
and climatic factors (c.g. Pawtowski, 1970; Kwiatkowski, 1972; Garlicki,
1979; Kubica, 1985, 1992). The deposition of sulphate sediments occurred
during sea-level fluctuations, small but well marked in rock record, which
could be due to: 1) subsidence, 2) tectonic movements and (or) eustatic
changes, and 3) cvaporative drawdown. The presented reconstruction of the
sedimentary history of the sulphate deposits stresses mainly the influence of
tectonic and (or) eustatic changes which controlled the nature and sequence of
sediments (Fig. 7). A detailed lithofacies analysis and correlation of the suc-
cessions of established processes prove that the axis of evaporite basin mi-
grated castwards in the studied area during the deposition of the sulphate
sediments (cf. Kasprzyk, 1991, fig. 8). This is in agreement with the carlier
conclusions on the tectonic evolution of the Miocene basin (e.g. Ney et al.,
1974; Garlicki, 1979; Wilczyriski, 1984). '

Though the details of the succession of events in this area are still under
debate (Ney et al., 197; Oszczypko & Tomas, 1985; Zytko, 1985), it is gener-
ally accepted that the salinary crisis in the Badenian basin was a result of
diastrophic events related to the thrusting of the Carpathians from the south,
and of the tectonic activity in their foreland.

The analysis of the complete sequences of lithofacies indicates that the sea
level was falling five times (Fig. 7). In contrary to the first four sea-level falls



60

A. KASPRZYK

Table 3

Comparison of cyclical sequence of lithofacies in the Badenian gypsum south of the Goéry
Swietokrzyskie and in the Messinian of the Mediterranean area

Sicily, Northern Apen-|{  SE Spain,
Carpathian Foredeep Ciminna Basin nines Sorbas Basin
(Messinian) (Messinian) (Messinian)
Number of 6
5
cycles 14 5.6 4or5 13 or 14 12
7. carbonate-sil-
ty-clayey
laminites
6. curved
6. chaotic selenitic twins,
- ChaoC BY- 16 chaotic distorted gy-
psum conglo- sum sum aggrega-
merates EYP! psum aggregs

tes
("supercones")

5. wavy, need-

5. nodular and

5. massive sele-

Catalano, 1976

Dronkert, 1985

le-like selenite | lenticular nite layers,
layers selenite selenite clasts
4. stromatolitic . .
sum. nodu- 4. giant seleni-
fayrp N 4. bedded 4. banded te crystals in
ming'l)ga i selenite selenite vertical “tree-li-
ated gyp ke” columns
Sequence |Sum, clay
of 3. banded gy-
lithofacies | psum with sele- - . .
in evele pst B 1. stromatolitic |3. massive sele- . 3. subhorizon-
y nitic hori- . 3. massive . .
gypsum, nodu- |nite aith algal . tal prismatic
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which resulted only locally in episodic subaerial cxposition of the area, after
the fifth one the sea dried out nearly completely in the peripheral zonc of the
evaporite basin (Kasprzyk, 1991, figs. 7 and 8). In consequence, the nature of
the deposition of sulphate deposits in the northern marginal zone of the evap-
orite basin may be described as regressive. The sea-level fluctuations were
accompanied by variation in water salinity. These phenomena were the main
causes of the cyclicity in the deposition of the sulphate sediments in the
Carpathian Foredeep.

Cyclicity of sedimentation

Cyclic sedimentation is characteristic of evaporites (Sonnenfeld, 1984;
Kendall, 1988). Cyclicity of sedimentation in the Messinian formation of the
Mediterranean arca is expressed in the repetitive lithofacies sequence (Table
3). There have been various opinions on the cyclicity in sulphate sediments in
the Miocene of the Carpathian Foredeep. Most authors (e.g. Poborski, 1952;
Niemczyk, 1961; Gawel, 1962; Wala, 1962; Garlicki, 1968, 1979; Stomka,
1979; Kubica, 1985, 1992) accepted its existence though the opinions differed
on the criterion of cyclicity and the number of sedimentary cycles (see discus-
sion in Kubica, 1985). Cyclic nature of the Miocene gypsum was questioned
by Kwiatkowski (1972).

The reconstruction of gypsum sedimentation presented in the preceding
chapters allows for a distinction of six cycles (Fig. 7), well marked in a large
part of the studied area. The successive stages of cyclic sedimentation, ex-
pressed by the repetitive lithofacies sequences (Table 3), record: 1) intensity
and mutual relation between the processes of chemical precipitation, physical
accretion and biological productivity, 2) regressive nature of deposition, 3)
variable rate of sedimentation and subsidence. The regressive nature of de-
positional cycles is expressed in alternate occurrence of relatively deep-water
and shallow-water facies (Fig. 7). The changes in depth caused by external
factors (tectonic and (or) eustatic), subsidence, cvaporation or sediment accu-
mulation are clearly marked in the rock record (Figs. 2-6).

CONCLUSIONS

The rich assemblage of sedimentary structures in the Badenian sulphate
sediments in the northern part of the Carpathian Foredeep indicates a signifi-
cant variation in sedimentary environment in the peripheral zone of the cvap-
orite basin. These environments, reconstructed on the base of analogy to the
well studied facies of modern and fossil evaporite environments, represent
both subaqueous (deep-water to extremely shallow-water) and subaerial envi-
ronments (Figs. 7 and 8).

The marginal zone of the basin and the areas of shoals were emergent
several times during the sulphate sedimentation (Fig. 7). The sea-level fall
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preceded the development of sabkha sequence with the distinctive assemblage
of sedimentary structures: cyanobacterial laminites, nodular and enterolithic
structures, erosional structures and dessication-cracks (Table 2). Stromato-
lites, locally with selenite horizons (Fig. 8), were formed in extremely shal-
low-water to subaerial environments subject to frequent changes of the
physico-chemical regime. Selenite developed in a high-salinity subaqueous
environment, as a result of rapid precipitation and crystal growth on the bot-
tom. The selenite crystals were eroded and partly dissolved in periods of
increased water dynamics. Clastic gypsum sediment, remobilized and rede-
posited in shallow-water conditions, reveals characteristic sedimentary struc-
tures: cross-lamination, ripples and graded bedding. Periodical instability (see
Peryt & Kasprzyk, 1992) triggered gravity-controlled mass and turbidity
flows, which resulted in redistribution of clastic gypsum sediment from the
marginal to the deeper parts of the basin.

A similar sedimentary evolution — from deep-water to subaerial facies —
has been recognized in many ancient evaporite formations (see discussion in:
Schreiber, 1986, 1988 and Warren, 1989, 1991). Among these, only the Mess-
inian formation of the Mediterranean arca includes perfectly preserved pri-
mary sulphate lithofacies, very similar to those in the Badenian sulphate
sediments of the Carpathian Foredeep.

The development of evaporites in the Badenian basin was initiated by
climatic and tectonic factors which controlled the major changes of the physi-
co-chemical regime and the cyclic naturc of sedimentation (Table 3). The
repetitive lithotfacies sequences record the intensity of the processes of crys-
tallization, sedimentation, subsidence (both regional and local), and eustatic
and (or) tectonic sea-level changes. The author distinguished six cycles in the
gypsum sequence, marked in the repetitive sequence of relatively deep-water
and shallow-water facies (Fig. 7). The sequence as a whole is regressive and
— in analogy to the Messinian basins of the Mediterranean area — the evolution
of the sulphate sedimentation records successive restriction of the evaporite
basin down to complete emergence of its peripheral part.

Evaporite sediments are highly susceptible to diagenetic processes, result-
ing in partial or complete obliteration of the original structures of the rocks
(Fig. 8). These processes were especially strongly manifested in the Badenian
of the Carpathian Foredeep. Gypsum is replaced by anhydrite towards the
deeper part of the foredeep, due to burial-related dehydration (Kubica, 1972,
1992). Anhydrite shows primary structures of gypsum rocks, often perfectly
pre- served. In the conditions of increased migration of meteoric waters, in-
itiated by tectonic modifications and (or) local exhumation, anhydrites were
partly or completely hydrated and replaced by secondary gypsum.

Deep-water facies in the Badenian cvaporite formation of the Carpathian
Foredeep are represented by rock salt, sulphate basinal laminites and rede-
posited clastic sediments — turbidites, debris flows or submarine slumps; these
are genetically related to morpho-structural depressions in the basin substrate
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(Garlicki, 1979). The deep-water sediments are interstratified with or laterally
replaced by shallow-water to subaerial sediments among which selenite litho-
facies dominate.
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Streszczenie

LITOFACJE I SEDYMENTACJA OSADOW
SIARCZANOWYCH BADENU (SRODKOWY MIOCEN)
W POLNOCNEJ CZESCI ZAPADLISKA
PRZEDKARPACKIEGO

Alicja Kasprzyk

Abstract: Osady siarczanowe badenu sa reprezentowane przez gipsy pierwotne: krystaliczne
selenitowe, zbite, klastyczne, gipsy wtéme i anhydryty. Gipsy pierwotne wykazuja duze zréznico-
wanie litofacjalne oraz bogaty inwentarz struktur sedymentacyjnych. Wyniki analizy facjalnej oraz
wspélczesne analogie wskazuja, ze utwory te rozwijaly si¢ w zmiennych warunkach sedymentacji
— od subakwalnych (gleboko- i plytkowodnych) do subaeralnych, w salinach i na obszarach sebhy
w strefie rampy platformowej, charakteryzujacej si¢ niewielkim nachyleniem (< 1°) i zréznicowana
morfologia. Sekwencja litotypéw — od @ do r — wyréznionych w profilach gipséw, ma chara- kter
regresywny i obejmuje 6 cykli sedymentacyjnych.

WSTEP

Przedmiotem analizy litofacjalnej sa osady siarczanowe badenu na potud-
nie od G6r Swictokrzyskich (Fig. 1). Ze wzgledu na rozmieszczenie odstonig¢
i wierceri badania skoncentrowane byly w czterech rejonach (Fig. 1): nadni-
dzianiskim, staszowskim, osieckim oraz rzeki Wschodniej. Osady siarczanowe
tego obszaru sa reprezentowane przez gipsy pierwotne (krystaliczne scleni-
towe, zbite, klastyczne, Pl. I-VIIL; IX: 1), gipsy wtéme (P1. X: 2) i anhydryty
(P1. IX: 2). Uwzgledniajac zréznicowanie litofacjalne gipsow wyr6zniono sze-
reg odmian (Fig. 2-6; Tab. 1). Gipsy krystaliczne selenitowe obejmuja lito-
facje: szklicowe, szablaste, szkieletowe i warstwowane z poziomami scleni-
t6w. Nastgpna grupe tworza gipsy zbite: z agregatami krystalicznymi, stroma-
tolitowe, laminowane, smugowane, alabastrowe i gruztowe. Do gipséw klas-
tycznych zaliczono: oolity gipsowe, gipsopelity, gipsarenity i gipsorudyty.

LITOFACJE GIPSOWE

Wsréd gipséw selenitowych unikalne wyksztalcenie wykazuja gipsy szkli-
cowe (sz) (PL. I-IT). Buduja je wielkie (do 3,5 m wys.), blokowe zrosty krys-
taliczne symetryczne i asymetryczne, o powierzchni zrostu pionowcj lub
pochylonej (Babel, 1987, 1990). Krysztaty budujace skrzydta zrostu zacho-
wuja podstawowe prawidlowosci wzrostu selenitéw: rozszczepienia, zakrzy-
wienia gérmej powierzchni, strefowy przyrost postaci stupa (120) wyznaczony
przez smugi i laminy mineralnych i organicznych inkluzji (agregaty itu i kal-
cytu, widokna sinic). Podobne struktury wystepuja w wielkokrystalicznych gip-
sach selenitowych wsp6lczesnych przybrzeznych salin potudniowej Australii
(Goto, 1968; Warren, 1982, 1983; Kendall & Warren, 1988).



68 A. KASPRZYK

Gipsy szablaste (sa) (Pl. III: 1-3) wyr6zniaja si¢ obecno$cia krysztalow
szablastych, ktérych charakterystycznymi cechami sa: silne wydtuzenic (15 -
90 cm), zakrzywienie gémej powierzchni, rozszczepicnia, regularne strefy
przyrostu. Krysztaly szablaste sa w skale rozmieszczone chaotycznie lub kie-
runkowo (P1. III: 3); w kopulach gipsowych (Pl III: 1, 2) wykazuja orientacje
promienista. W przestrzeni migdzy krysztatami szablastymi wystepuja drobne
krysztaly selenitowe oraz matriks ilasto-weglanowo-gipsowy, lokalnie zanie-
czyszczony materia organiczna. Obserwowano przewarstwienia gipséw zbi-
tych lub klastycznych, struktury obciazeniowe, ugigcia i zestromienia lamin
nad krysztatami selenitowymi oraz krysztaly ztamane. Gipsy selenitowe z
krysztalami szablastymi podobnymi do wyzcj opisanych sa znane ze wspoét-
czesnych przybrzeznych salin potudniowo-wschodniej Hiszpanii i potudnio-
wej Australii (Warren, 1982; Orti Cabo et al., 1984), gdzic tworza kopulaste
pokrywy selenitowe.

Gipsy szkieletowe (sk) sa zbudowane z krysztatéw selenitowych, o diugo-
$ci do 15 cm, wzajemnie poprzerastanych i rozmieszczonych chaotycznie w
obrebie weglanowo-pelityczno-gipsowego matriks (PL III: 4). Podobne agre-
gaty krysztaléw wydtuzonych i chaotycznic zoricntowanych tworza jadra
kopul gipsowych, powstajacych wspélczesnic w salinach przybrzeznych
(Warren, 1982; Orti Cabo er al., 1984; Kendall & Warren, 1988).

Gipsy warstwowane z poziomami sclenitowymi (sl) zawieraja przewar-
stwienia gipséw zbitych lub klastycznych (Pl. 1V). Krysztaly selenitowe two-
rza struktury palisadowe typu murawy (grass-like) lub formy koputkowato-
-kalafiorowate o wyksztalceniu cavoli. Pozostale charakterystyczne struktury
sedymentacyjne to: kieszeniowe wypelnienia przestrzeni migdzy wierzcholka-
mi krysztalow selenitowych przez materiat detrytyczny, struktury stromatoli-
towe, Slady rozpuszczania i (lub) crozji kryszatatéw, struktury obciazeniowe,
poziomy zbrekcjowan, szczeliny z wysychania. Litofacje gipséw seleni-
towych o podobnym wyksztatceniu i inwentarzu struktur sedymentacyjnych
byly opisywane ze wspdlczesnych salin przybrzeznych potudniowej i zachod-
niej Australii oraz poludniowo-wschodnicj Hiszpanii (Arakel, 1980; Warren,
1982, 1983; Orti Cabo et al., 1984; Dronkert, 1985; Logan, 1987).

Gipsy zbite z agregatami krystalicznymi (cl) to odmiana przejSciowa
miegdzy gipsami krystalicznymi selenitowymi i zbitymi, co wyraza si¢ obecno-
Scia krysztatéw selenitowych, o dlugosci do 25 cm, wystepujacych w skupie-
niach lub pojedynczo w tle gipsu mikrokrystalicznego i (lub) ziarnistego,
zanieczyszczonego materialem pelityczno-weglanowym. Pospolite sa: struktu-
ry obciazeniowe, laminacja nieregularna i smuzysta.

Gipsy stromatolitowe (st) (PL. IV: I; PL. V) wystepuja w sekwencji litofacji
w réznym polozeniu (Fig. 2-6). Ich cecha jest obecno$¢ dobrze zachowanych
struktur organogenicznych, ktérych zréznicowanic morfologiczne i mikro-
strukturalne pozwala na wyréznienie kilku odmian: stromatolitéw, laminitéw
sinicowych i biolaminitéw (Pl. V; oméwienie: Kasprzyk, 1993).

Gipsy laminowane (la) sa zréznicowane pod wzgledem wyksztatcenia i
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genezy. Laminacja jest wyrazona naprzemianleglym ufoZeniem lamin gip-
sowych: jasnych, grubosci 0,1 - 3,0 mm, nieznacznie zanieczyszczonych ifem
i weglanami, oraz ciemnych, grubosci 0,01 - 0,5 mm, rzadziej do 1 mm, z
wicksza domieszka materiatu weglanowo-pelitycznego. Pospolita jest lami-
nacja: pozioma lub falista, soczewkowa, smuzysta, krenulowana, konwolutna
(Pl. VII: 2; PL IX: 3). Wsp6tczesne odpowiedniki facjalne tych utworéw to
laminowane osady gipsowe, tworzace si¢ w przybrzeznych salinach Hutt i
Leeman na zachodnim wybrzezu Australii w okresowo zmiennych warunkach
zasolenia wod i dostawy materiatu terygenicznego (Arakel, 1980).

Gipsy smugowane (fl) wykazuja laminacj¢ niewyrazna, miejscami zatarta i
poprzerywana, wyrazona obecno$cia nicregularnych smug, wyrézniajacych
sie w tle gipsu mikrokrystalicznego lub ziarnistego ciemniejsza barwa i wick-
sza domieszka materiatu pelitycznego.

Gipsy alabastrowe (al) to makroskopowo skaly skrytokrystaliczne zbite,
barwy kremowej, jasnoszarej lub bezowej, o charakterystycznej laminacji kre-
nulowanej (Pl. IV; PL. VII: 1). Wystepuja onc zazwyczaj w cienkich war-
stwach o nieregularnej, gruztowatej powierzchni stropowej, niekiedy pokrytej
wiazkami drobnych krysztatéw sclenitowych o wyksztatceniu cavoli. Podobne
osady tworza si¢ wspélczesnie w przybrzeznych salinach i obszarach sebhy
(Warren, 1982, 1983; Purser et al., 1987). :

Gipsy gruztowe (no) zawieraja gruzty sferyczne i elipsoidalne, o Srednicy
od 1 do 12 cm, rozmieszczone w obrebic ilasto-weglanowego matriks poje-
dynczo, jako formy izolowane, lub w skupicniach i warstwach. Charaktery-
styczna jest struktura enterolityczna. Wsp6iczesne odpowiedniki facjalne sa
znane z obszaréw sebhy Zatoki Pcrskicj, wybrzezy Australii i Morza Sréd-
ziemnego (West et al., 1979; Gavish, 1980; Warren & Kendall, 1985; Kendall
& Warren, 1988).

Gipsy klastyczne (Pl. VII-IX: 1) wykazuja cechy strukturalne i teksturalne
typowe dla terygenicznego osadu klastycznego. Cechy te sa nastgpujace: a)
sktad mineralny — duzy udziat (15 - 50 %) materialu terygeniczncgo (mineraty
ilaste, kwarc, tyszczyki, skalenie, litoklasty); b) szkiclet ziarnowy — Klasty
krysztatéw gipsu, litoklasty skat gipsowych, weglanowych i ilastych, szczatki
zweglonych roSlin, bioklasty makro- i mikrofauny, peloidy, ooidy; ¢) spoiwo
— porowe, porowo-kontaktowe lub typu masy wypelniajacej gipsowo-ilasto-
weglanowe, gipsowo-margliste lub ilasto-margliste; d) struktury sedymenta-
cyjne — struktura homogenicznic klastyczna, laminacja: réwnolegta pozioma
lub falista, soczewkowa, smuzysta i konwolutna, uziarnienie frakcjonalne,
warstwowanic przekatne, riplemarki, sekwencje turbidytowe. Gipsy klas-
tyczne obejmuja odmiany: gipsoolity (00), gipsopelity (gp), gipsarenity (ga) i
gipsorudyty (gr), zréznicowane pod wzgledem wyksztalcenia i genezy.
Wsp6tczesne odpowiedniki litofacji ptytkowodnych sa znane z przybrzeznych
salin i obszaréw sebhy wybrzezy Australii, Hiszpanii, USA i Egiptu (Arakel,
1980; Warren, 1982; Orti Cabo et al., 1984; Schreiber, 1986; Dronkert; 1985),
gdzie silniec przerobiony klastyczny osad gipsowy tworzy si¢ w okresach
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zwigkszonej agitacji wod.
INTERPRETACJA SRODOWISKA SEDYMENTACJI

Duze zr6znicowanie litofacjalne (Fig. 2-6) oraz bogaty inwentarz struktur
sedymentacyjnych (Tab. 1) w osadach siarczanowych wskazuje na zmienne
warunki sedymentacji w brzeznej strefie baderiskiego basenu ewaporacyjne-
go0. Warunki te, zrekonstruowane w oparciu o podobieristwo do dobrze pozna-
nych — pod wzgledem facjalnym — wspéiczesnych i kopalnych Srodowisk
ewaporacyjnych, reprezentuja S§rodowiska zar6wno subakwalne (gi¢boko-
wodne do skrajnie ptytkowodnych), jak i subacralne (Fig. 8).

W trakcie depozycji osadow siarczanc vych w strefie peryferycznej zbior-
nika i na obszerze plycizn kilkakrotnie doszto do subaeralnych wynurzen
(Fig. 7). Obnizenie poziomu morza poprzedzito rozwdj sekwencji sebhy z
charakterystycznym zespolem struktur sedymentacyjnych: laminitami sini-
cowymi, strukturami gruztowymi i enterolitycznymi, powierzchniami erozyj-
nymi i szczelinami z wysychania (Tab. 2). W Srodowiskach skrajnie plytko-
wodnych do subaeralnych, charakteryzujacych si¢ czgstymi zmianami rezimu
fizyko-chemicznego, rozwijaly si¢ utwory stromatolitowe, lokalnie z pozio-
mami selenitowymi (Fig. 8). Gipsy selenitowe tworzyly si¢ w Srodowisku
subakwalnym o wysokim zasoleniu wéd w efekcie szybkiego wytracania i
wzrostu krysztatdw na dnie. W okresach zwigkszonej dynamiki wéd lub wy-
nurzenia krysztaty selenitowe byly crodowane i (lub) cze¢Sciowo rozpusz-
czane. Klastyczny osad gipsowy, ktéry byl remobilizowany i redeponowany w
warunkach ptytkowodnych, wykazuje charakterystyczne dla §rodowiska
plytkowodnego struktury sedymentacyjne: warstwowanie przekatne, riplemar-
ki i uziarnienie frakcjonalne. Okresowa niestabilno$¢ uaktywniala grawita-
cyjnie warunkowane ruchy masowe o charakterze osuwiska, sptywu rumoszo-
wego lub pradu zawiesinowego, ktére powodowaly redystrybucje klastyczne-
go osadu gipsowego z obszar6w ptytkowodnych do glebszych czgéci zbiomi-
ka.

Podobny do wyzej przedstawionego rozwdj sedymentacji, charakteryzu-
jacy zréznicowane Srodowiska depozycji — od gigbokowodnych do subaeral-
nych — zostal rozpoznany w wielu kopalnych formacjach ewaporatowych
(omowienie: Schreiber, 1986, 1988; Warren, 1989). Sposréd nich jedynie for-
macja messyriska rejonu Srédziemnomorskiego zawiera doskonale zachowane
pierwotne litofacje siarczanowe, wykazujace duze podobieristwo do osadéw
siarczanowych badenu zapadliska przedkarpackiego.

RozwGj ewaporatéw byl zainicjowany czynnikami klimatycznymi i tekto-
nicznymi, ktére determinowaty zasadnicze zmiany rezimu fizyko-chemiczne-
go oraz cykliczny charakter sedymentacji (Fig. 7, Tab. 3). Powtarzajace si¢
sekwencje litofacji rejestruja nateznie proceséw: krystalizacji i (lub) sedy-
mentacji, subsydencji — zaréwno regionalnej, jak i lokalnej — oraz eusta-
tyczno-tektonicznych wahar poziomu morza. W sekwencji gipsowej na potu-
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dnie od G6r Swictokrzyskich autorka wydzielila sze$é cykli wyrazonych pow-
tarzajacym si¢ nastepstwem facji wzglednie gltebokowodnych i ptytkowod-
nych (Fig. 7). Sekwencja ta, jako cato$¢, ma charakter regresywny i — podo-
bnie jak w basenach messyniskich rejonu §rédziemnomorskiego — rozwdj se-
dymentacji osadéw siarczanowych rejestruje stopniowe ograniczenie zbiorni-
ka ewaporacyjnego az do prawie catkowitego wynurzenia jego peryferycznej
czesci.

Osady ewaporatowe sa bardzo podatne na procesy diagenetyczne, prowa-
dzace do czeSciowego lub calkowitego zatarcia pierwotnych struktur skat
(Fig. 8). W badenie zapadliska przedkarpackiego procesy te zaznaczyly si¢
szczegblnie intensywnie. Ku Srodkowej czeSci zapadliska przedkarpackiego
gipsy sa zastepowane anhydrytami w efekcie dehydratacji, zwiazanej z po-
grazeniem (Kubica, 1972, 1992). W anhydrytach sa obserwowane — czg¢sto
doskonale zachowane — struktury pierwotnych skat gipsowych. W warunkach
zwigkszonej migracji wéd meteorycznych, zainicjowanej tektoniczna przebu-
dowa i (lub) lokalnymi wynurzeniami, anhydryty ulegty czeSciowej lub cat-
kowitej hydratacji i zastapieniu przez gips wtémy.

W baderiskiej formacji ewaporatowej zapadliska przedkarpackiego lito-
facje glebokowodne sa reprezentowane przez sole kamienne, siarczanowe la-
minity basenowe oraz redeponowane osady klastyczne o cechach osadu turbi-
dytowego, sptywu rumoszowego lub osuwiska; genetycznie sa one zwiazanc z
obnizeniami morfo-strukturalnymi podloza (Garlicki, 1979). Osady gleboko-
wodne sa przewarstwiane lub facjalnie zastcpowane przez utwory plytko-
wodne do subaeralnych, wsr6d ktérych dominuja litofacje selenitowe. Podo-
bny uktad stosunkéw facjalnych, wyrazony nastepstwem facji od ptytkowod-
nych w strefic platformowej przez osady redeponowane skionu platformy do
facji basenowych, rozwijajacych si¢ w dystalnych partiach zbiornika, jest cha-
rakterystyczny dla wielu kopalnych giebokowodnych basenéw ewapora-
towych, np.: basenu cechsztyniskiego Europy Srodkowej (Schlager & Bolz,
1977; Richter-Bernburg, 1985; Peryt & Antonowicz, 1990), permskicgo ba-
senu Delaware w Teksasie (Anderson, 1982; Dean & Anderson, 1974; Dean,
1978a,b), messyriskich basenéw Sycylii (Catalano et al., 1976; Schreiber &
Decima, 1976; Schreiber et al., 1976) i péinocnych Apeninéw (Vai & Ricci
Lucchi, 1977; Dronkert, 1985) oraz coceriskicgo basenu Katalonii (Busquets
et al., 1984). Przedstawione w niniejszym opracowaniu wyniki badan litofa-
cjalnych dostarczaja nowych informacji o rozwoju sedymentacji osadow
siarczanowych w strefie brzeznej basenu ewaporatowego. Stosunki facjalne
mig¢dzy peryferyczna a centralna czg¢Scia baderiskiego basenu zapadliska
przedkarpackiego nie sa jeszcze w szczegOlach rozpoznane. Mozna przy-
puszczaé, ze ich wyjasnienic umozliwi korelacje osadéw siarczanowych i
chlorkowych, jak réwniez pozwoli na przedstawienie szczegétowego modelu
sedymentacji w mioceriskim basenie ewaporacyjnym przedpola Karpat.
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EXPLANATIONS OF PLATES

Authors of photographs

PLL:1; PLII: 1, 3; PLLIIT: 1-3; PL.IV: 1, 2 - T. Peryt

PLI: 2, 3; PL. II: 2 - Z. Migaszewski

PL. III: 4 - M. Skuza

PL V: 1; PL. VI: 1; PL. VIL: 103; PL. VIII: 1-3; PL. IX: 1-3 - J. Modrzejewska & R. Ulnal
PL. V: 2, 3; Pl. VI: 2-4; P1. VIII: 4; P1. X: 1, 2 - author

Plate I

Glassy gypsum; unit ¢

1

2

3

Vertical or slightly inclined giant blocky crystalline intergrowths. Intergrowth planes (cs)
with fan-like arrangement of crystals. Bogucice-Skalki.

Irregular contact of glassy gypsum (a) with clayey-marly deposits of the substrate (B). Flat
dissolution surface visible within the selenite layer (arrows). Gacki.

Dissolution surface (black arrows) locally obliterated by syntaxial crystal growth (white
arrow). Smaller intergrowths of second generation (a) are oriented perpendicular to the
irregular dissolution surface. Marzgcin.

Plate 11

Glassy gypsum; unit ¢

1

Giant blocky crystalline intergrowths composed of split crystals, arranged symmetrically
with respect to the vertical or slightly inclined intergrowth surface (= fracture surface,
arrows) with distinct relief (cs). Chotel Czerwony.

Asymmetrical, inclined crystalline intergrowth with a second generation of smaller inter-
growths (arrows) in the upper, better grown flank. Chwatowice.

Inclined crystalline intergrowths; in the middle part - asymmetrical intergrowth (a1) with
curved composition surface (underlined), in the upper part - chaotically arranged smaller
intergrowths (arrows). Borkéw.

Plate III

Skeletal and sabre-like gypsum

1

2

(8]

Gypsum dome with distinguishable central part (f) and outer, well stratified part (g) with
radial arrangement of sabre-like crystals. Height of exposure 3.9 m. Wislica.

Close-up of dome from P III: 1. The central part is built of skeletal gypsum with chaotically
arranged crystals (unit f). Splitting (arrows) of strongly elongated (up to 70 cm), subhorizon-
tally oriented sabre-like crystals. Bedding obliterated by syntaxial growth of crystals.
Sabre-like gypsum with uniformly oriented, strongly elongated selenite crystals; space
between them filled with chaotically oriented finer gypsum crystals. Unit g. Chwalowice.
Skeletal gypsum with chaotically arranged selenite crystals and synsedimentary intercrystal-
line voids (black spots). Unit f. Borehole Zawada 1, depth 40.0 - 40.2 m.

Plate IV

Lower part of gypsum sequence, composed of banded gypsum with selenite horizons (units
b and d), alabastrine gypsum (unit ¢) and stromatolite gypsum (unit ¢). Note variation in
thickness of unit ¢, controlled by dome-like arrangement of overlying selenite layers. Chotel
Czerwony-Zagérze.

Contact of units b and c. Close-up of the fragment marked in P1. IV: 1. Chotel Czerwony-Za-
gérze.
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Plate V

Biolaminite with nodules and nodular laminae of lenticular gypsum. Gypsum-clayey-or-
ganic laminae distinctly deformed around the gypsum nodules. Base of gypsum sequence.
Borehole Pocieszka 3, depth 63.25 m.

Microscopic view of biolaminite from PL. V: 1. Note uniform orientation of lenticular
gypsum crystals. Crossed nicols.

Gypsum-clayey-organic laminite at the base of gypsum sequence. Black laminae - clayey-
organic, grey laminae - gypsum-clayey with chaotically distributed larger, lenticular gypsum
crystals (white spots). Borehole Staszéw 2, depth 51.35-51.40 m. Crossed nicols.

Plate VI

Cyanobacterial-peloidal gypsum limestones

1 —

$%]
|

3

Irregular layers and clasts of cyanobacterial-peloidal gypsum limestones (pl) in brecciated
stromatolitic gypsum with crystalline aggregates. Unit o. Borehole Lipnik 98, depth 140.5-
140.62 m.

Gypsum pseudomorphs after halite crystals (black arrows), peloids and organic laminae
(white arrows) in gypsum-carbonate background. Unit ni. Borehole Lipnik 98, depth 149.6
m. Crossed nicols.

Horizontally clongated cyanobacterial filaments (black) and single peloids (arrows) in
micritic gypsum-carbonate background; G - cluster of granular gypsum. Unit r. Borehole
Lipnik 98, depth 124.1 m. Crossed nicols.

Clasts of gypsiferous peloidal limestone (pl) in gypsum-marly matrix. Unit r. Borehole
Lipnik 97, depth 146.2 m. Crossed nicols.

Plate VII

Laminated and clastic gypsum

1 —

Erosional channel in clayey-gypsum rhythmite overlying irregular, nodular top of alabas-
trine gypsum (al). Deformed and fragmented gypsum laminae (arrows) in laminated pack-
age. The channel is filled with fragments of gypsum laminae and lithoclasts of
pyrite-bearing claystone (black), chaotically distributed in gypsum-clayey matrix. Unit c.
Borehole Suchowola 81, depth 89.35-89.50 m.

Package of marly-gypsum (G) and marly-clayey (C) laminae, cross (herring-bone) stratified,
covered with regularly horizontally laminated gypsum with microfaults (arrows). Unit p.
Borehole Pliskowola 30, depth 108.5 m.

Gypsum (light) and gypsum-marly (grey) laminae in sets of cross laminae. Unit £. Borchole
Osiek 141, depth 84.7 m

Plate VIIL

Gypsorudites and gypsarcnites

1 —

Gypsarenite (ga) flaser and lenticular laminated, with graded laminae and sharp contact with
overlying gypsorudite (upper part). Note abraded clasts of graded gypsarenites (ga1). Unit p.
Borehole Lipnik 98, depth 133.85-134.0 m.

Fragments of laminated and flaser gypsum in abundant gypsarenite matrix. Unit n. Borehole
Przyboréw 1, depth 256.8-257.0 m.

Abraded and corroded clasts of selenite (white arrows), laminated gypsum (empty arrows)
and gypsum-carbonate breccia (black arrows) in gypsarenite matrix. Unit 7. Borehole
Suchowola 80, depth 90.2-90.4 m.

Microscopic view of gypsarenite matrix. Clasts of gypsum crystals (G), sometimes twinned
(arrows), chaotically distributed in gypsum-clayey-carbonate matrix of background type.
Unit n. Borehole Osiek 156, depth 84.4 m. Crossed nicols.

5 — Annales Sodet. ...
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Plate IX

Convolution in laminated clastic gypsum. Unit n. Borehole Pliskowola 77, depth 116.4 -
116.5 m. .

Anhydrite with chicken-wire texture. Irregular sulphate nodules, isolated or connected, in
clayey-dolomitic matrix. Unit b. Borehole Strzelce 1, depth 394.5-394.6 m.

Laminated gypsum with effects of dehydration and replacement by chaotically prismatic or
radially fibrous anhydrite aggregates (arrows). Sample is cut by vein of granular and
microcrystalline anhydrite with an aureole of anhydrite laths. Unit n. Borehole Strzelce 1,
depth 382.2-382.35 m.

Plate X

Chaotically prismatic and radial fibrous aggregates of anhydrite laths in microcrystalline
gypsum background. Unit i. Borehole Okragla 31-9, depth 280.3 m. Crossed nicols.
Secondary gypsum with amoeboidal (porphyroblastic) microstructure. Unit . Borehole
Okragta 31-9, depth 289.9 m. Crossed nicols.
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