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The Old est Ha lite (Na1) (Zechstein, Up per Perm ian) played a sig nif i cant role in the de vel op ment of geo log i cal struc ture of
the Fore-Sudetic Monocline (SW Po land) be cause of its dif fer ent rhe o log i cal prop er ties in com par i son to the ad ja cent rocks.
In ter ca la tions of anhydrite and anhydrite-ha lite oc cur ring within the Na1 show a lot of fea tures of tec toni cally dis turbed rocks.
Mac ro scopic pet ro log i cal ob ser va tions re vealed that anhydrite rocks rep re sent four rock types with dif fer ent struc tural and
tex tural prop er ties. On the mi cro scopic scale, five types of crys tals have been dis tin guished in all mac ro scopic types. They
vary in size, shape and dis tri bu tion of pri mary fluid in clu sion as sem blages. The anhydrite-ha lite rocks show two groups with
slightly dif fer ent pet ro log i cal fea tures that are ap par ently re lated to their tec tonic de for ma tion and recrystallisation pro -
cesses. The main re corded di rec tions of tec tonic move ments seem to be hor i zon tal or sub-hor i zon tal. 
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INTRODUCTION

Dis cov ery and then doc u men ta tion of cop per de pos its in the
Perm ian of the SW Fore-Sudetic Monocline (SW Po land) in the
mid dle of the twen ti eth cen tury led to ex ten sive geo log i cal sur -
vey ing of this area (Fig. 1). Nu mer ous ex plor atory bore holes,
geo phys i cal re searches and ac cess to the Cu-de posit by min ing
open ings as well as by other min ing works in the Zechstein
strata: Lower Anhydrite (A1d) and first of all the Old est Ha lite
(Na1), re vealed that the geo log i cal set ting of the area is much
more com plex than it had been assumed previously. 

The dif fer ent rhe o log i cal prop er ties of rock salts took im por -
tant role in tec tonic de vel op ment of the whole area. The po si tion
of the Na1 be tween the rigid rocks oc cur ring be low and above
(Fig. 2), weak ened re gional and lo cal tec tonic strain, damp ing
the faults down ward the base ment and gen er at ing a sep a rate
block sys tem in the cover (Markiewicz, 1999, 2003, 2004,
2007a, b, c). These pro cesses also con trolled the struc tural and
tex tural fea tures of the salt rocks as well as ob served tec tonic
dis tur bances such as folds, cracks, or oc cur rence of large ha lite
crys tals (Markiewicz, 2003, 2007c; Banaszak et al., 2007;
Burliga, 2007; Tobo³a and Markiewicz, 2009). 

The aim of this pa per is to pres ent pet ro log i cal char ac ter is -
tics of anhydrite in ter ca la tions within the Na1; these in ter ca la -
tions are of ten ac com pa nied by anhydrite-ha lite brec cias in the 
B¹dzów salt de posit (SW Po land; Fig. 1). 

GEOLOGICAL SETTING

In the gen eral out line of the LGOM (Lubin–G³ogów Cop per
Dis trict), four main struc tural units were dis tin guished
(Tokarski, 1958; Tomaszewski, 1963a, b): Fore-Sudetic Block, 
crys tal line base ment of the Fore-Sudetic Monocline, Fore-
 Sudetic Monocline, and Ce no zoic cover of the Fore-Sudetic
Block (Fig. 1). The Fore-Sudetic Block and crys tal line base -
ment con sist of mag matic and meta mor phic rocks. In turn,
both the Fore-Sudetic Monocline and the Ce no zoic cover are
built of sed i men tary rocks. The Fore-Sudetic Block is sep a -
rated from the Fore-Sudetic Monocline and its base ment by a
deep re gional dis lo ca tion (Mid dle Odra Dis lo ca tion Zone)
(Oberc, 1967, 1972). 

In the LGOM area, the Fore-Sudetic Monocline con sists of
Perm ian and Tri as sic sed i ments. The Perm ian is sub di vided
into terrigenous (Rotliegend) and ma rine (Zechstein) sed i -
ments. The Lower Rotliegend (Autunian) sed i ments con sist of
dark brown con glom er ates and sand stones. At the top, they
are cov ered by dis con tin u ous se ries of vol ca nic erup tive rocks
(rhy o lite, melaphyre, ba salt, pyroclastic rocks). The Up per
Rotliegend (Saxonian) strata are well-de vel oped in the west -
ern part of the Fore-Sudetic Monocline and they are com posed 
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of red fine-grained and me dium-grained sand stones and con -
glom er ates (K³apciñski and Peryt, 2007 with ref er ences
therein). The Rotliegend sed i ments are very of ten dis col oured
and de vel oped as white or grey fine-grained sand stones near
the bound ary with the over ly ing Zechstein sed i ments (Peryt and 
Oszczepalski, 2007). They are over lain by the Kupferschiefer
(T1) which forms the base of the Zechstein; it was de pos ited fol -
low ing the trans gres sion of the Zechstein sea into the South ern
Perm ian Ba sin some 258 Ma ago (see Peryt et al., 2012 with
ref er ences therein).

As in other parts of the Zechstein ba sin, four evaporite
cyclothems oc cur in the LGOM (K³apciñski, 1964a, b, 1966;
Szybist, 1976; Peryt, 1981). The low est cyclothem (PZ1) is fully
de vel oped in the area of Sieroszowice (Fig. 2). It has a great
eco nomic im por tance due to the cop per ore and other met als
(e.g., Kucha and Mayer, 2007; Nieæ and Piestrzyñski, 2007;
Piestrzyñski, 2007). The Na1 mem ber oc curs in the north ern
and NE parts of the LGOM area (Fig. 3). To ward the S and SW,
it is pinch ing out and the mem ber is re placed by clayey-
 anhydrite brec cias (BrA1) that oc cur also at the bound ary be -
tween the Na1 and A1g (e.g., K³apciñski, 1964a, b, 1966, 1971;
Lorenc, 1975; Kijewski and Salski, 1978; Czapowski et al.,
1993; Markiewicz, 2007a, c). 

The Na1 of the LGOM area has been well-doc u mented by
nu mer ous bore holes, min ing open ings and un der ground bore -
holes (Fig. 3; Szybist, 1976; Banaszak et al., 2007; Burliga,
2007; Markiewicz, 2007a, b, c; Markiewicz and Becker, 2009;
Tobo³a and Markiewicz, 2009). The unit oc curs in the south ern
and cen tral parts of the Sieroszowice I Min ing area where it
forms an ir reg u lar bed of prin ci pal ex ten sion WNW–ESE and
dips 3–8° (lo cally 15°) to wards the NE. The pres ent limit of the
Na1 in the west ern and south ern parts of the area is ir reg u lar,
ex hib it ing nu mer ous highly elon gated gulfs and sep a rated
patches of salts. The salt thick ness var ies from 0 to 186 m
(Banaszak et al., 2007). This thick ness vari abil ity re sulted from
the strongly di ver si fied mor phol ogy of salt seam bot tom and top
(Szybist, 1976; Banaszak et al., 2007; Burliga, 2007; Markie -
wicz, 2007a, b, c). 

The in ner tec ton ics of the Na1 is very com pli cated. There
are var i ous types of folds, shear zones, flex ures and fault
zones, in di cat ing  large-scale salt move ment (Szybist, 1976;
Banaszak et al., 2007; Burliga, 2007; Markiewicz, 2007a, b, c).
This “flow” of salt has con trib uted to the sig nif i cant trans for ma -
tion of salts and their di ver sity in terms of pet ro log i cal features.

The up per cyclothems (PZ2, PZ3 and PZ4) con sist of al ter -
nat ing terrigenous, car bon ate and sul phate de pos its. They are
cov ered by Tri as sic rocks (ca. 650 m thick) and then, dis cor -
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Fig. 1. Ex tent of Zechstein salts in the south ern Fore-Sudetic Monocline (SW Po land) 
with lo ca tion of the B¹dzów area (af ter Markiewicz and Becker, 2009)

Fig. 2. Lithological pro file of Zechstein sed i ments
 in the Fore-Sudetic Monocline



dantly, by Ce no zoic sed i ments. Their up per part is strongly dis -
turbed by glaciotectonism. 

The geo log i cal sur vey ing of the LGOM area in di cated the
pres ence of two sys tems of faults in the base ment of Zechstein
de pos its (Fig. 1; Salski, 1996; Markiewicz, 2007c). A sys tem of
NW–SE-trending faults dom i nates in the south ern part. In the
cen tral part of the area, this sys tem is ac com pa nied by W–E-
 ori ented faults. In the north ern part, there is the third sys tem of
faults trending N–S. 

METHODS

Pet ro log i cal de scrip tions of the anhydrite in ter ca la tions and
anhydrite-ha lite rocks and brec cia from the Na1 of the B¹dzów
area (E part of the Sieroszowce salt de posit) were per formed on
33 sam ples taken from drillcores of bore holes drilled in the mine
open ings (BG-44, BG-28, Ra25G-49 – Fig. 3). Mi cro scopic stud -
ies were pre ceded by pre lim i nary mac ro scopic anal y ses car ried
out on the sur face of in ter sec tion and fresh frac ture, us ing the
ste reo mi cro scope of mag ni fi ca tion from 5 to 50 times.

Mi cro scopic stud ies were per formed on stan dard thin sec -
tions (~20 µm thick) and thick sec tions (0.5–2.0 mm). The for -
mer were cut from pure anhydrite rocks with out ha lite ad mix -
ture. The lat ter were pre pared from anhydrite-ha lite rocks, brec -
cias and ad ja cent rock salts. Thick ness of the thick sec tions de -
pended on the sam ple trans par ency which was mainly re lated

to the vol ume ra tio be tween ha lite and anhydrite. These sec -
tions were ob tained by cut ting with a low-speed saw. In the next
stage, they were ground with sand pa per and pol ished. Pet ro -
log i cal ob ser va tions of the thin and thick sec tions were per -
formed on a Nicon Eclipse E600 mi cro scope, us ing 5x, 20x, 50x 
and 100x mag ni fi ca tion ob jec tives. As an ad di tional UV source,
an out side di ode lamp (365 nm) was used.

PETROLOGICAL CHARACTERISTICS 
OF ANHYDRITE

The thick ness of in ter ca la tions of anhydrite and anhy -
drite-ha lite (brec cia) rocks is very vari able – from sev eral centi -
metres up to 17.1 m (Banaszak et al., 2007). The num ber and
hor i zon tal and ver ti cal po si tion of such in ter ca la tions are also
vari able. In the B¹dzów Min ing area, they oc cur mostly in the
cen tral and bot tom parts of the salt pro file. In the cen tral part of
the salt pro file, they form len tic u lar, ir reg u lar, some times stron -
gly bent, dis con tin u ous lay ers that usu ally do not cor re late be -
tween ad ja cent min ing holes. More con tin u ous anhydrite lay ers
oc cur in the bot tom part of the salt seam. 

Mac ro scopic ob ser va tion shows the pres ence of four main
types of anhydrite rocks with re spect to their pet ro log i cal fea -
tures: lam i nated, banded, len tic u lar and concretional, and
stru ctureless (Ta ble 1), sim i lar to those de scribed by Rich ter-
 Bernburg (1955) or Forkner (2010). Oc ca sional are rocks of
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Fig. 3. Isopachous map of the Old est Ha lite (Na1) in the Sieroszowice Min ing area
(af ter Banaszak et al., 2007)



shaly struc ture. Rocks of in ter me di ate fea tures oc cur be tween 
them.

Five types of anhydrite crys tals (I–V) have been dis tin -
guished (Table 2); with in ter me di ate types be tween them. In
lam i nated and banded anhydrite, there are all types of
anhydrite crys tals, with the most com mon types of II, III and IV.
The crys tal long axes (type II) are of ten ar ranged nearly par al lel
to each other, form ing elon gated streaks or fan-shaped, lo cally
cloudy con cen tra tions (see Fig. 6B). They are ac com pa nied by
type IV crys tals. The fine-crys tal line anhydrite mass (type III) is
dis persed or forms small, ir reg u lar, slightly elon gated con cen -
tra tions (Fig. 5E) that rarely form dis crete elon gated streaks.
The large crys tals (type I) oc cur as sin gle in di vid u als cha ot i cally 
distributed within the rock mass. 

In the len tic u lar and concretional anhydrite, the lighter
anhydrite con cen tra tions are com posed of type III or rarely type
V crys tals. The darker back ground also con sists mainly of type
III anhydrite crys tals. Im pu ri ties are scarce within its area. They
form very small lenses and ir reg u lar ag gre gates. The structure -
less anhydrite con sists of type III anhydrite crys tals with a small
amount of type V crys tals which forms len tic u lar or more ir reg u -
lar concentrations. 

Im pu ri ties are dis trib uted un evenly. In some parts of the
rocks cor re spond ing to bright laminae, bands and lenses, im pu -
ri ties are lack ing or ex tremely rare. Within the darker parts, they
form dif fer ent ac cu mu la tion types. In all mac ro scopic types of
rocks, ex cept in the structureless anhydrite, they mostly form ir -
reg u lar wavy streaks, light brown to al most opaque in trans mit -
ted light (Fig. 6B). They con sist of clay min er als prob a bly with
ad mix ture of or ganic mat ter (bi tu mens). Less fre quently, they
form ir reg u lar ag gre gates, from sev eral mi crom e tres to about
0.5 mm in size (Fig. 6C). In this case, they are light brown in col -
our and very of ten they con tain small (from a few to sev eral mi -
crom e ters in size) con cen tra tions of opaque min er als. The len -
tic u lar anhydrite, in ad di tion to the above-men tioned fea tures,
con tains large (up to a few milli metres long) lenses, prob a bly
con sist ing of clay min er als with a small amount of ran domly dis -
trib uted opaque min er als (Fig. 6D), a few µm across. They are
cracked and folded, show ing the com pli cated in ner struc ture
built of smaller lenses or cloudy clus ters elon gated in the di rec -
tion of the long axis of the whole lens. Some anhydrite sam ples
also con tain a mi nor amount of car bon ate min er als. They form
clus ters, up to about 70 µm in size (Fig. 6E), and con sist of
anhedral, rounded micrometric crys tals. The larger clus ters are
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Fig. 4. Main mac ro scopic lithological types of anhydrite rocks

A – lam i nated anhydrite, B – banded anhydrite, C – concretional anhydrite, D – len tic u lar anhydrite,
E – structureless anhydrite, F – shaly anhydrite



oval and very com pact. The outer parts of some clus ters con -
tain pre sumed clay min er als. The smaller clus ters are rel a tively
loose and more ir reg u lar. Among the whole pop u la tion of sam -
ples, there is one that dis plays dif fer ent mi cro scopic prop er ties.
It rep re sents a len tic u lar type of anhydrite rocks, dis tin guished
only by a slightly darker colouration. The ma trix of the rock con -
sists mainly of type III anhydrite crys tals with a mi nor amount of
type IV crys tals. Its dis tin guish ing fea ture is the pres ence of nu -
mer ous clus ters of car bon ate min er als, in places com pos ing up 
to 50% of the clus ter vol ume, ac com pa nied by the pres ence of
opaque min er als (Fig. 6F). Thicker brown streaks, con sist ing

prob a bly of a mix ture of clay min er als and bi tu men, are also rel -
a tively fre quent. Com pared with the pre vi ously men tioned sam -
ples, con cen tra tions of car bon ate min er als in this unique sam -
ple are larger, reach ing 0.2 mm in size, and their shapes are
very ir reg u lar and blurred. They are of ten con tam i nated with
brown clay sub stance. Opaque min er als form ag gre gates, from
spher i cal to highly ir reg u lar in shape, and have rag ged bor ders.
Their sizes range from a few mi crom e ters in the clayey-bi tu men 
streaks to over 0.2 mm in side the anhydrite mass. The rock ma -
trix con tains lenses of pure anhydrite of type III or V (Fig. 6F).
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T a  b l e  1

Four main types of anhydrite rocks

Rock type De scrip tion

Lam i nated

Con sists of light grey back ground with millimetric (up to 3 mm thick) laminae, dark grey to al most black or brown-grey in
col our (Fig. 4A). Their bound aries with the sur round ing back ground are gen er ally sharp. Such laminae oc cur at in ter vals of 
2–3 mm to more than 1 cm, par al lel to each other. They were very of ten small-scale folded, re sem bling sty lo lites. Some
sam ples show in tense fold ing so that they lose their con ti nu ity and be come very blurred over short dis tances. Lam i na tion
is lo cally very gently disharmonically un du lated and the laminae bound aries also be come more blurred.

Banded

Gen er ally has darker tint than lam i nated an hyd rites. They con sist of al ter nate bands of dark grey anhydrite, of ten with a
dark brown tinge al ter nat ing with light grey anhydrite, al most white, some times con tain ing light brown mat ter (Fig. 4B).
Bands range from sev eral milli metres to >1 cm in thick ness. In gen eral, their bound aries are sharp and clear. Sim i larly to
the lam i nated anhydrite, in the ar eas of dis turbed bands, their bound aries be come more dif fuse. Very of ten the bands are
not uni form. Within both the darker and lighter bands one can ob served a weakly ev i dent bot ry oi dal struc ture. It con sists of
slightly brighter bunches than the back ground. In the darker bands, such clus ters are up to 1 mm and oc ca sion ally to 2 mm 
in size, and they are sur rounded by a con sid er able amount of dark grey, of ten al most black ma trix. In the brighter lay ers,
clus ters are larger in size (to 3–4 mm), and the sur round ing ma trix is usu ally light brown.

Len tic u lar
and
concretional

Rel a tively het er o ge neous group of rocks. They con sists of lighter anhydrite ag gre ga tions in her ent in darker anhydrite ma -
trix. The shapes of the con cen tra tions are vari able and change from ir reg u lar or slightly elon gated (Fig. 4C) to more elon -
gated and of ten len tic u lar (Fig. 4D). In the first case, their out lines are gen er ally fuzzy and pass con tin u ously into the
ma trix, only rarely they are sharply sep a rated. The con cen tra tions are usu ally from about 1 to 7 mm, rarely more than 3 cm
in size. In some cases, the rock ma trix is some what sim i lar to lam i nated anhydrite. This kind of rock dis play denser pack -
ing of milli metre-thick dark grey or al most black dis con tin u ous and strongly folded laminae. Elon gated and len tic u lar
anhydrite clus ters have very sharp and clear con tours. Their char ac ter is tic fea ture is the po si tion of the clus ters, which that 
al ways have the lon ger axes ly ing par al lel to each other. Clus ter size along the long axis is larger than in the case of more
iso met ric con cen tra tions, and ranges from a few milli metres to about 5 cm. Less fre quently, they are ac com pa nied by
highly elon gated lenses or small spher i cal con cen tra tions of dark grey clay ma te rial.

Structureless

Uni formly de vel oped on the mac ro scopic scale (Fig. 4E). They have usu ally light grey in col our with dark, brown or lo cally
black small and blurred spots or short streaks. The shaly-lam i nated anhydrite (Fig. 4F) on the mac ro scopic scale seems to
be a grey structureless rock. Un der the im pact, they breaks into a few  milli metres thick plates. This fea ture is due to the min -
eral com po si tion. Un der the mi cro scope, they con sists mainly of anhydrite crys tals ac com pa nied by very small (<1 mm) ha -
lite crys tals. In the in di vid ual laminae, the ha lite fre quency of oc cur rence is vari able, rang ing from a few to sev eral per cent. 

T a  b l e  2

Main fea tures of anhydrite crys tals

Type Crys tal size Crys tal shape Crys tal char ac ter is tics Fluid in clu sions

I 0.4–2.7 mm anhedral or less
of ten subhedral

very of ten jag ged and ir reg u lar bound aries; in ner struc ture
not uni form; cracked and split into smaller parts, with in di -
vid ual frag ments some what dis placed and twisted and ce -
mented with the clear anhydrite mass, giv ing an im pres sion 
of wavy or mo saic light ex tinc tion;

very sel dom large anhydrite crys tals not ev i dently cracked,
show ing slightly arched cleav age sur faces and slightly
wavy light ex tinc tion; some times they do not show cleav -
age but they have solid in growths of clear anhydrite crys -
tals of euhedral faces with axes ar ranged dif fer ently than in
the host crys tal (Fig. 5C)

densely packed, very small
(ca. 1 µm; Fig. 5B), oc cur ring
only in the cen tral parts of the
frag ments, with their outer
parts be ing clear and free of
in clu sions

II

long axes
50–500 µm; 

a few to 40 µm
in width

subhedral or 
al most euhedral;
highly elon gated

usu ally ar ranged with the long axis nearly par al lel to each 
other to form a wavy tex ture 

most of them show sim i lar in -
clu sion as sem blages as type
I, dis trib uted in the cen tral
parts of the crys tals

III from a few µm
 to 30 µm

anhedral, iso met -
ric, of ten rounded

or ir reg u lar

form a dis persed bind ing agent for other types
of crys tals, or some times con sti tute small

ac cu mu la tions or thin streaks (Fig. 5E)

with out any pri mary fluid 
in clu sion as sem blages

IV from ~50 to a
few hun dred µm

anhedral, slightly
elon gated,

rounded cor ners

of ten ac com pany types I and II or oc cur as sin gle 
crys tals in the larg est con glom er a tion of type III (Fig. 5F)

as in the case of types I and
II, they have fluid in clu sions
as sem blage in the mid dle
parts, while the outer parts

are clean

V from ~50 to a
few hun dred µm

subhedral to
euhedral (Fig. 6A) sim i lar to type IV but with more reg u lar shapes (Fig. 6A) con tain no FIA



PETROLOGICAL CHARACTERISTICS 
OF ANHYDRITE-HALITE BRECCIAS

In terms of pet ro log i cal fea tures, the anhydrite-ha lite rocks
(brec cias) form a very di verse group. Two ba sic types of such
rocks were dis tin guished by the mac ro scop i cally ob served dif -
fer ent re la tion of anhydrite to ha lite. They are ac com pa nied by
lay ers of large-crys tal salts (Fig. 7A) or tec toni cally changed
halite (Fig. 7B). 

The first rock type shows typ i cal fea tures of tec tonic brec -
cias (Fig. 7A, B). It con sists of tight clus ters of anhydrite, lo cally
con tam i nated with clay min er als. These clus ters are ce mented
by var i ous types of ha lite, in places con tam i nated by finely dis -
persed anhydrite mass. The shape and size of the anhydrite

clus ters are vari able. Their size ranges from about 1 mm to sev -
eral centi metres, and the shape var ies from an gu lar, iso met ric,
via elon gated, len tic u lar (Fig. 7A) to very ir reg u lar, fuzzy, of ten
with a wavy course (Fig. 7B). Some larger clus ters with an gu lar
out lines show pre served pri mary lam i na tion, blurred and slightly 
wavy in the mi cro scopic im ages (Fig. 7C). This type of ag gre -
gates con sists of rel a tively large anhydrite crys tals (from dozen
mi crom e ters to about 0.2 mm in size). 

Un der the mi cro scope, len tic u lar clus ters con sist of clean
anhydrite which in com par i son to that oc cur ring in lam i nated
crumbs, con sists of smaller and more ir reg u lar in shape crys tals
(Fig. 7D). Larger len tic u lar clus ters have a more com plex in ner
struc ture vis i ble also in mac ro scopic ob ser va tions (Fig. 7A).
They con sist of small white or light grey lenses. Their long axes
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 Fig. 5. Mi cro scopic im ages in trans mit ted light

A – large and cracked anhydrite crys tals of mo saic struc ture (type I) in other types of anhydrite crys tals
(crossed polarisers); B – dis tri bu tion of the pri mary fluid in clu sions as sem blage (dark spots) in anhydrite
crys tal of type I (one polar iser); C – large anhydrite crys tal (type I; in the cen tre) with out vis i ble crack ing
planes but show ing slight wavy light ex tinc tion and con tain ing solid in growths of clear anhydrite crys tals
(crossed polarisers); D – con cen tra tions of anhydrite crys tals of type II (crossed polarisers); E – con glom -
er a tion of anhydrite crys tals of type III (in the cen tre; crossed polarisers); F – con glom er a tion of anhydrite
crys tals of type IV (crossed polarisers) 



are ar ranged par al lel to each other and to the di rec tion of the en -
tire lenses. They are ce mented by thin darker mass of anhydrite. 

The ir reg u lar, fuzzy clus ters are of ten highly elon gated in
one di rec tion (Fig. 7B). Mac ro scop i cally and mi cro scop i cally,
they do not show any in ner struc ture. The size of anhydrite crys -
tals is smaller than in len tic u lar clus ters and reaches a dozen
mi crom e ters. 

The sec ond type of the anhydrite-ha lite brec cias (Fig. 8A) is
structureless and mas sive, and does not show any spa tial ar -
range ment. In such rocks, anhydrite oc curs as uni formly dis -
persed mass, ac com pa nied by ha lite. Mu tual quan ti ta tive re la -
tion ships be tween anhydrite and ha lite are highly vari able,
rang ing from rocks with pre dom i nant ha lite (anhydritic rock salt) 
to anhydrite rocks with single halite crystals. 

Un der the mi cro scope, anhydrite crys tals are anhedral,
rarely subhedral, a few tens of mi crom e ters to about 0.2 mm in
size. These crys tals are gen er ally clean and trans par ent. Dis -
con tin u ous, blurred and un du lat ing streaks of dark brown sub -
stance are lo cally ob served at their bor ders (Fig. 8B). Within the 
greater ac cu mu la tion of anhydrite, very rare are large (up to
0.7 mm) crys tals. They have densely packed pri mary fluid in clu -
sions as so ci a tions (FIA) in the mid dle parts (Fig. 8C), de vel -
oped sim i larly as in the anhydrite crys tals of type I or II. 

The other (sec ond ary) type of FIA com monly oc curs in the
parts of the rocks with prev a lent anhydrite over ha lite (Fig. 8D).
They are lo cated on the bor ders of anhydrite or ha lite crys tals.
Their sizes vary from a few to sev eral mi crom e ters and the out -
lines are rounded, iso met ric, rarely more ir reg u lar. Lo cally, they
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Fig. 6. Mi cro scopic im ages in trans mit ted light

A – con cen tra tions of anhydrite crys tals of type V (in the cen tre; crossed polarisers); B – spa tial ar range -
ment of type II and IV anhydrite crys tals (white) and ad mix ture ma te rial (grey); con tam i nated bands of
banded anhydrite (one polar iser); C – ir reg u lar ag gre gates of ad mix ture ma te rial (brown-grey) with
opaque min er als (one polar iser); D – part of a large lens of clay min er als with highly com pli cated in ner
struc ture (one polar iser); E – con cen tra tions of car bon ate min er als (grey ag gre gates) in anhydrite rocks
(white back ground), one polar iser; F – anhydrite-car bon ate rock con tam i nated by light brown mat ter and
con tain ing nu mer ous opaque min er als (anhydrite – white, car bon ate min er als – light grey) 



are con nected to gether to form a net work. They are filled pre -
dom i nantly by a gas phase. 

In some parts of the sam ples, anhydrite also oc curs in the
form of small oval clus ters (Fig. 8E). They ap pear mostly at the
bor ders of ha lite crys tals or within the ar eas of greater ac cu mu -
la tion of anhydrite. In the last case, their oc cur rence is en -
hanced by the pres ence of a coat ing of light brown con tam i nat -
ing ma te rial.

At the bor ders of the anhydrite back ground and sin gle ha lite 
crys tals, there are also very large, even up to >1 mm in size,
anhydrite crys tals (Fig. 9A). They are euhedral or subhedral,
highly elon gated in one di rec tion and com monly with lon ger
axes par al lel to each other. 

Ha lite ap pear ing as ce ment for the crumbs of anhydrite, as 
well as cre at ing var i ous types of bands and a layer of rock salt
oc cur ring near brec cia, has many fea tures of tec toni cally

recry stallised crys tals (Tobo³a and Markiewicz, 2009). In gen -
eral, they are mostly very clean and trans par ent. Con tam i nat -
ing ma te rial is very rare. In ha lite crys tals lo cated near the
anhydrite crumbs, or in the sec ond type of brec cia, there are
oc ca sional cracks filled with dark brown sub stance, form ing a
rect an gu lar net work (Fig. 9B). In some ha lite crys tals, iso lated
anhydrite in growths also oc cur. Their size ranges from a
dozen micrometres  to over 200 µm. Such anhydrite crys tals
dis play oval, elon gated or less of ten tab u lar shapes. On their
sur faces com monly show in clu sions con tain ing a con cen tra -
tion of brown sub stance (Fig. 9C). Lo cally, anhydrite in growths 
form ag gre gates con sist ing of loosely dis trib uted crys tals, ar -
ranged in elon gated streaks. Most of ten they are ar ranged
par al lel to the bor ders of ha lite crys tals. Such con cen tra tions
are ac com pa nied by a vari able amount of dark brown mat ter.
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Fig. 7. Mac ro scopic and mi cro scopic im ages of anhydrite-ha lite brec cias

A – anhydrite-ha lite brec cias with elon gated and len tic u lar anhydrite clus ters (white – in the lower part of
im age) and with coarse-grained ha lite in ter ca la tion (in the up per part of im age); B – anhydrite-ha lite
brec cias with fuzzy, ir reg u lar anhydrite clus ters (light grey) and with tectonicly changed ha lite (darker
back ground); C – mi cro scopic im age of thick sec tion in trans mit ted light of the an gu lar anhydrite clus ter;
D – mi cro scopic im age of thick sec tion in trans mit ted light of the small, clear anhydrite lenses (light) oc -
cur ring in the larger anhydrite – clayey clus ter (dark) 



The larger ha lite crys tals, in ad di tion to anhydrite in growths,
also oc ca sion ally con tain FIA of the sec ond ary type (Fig. 9D). In 
all the ana lysed sam ples of both types of the anhydrite-ha lite
brec cias, they strongly vary in de vel op ment of shape and di -
men sion. Most of ten they ex tend di ag o nally in re la tion to the
crys tal axis. Their courses are slightly wavy, curved, rarely
straight for ward and usu ally short, not cov er ing the whole crys -
tal. A char ac ter is tic fea ture of most of these as sem blages is
their way of dis ap pear ance within ha lite crys tals. There is a
grad ual re duc tion in the size of in clu sions to wards their to tal dis -
ap pear ance. Most of the FIA are com posed of small (sev eral
mi crom e tres) in clu sions, which are mainly liq uid and reg u lar or
cu bic in shape. Less com mon are larger in clu sions with elon -
gated shapes and the long axis of up to 200 µm. They are
mostly liq uid as well, but there are oc ca sional two-phase in clu -
sions with a very vari able phase ra tio. 

A quite dif fer ent type of FIA ap pears at the bound ary of ha -
lite crys tals (Fig. 9E). They also be long to the sec ond ary in clu -
sions, but their or i gin is not con nected with crack ing of the

crys tals. They are as so ci ated with the recrystallisation of ha lite 
crys tals and mi gra tion of grain bound aries (den Brok et al.,
1999; Passchier and Trouw, 2005; Tobo³a and Markiewicz,
2009). Their size ranges from a dozen mm to over 300 mm, and 
shapes are ir reg u lar, oval and con sid er ably flat tened. They
are of ten con nected to each other and form a dense net work.
Such in clu sions are two-phase with a highly vari able ra tio of
brines to gases, i.e., from liq uid, through liq uid-gas, to filled
with gas phase only. 

Oc ca sion ally in some larger ha lite crys tals con tain rel ics of
pri mary FIA (Fig. 9F). They oc cupy the cen tral parts of crys tals
in the form of ir reg u lar zones, while the outer part of crys tals is
clean. Such FIA con sist of cu bic in clu sions filled only with
brines, and are from sev eral to a few tens of mi crom e ters in
size. Lo cally on the edge of these FIA zones, there are sin gle
large in clu sions reach ing >1 mm (Fig. 9F). Their shapes are
more ir reg u lar and more com plex. They are com posed of two
phases, with ra tio about 10% of gas vol ume. They com monly
con tain ag gre gates or sin gle daugh ter min er als. 
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Fig. 8. Mac ro scopic and mi cro scopic im ages of anhydrite-ha lite brec cias

A – structureless anhydrite-ha lite brec cias; B–E – mi cro scopic im ages of thick sec tion in trans mit ted
light: B – dis tri bu tion of im pu ri ties (dark) in anhydrite (light), C – larger anhydrite crys tals with densely
ar range ment of pri mary fluid in clu sions, D – sec ond ary fluid in clu sions on the bor ders of anhydrite and
ha lite crys tals, E – clus ter of anhydrite oc cur ring on the bor der of larger ha lite crys tal (A – anhydrite, H
– ha lite)



DISCUSSION

The pet ro log i cal fea tures of the anhydrite and
anhydrite-ha lite brec cias dem on strate vary ing de grees of tec -
tonic de for ma tion. With this re gard, two groups of rocks may
be dis tin guished. The first group in cludes lam i nated and
banded an hyd rites that have pre served their pri mary struc -
tures but their slight de gree of tec tonic de for ma tion is ev i -
denced by folded laminae and bands (Fig. 4A, B), of ten ac -
com pa nied by blurred bound aries be tween bands or their
hook bend ing, and dis ap pear ance of lam i na tion, which may
be the re sult of duc tile de for ma tion (cf. Passchier and Trouw,
2005). The anhydrite shows many fea tures of recrystalli sation
or even epigenetic crys tals (cf. Carozzi, 1960). 

The co-oc cur rence of five types of anhydrite crys tals and
their spa tial re la tion ship could not be ex plained by sed i men tary
and diagenetic na ture. It is rather the re sult of a strain in rocks
and dam age of the crys tals. The large crys tals (type I) seem to
be relicts of rel a tively well-pre served pri mary crys tals (Fig. 5A,

B). They are sur rounded by the fine-grained man tle of type III
crys tals or wavy-ar ranged anhydrite crys tals of type II or IV.
Such an ar range ment is sim i lar to man tled porphyroclasts de -
scribed from shear zones by Passchier and Trouw (2005). Their 
tec tonic al ter ation is vis i ble mainly by wavy light ex tinc tion or
mo saic struc ture. The same pri mary or i gin can be ac cepted for
type II and IV crys tal, but these seem to be parts of large crys -
tals that have been split up along the cleav age planes. This
view is dif fer ent from that pre sented by Lorenc (1975) for the
Lower Anhydrite (A1d) and Up per Anhydrite (A1g) units, who
ac cepted an epigenetic or i gin for large crys tals. On the ba sis of
the dis tri bu tion of fluid in clu sions that oc cupy the cen tral parts of  
type I, II and IV crys tals, it seems to be more prob a ble that the
core of the crys tals rep re sents its pri mary part. Densely packed
FIA sug gest rapid crys tal growth in the sed i men tary ba sin in fa -
vour able con di tions (Roedder, 1984a, b; Goldstein and
Reynolds, 1994; Goldstein, 2001). Such con di tions may also be 
re spon si ble for the formation of large crystals, if the number of
nuclei of crystallisation was low. 
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Fig. 9. Mi cro scopic im ages of thick sec tion in trans mit ted light

A – large anhydrite crys tals (marked by ar rows) in grown in a ha lite crys tal; B – cracks in ha lite crys tals
filled by dark brown mass; C – anhydrite ingrowth (in the cen tre) within the ha lite crys tal con tain ing in clu -
sions of dark brown mat ter on its sur face; D – ex am ples of dif fer ent kinds of sec ond ary fluid in clu sions in
ha lite crys tal; E – fluid in clu sion as sem blage lo cated along ha lite bound aries; F – relicts of pri mary FIA in
the cen tre part of ha lite crys tal with one large in clu sion con tain ing daugh ter min er als (marked by ar row) 



The outer, clear rim of such crys tals is the re sult of other
pro cesses such as recrystallisation and grain bound ary mi gra -
tion. The sec ond pro cess was stated in a low tem per a ture re -
gime for very sol u ble min er als such as ha lite (den Brok et al.,
1999; Passchier and Trouw, 2005), but it may be as sumed for
less sol u ble min er als such as sulphates. The nec es sary mass
of Ca2+ and SO4

2 - ions re quired for recrystallisation and growth
of the rim orig i nated from the very fine anhydrite mass formed
dur ing tec tonic pro cesses in shear zones. These pro cesses
also re leased a sig nif i cant part of the so lu tions ini tially con -
tained in in clu sions. Such so lu tions played an im por tant role
and fa cil i tated the recrystallisation. At a later time, as a re sult of
stress caused by the over bur den, rem nants of pri mary crys tals
sur rounded by the fine-grained anhydrite mass were sub ject to
recrystallisation due to the mi gra tion of grain bound aries, re sult -
ing in the in clu sion-free rim around the pri mary crys tals. In
places where the pro cess did not take place, a very finely crys -
tal line mass un der went slow recrystallisation to give small crys -
tals of type III, or un der more fa vour able con di tions – of type V.
There fore, in this con text, type III and V anhydrite should be
con sid ered as epigenetic crys tals. 

The tec tonic de for ma tion of these rocks pro vides ar range -
ment of elon gated anhydrite crys tals (type II), par tic u larly well-
 vis i ble in the con tam i nated bands or laminae (Fig. 6B). Their
par al lel and wavy ar range ment is sim i lar to fo li a tion ob served in 
nu mer ous de formed rocks. More over, the oc cur rence of roun -
ded, S-shaped or sigmoidal ag gre gates of clear anhydrite with
spi ral ar range ments of crys tals in di cates ro ta tion of more co -
her ent frag ments (Fig. 6B) in more duc tile matrix (e.g.,
Passchier and Trouw, 2005). 

In turn, the sec ond group of rocks con sists of len tic u lar and
concretionary an hyd rites as well as anhydrite-ha lite brec cia
rocks of the first type with crumbs of anhydrite clearly show ing
sig nif i cant tec tonic dis tur bances on the mac ro scopic scale
(Figs. 4C, D and 7A, B). The mi cro scopic ob ser va tions very well 
con firm the tec tonic in flu ence on rocks. The lenses and con -
cen tra tions which are built of type III anhydrite crys tals seem to
be finely crushed the pri mary cleaner parts of anhydrite lay ers.
They sub se quently recrystallised, cre at ing a more co her ent
frag ments. The anhydritic mass that bound the lenses and con -
cen tra tions also con sists of type III of anhydrite crys tals but with
slightly higher con tents of im pu ri ties form ing mi cro scopic
lenses and elon gated clus ters. The pres ence of larger lenses
com posed of clayey ma te rial with very com plex in ner struc ture
(Fig. 6D) confirms high tectonic disturbances, too.

The structureless an hyd rites do not show ob vi ous fea tures
of tec tonic dis tur bances, but the lack of any type of lam i na tion
or bed ding may in di cate that these rocks un der went recry -
stallisation (Fig. 4E). They are built of fine-crys tal line (type III)
mass which may in di cate that thicker lay ers of pure anhydrite
rock were finely crushed (mylonitized). 

In type I anhydrite-ha lite brec cia, ha lite crys tals also show
many fea tures of recrystallisation and the ef fect of grain bound -
ary mi gra tion. This pro cess is ev i denced by, e.g., lack of pri -
mary FIA or the fact that their rem nants are very rarely lo cated
in the cen tre of some ha lite crys tals, by the pres ence of var i ous
types of sec ond ary FIA (Fig. 9D) high light ing traces of healed
frac tures (e.g., Roedder, 1984a, b; Goldstein and Reynolds,
1994; Goldstein, 2001; van der Kerkhof and Hein, 2001; Kova -
levych and Vovnyuk, 2010), and the pres ence of un healed frac -
tures (Fig. 9B). The oc cur rence of the char ac ter is ti cally de vel -
oped in clu sions on the bor ders of ha lite crys tals (Fig. 9E) in di -
cates a very ad vanced pro cess of grain bound ary mi gra tion
(den Brok et al., 1999; Tobo³a and Markiewicz, 2009).

The same tec tonic or i gin can be ap plied to the sec ond type of 
anhydrite-ha lite brec cia, where anhydrite and ha lite cre ate a form 
of a mix ture of ran dom struc ture. These rock types were crushed
and mixed and then recrystallised. The ha lite crys tals also show
the same fea tures as in the first type of anhydrite-ha lite brec cia.
Recrystallised anhydrite crys tals are also com monly ob served. 

It is worth not ing that spa tial ar range ment of some el e ments,
such as the ex tent of large ha lite crys tals and tec toni cally chan -
ged salts, and the elon ga tion of anhydrite clus ters and lenses
(and, on the mi cro scopic scale, of smaller lenses of elon gated
anhydrite crys tals of type II) in brec cia, in di cates that the tec tonic
move ments dis play a na ture of shear zones of hor i zon tal or
sub-hor i zon tal dis tri bu tion. Such ar range ment, in com bi na tion
with very strong recrystallisation, sug gests that, in ad di tion to the
sys tem of steeply dip ping faults oc cur ring in the base ment and
over bur den sed i ments of the Na1 (e.g., Salski, 1996; Markie -
wicz, 2007a, b, c), hor i zon tal tec tonic move ments played an im -
por tant role. They had sig nif i cantly af fected the in ner struc ture of
the salt ho ri zon (Burliga, 2007; Markiewicz, 2007a, b, c). 

CONCLUSIONS

Anhydrite rocks and anhydrite-ha lite brec cias oc cur ring
within the Old est Ha lite (Na1) unit dis play very dif fer en ti ated
pet ro log i cal fea tures, which are largely due to the im pact of tec -
ton ics and ad vanced pro cesses of recrystallisation. Only some
of the rocks show pri mary struc tures preserved. 

In terms of tec tonic de for ma tion, the anhydrite rocks can be
cat e go rized mac ro scop i cally into two groups: (1) slightly de -
formed (lam i nated and banded anhydrite) with pre served pri -
mary struc tures, and (2) highly de formed (len tic u lar and banded 
an hyd rites). The sec ond group in cludes structureless anhydrite
whose mi cro scopic fea tures in di cate ad vanced tec tonic dis or -
der. Anhydrite-ha lite rocks are also sub di vided into two main
groups: rocks with pre served anhydrite crumbs and those more
tec toni cally ad vanced with mixed  mass of halite and anhydrite.

Anhydrite rocks con sist of five types of crys tals which dif fer
with re spect to size, shape and pres ence of pri mary FIA. The
large crys tals (type I) seem to be rel ics of pri mary min er als due
to the oc cur rence of pri mary in clu sions. They bear a sig na ture
of tec tonic in flu ence, man i fested by wavy or mo saic light ex tinc -
tion. In gen eral, the same or i gin should be in ferred for types II
and IV, how ever, these are parts of larger pri mary crys tals
which broke up un der the tec tonic stress. They also show in -
tense recrystallisation man i fested by the pres ence of a wide
bor der around the pri mary core. On the con trary to these the
fine-crys tal line anhydrite mass (type III) and larger clear crys tals 
(type V) should be con sid ered as the sec ond ary (epigenetic)
origin indicating the shear zones. 

Co ex is tence of such types of crys tals, their mu tual re la tions
as well as in ten sity of oc cur rence in each type of mac ro scop i -
cally dis tin guished types of rocks very well con firm the tec tonic
de for ma tion  of the Old est Ha lite strata and in par tic u lar an im -
por tant role played by  hor i zon tal or sub-hor i zon tal move ments.
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