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The Mid dle Mio cene (mid dle Badenian) “gyp sum-ghost” lime stones com posed of cal cite and/or sul phur pseudo morphs af ter selenitic
gyp sum, are a sa lient fea ture of the Pol ish sul phur de pos its from the north ern Carpathian Foredeep (S. Po land). Sul phu rous rocks (in -
clud ing the gyp sum-ghost lime stones) are pres ent within the evaporite unit, the so-called “Chem i cal Se ries”, and are com monly be lieved
to be lithological equiv a lents of syn chro nous gyp sum de pos its, re sult ing from re gion ally ex ten sive,  whole sale re place ment of the sel e -
nite lithofacies by lime stones and lime stone + na tive sul phur. How ever, de tailed geo chem i cal ex am i na tion of re gional ma jor and mi nor
el e ment com po si tions in these un usual car bon ates sug gests con sid er able in ter nal dif fer ences. Dis tinct vari a tions in chem i cal dis tri bu tion 
along the main de vel op ment of the Osiek–Baranów Sandomierski na tive sul phur de posit, to gether with the as so ci ated bar ren lime stone
ar eas, are clearly rec og nized. The pat tern of the geo chem i cal pa ram e ters of these gyp sum-ghost lime stones is in con sis tent with an
epigenetic model of for ma tion of the Pol ish sul phur de pos its (whole sale re place ment of sul phate de pos its by car bon ates + na tive sul phur) 
and ar gues for their for ma tion within a sed i men tary-early diagenetic re gime.
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INTRODUCTION

Lime stones con tain ing ev i dent pseudo morphs of orig i nal
selenitic gyp sum crys tals, pre served  as cal cite and/or cal -
cite + sul phur af ter gyp sum crys tals or as mouldic voids, are
rel a tively com mon in Mid dle Mio cene (Badenian) sul -
phur-bear ing lime stones of north ern part of the Carpathian
Foredeep (CF) of the South ern Po land (Gąsiewicz, 1994a,
2000b; Fig. 1). They make up the so-called gyp sum-ghost
lime stones (termed af ter van de Poel, 1991), which con sti tute a
char ac ter is tic lithofacies of the car bon ate mem ber of the
evaporite se quence. Car bon ate bod ies with such struc tures,
both sul phur-bear ing and bar ren, are vol u met ri cally sec ond ary
and their re gional dis tri bu tion in na tive sul phur de pos its is usu -
ally in ter preted as be ing a re sult of  whole sale large-scale
post-burial, trans for ma tion of pri mary gyp sum rocks into sul -
phu rous or bar ren lime stones due to mo lec u lar re place ment in a 
closed sys tem (e.g., Pawłowski et al., 1965, 1979, 1985, 1987;
Osmólski, 1972; Pawlikowski, 1982; Kubica, 1992, 1994,
1997; Nieć, 1992).

How ever, based on geometrical, sedimentological,
petrographic, and over all geo chem i cal fea tures of these lime -
stones as well as on ex ten sive com par i sons with as so ci ated sel -
e nite gyp sum fa cies and mass bal ance – the pres er va tion of
such sel e nite gyp sum pre cur sors within the lime stones – (both
sul phur-bear ing and bar ren) their lithological in com pat i bil ity
has been dem on strated (Gąsiewicz, 1994a, b; 2000a, b). In -
stead it has been pro posed that the gyp sum-ghost lime stones re -
flect a unique set ting of si mul ta neous for ma tion of car bon ate
and selen ites in a sed i men tary, tran si tional millieu be tween the
car bon ate and gyp sum do mains, where bot tom cal cium car bon -
ate de po si tion was lo cally ac com pa nied by hypersaline ep i -
sodes with the growth of sel e nite crys tals fol lowed by
diagenetic al ter ation in a me te oric re gime (op. cit.). 

The pres er va tion of orig i nal sel e nite fab rics in the gyp -
sum-ghost lime stones is of spe cial im por tance mainly for as so -
ci a tion with high sul phur min er al iza tion as well as for their 
spec tac u lar na ture, and serve as one of the car di nal ar gu ments
for the bioepigenetic (sensu Ruckmik et al., 1979) for ma tion of
the Pol ish na tive sul phur de pos its. The or i gin of the epigenetic
na tive sul phur de pos its must be viewed in terms of re gional



pro cesses where per va sive flow forms a geo chem i cal ex change 
front as a con se quence of in fil tra tion, al ter ation of solid
sulphates and mass bal ance trans fer. The lime stones with their
ap par ently en tire suite of sed i men tary to (epi)diagenetic sig na -
tures pro vides a unique pos si bil ity to re con struct the orig i nal
pro cesses that formed the gyp sum-ghost lime stones and al low
eval u a tion of the cur rent model for the orgin of the Pol ish na -
tive sul phur de pos its.

Thus, one may ex pect that, whether the lime stones were
epigenetic or syngenetic, their orig i nal fea tures should be re -
tained, at least to some ex tent, in the fi nal prod uct. Be cause of
dif fer ent pat terns of geo chem i cal fea tures re corded in these
two set tings, gen er ally di rec tional or sys tem atic and ir reg u lar
re spec tively, the ex am i na tion of geo chem i cal char ac ter is tics
pre served in these rock units could po ten tially test these con -
trast ing views. There fore, the pur pose of this study is to rec og -
nize ma jor and mi nor el e men tal dis tri bu tion along the
Osiek–Baranów Sandomierski (O–BS) na tive sul phur de posit
of South ern Po land and thus pro vide fur ther un der stand ing of
the or i gin of na tive sul phur min er al iza tion in the CF. The dis tri -
bu tion of ox y gen and car bon iso topes in these lime stones will
be pub lished sep a rately.

REGIONAL SETTING

The Mio cene suc ces sion of the north ern part of the
Carpathian Foredeep (Fig. 2) is com posed of thick (lo cally ex -
ceed ing 3.5 km), mainly clastics de pos its in ter ca lated with a
thin (up to about 60 m thick) evaporite unit (e.g., Ney et al.,
1974; Pawłowski et al., 1979, 1985). Sands, sand stones, sandy
lime stones and coralline al gal lime stones, char ac ter ized by

vari able thick ness (up to about 150 m), un der lie the evaporites.
These de pos its, called the Baranów Beds and be long ing to the
lower Badenian, are the basal Mio cene de pos its in the north ern
foredeep.

The evaporite unit be long ing to the mid dle Badenian is
lithologically inhomogenous. Sulphates (mainly gyp sum) are
the most wide spread evaporites within the CF (Fig. 1). The
gyp sum unit, com posed of var i ous lithofacies (Kubica, 1992;
Kasprzyk; 1993; Bąbel, 1999), and well-pre served in the pe -
riph eral part of the ba sin, was trans formed diagenetically into
anhydrite dur ing burial, es pe cially to wards the ba sin cen tre
(Kubica, 1992; Kasprzyk, 1995, 2005; Gąsiewicz and
Czapowski, 1998; Jasionowski and Peryt, 2010). In front of the
Carpathians a nar row and elon gate belt of ha lite de pos its de vel -
oped dur ing that time (e.g., Garlicki, 1979). 

Larger ar eas of sul phu rous and/or bar ren lime stones oc cur
ir reg u larly in the mar ginal part of the CF within the sul phate
unit (Fig. 1). The car bon ate suc ces sion is gen er ally thin ner
(max i mally about 45 m thick) com pared to the sul phu rous
rocks which may ex ceed 60 m in thick ness. The sul phur-bear -
ing suc ces sion is dom i nated by mas sive, bed ded and un bed ded
bar ren or sul phu rous, com monly marly lime stones which in -
clude the fol low ing main lithofacies: gyp sum-ghost lime stones, 
mas sive, bed ded, and pelitic mudstones; rudstones; marls;
claystones-siltstones; and gyp sum lenses and in ter ca la tions.
The sul phu rous lithofacies con tain up to 7% of clay
(Pawłowski et al., 1985) and show usu ally 2–12% (10% at av -
er age) po ros ity (Rybicki, 1973). The gyp sum-ghost lime stones
con sid ered in this pa per are much more po rous than the other
sul phu rous rocks. They of ten show empty post-sel e nite voids
and small cav erns and the po ros ity is usu ally 10–20% and oc ca -
sion ally up to 40% (Gąsiewicz, 2000b).
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Fig. 1. Lo ca tion of na tive sul phur de pos its in the north ern Carpathian Foredeep



The native sul phur con tent of minable de pos its ranges from 
about 25 to 35% (Pawłowski et al., 1987). The ex tent of the
sul phur-bear ing outcrop is ir reg u lar, es pe cially close to the
gyp sum de pos its, where lime stones com monly interfinger with 
sul phate de pos its in a com plex fash ion.

Both the sul phur-bear ing lime stones and gyp sum de pos its
con sti tute an evaporitic unit, the so-called “Chem i cal Se ries”
(Pawłowski et al., 1979). The over bur den of the Chem i cal Se -
ries unit in this area of the CF con sists of ma rine, mo not o nous,
mainly pelitic, rel a tively  thick clastic (marls and siltstones) 
rocks of  late Badenian–Sarmatian age (e.g., Pawłowski et al.,
1979, 1985; Gąsiewicz et al., 2004). 

METHODS

A to tal of 128 sam ples rep re sent ing both the sul phur-bear -
ing and bar ren gyp sum-ghost lime stones of 27 bore holes were
col lected for bulk sam ple anal y ses of the min er al ogy, ma jor
and trace el e ment con tents  of the O–BS sul phur de posit. 

The gyp sum-ghost min er al ogy was de ter mined by X-ray
dif frac tion (XRD) us ing a Phillips PW 1729 diffractometer at
the Pol ish Geo log i cal In sti tute (War saw). Be cause the sam ples
come from dif fer ent strati graphic lev els, as the lime stones bod -
ies are dis persed ir reg u larly through out the sul phur-bear ing,
suc ces sion the sam ples ana lysed (N = 1–17) from par tic u lar
gyp sum-ghost bod ies found in bore holes were av er aged. Anal -
y ses were per formed at the Cen tral Chem i cal Lab o ra tory of the
Pol ish Geo log i cal In sti tute by a com bined method of ASA and
ICP (spec trom e ter JY 70 PLUS Jobin Yvon). The pre ci sion of
the ma jor and trace el e ment mea sure ments was 1.0–1.5 and
5%, re spec tively.

Be cause of the ir reg u lar spa tial dis tri bu tion of the gyp -
sum-ghost lime stones the geo chem i cal mea sure ments in this
study were con ven tion ally ar ranged roughly ac cord ing to elon -
ga tion of the O–BS sul phur de posit, i.e. gen er ally from west to
east in a se ries of bore holes through the de posit and out side, at
vary ing dis tances from the sul phur orebody. For the pur pose of
this pa per, i.e. to min i mize lo cal or oc ca sional in flu ences, the
data have been av er aged and the lo ca tion of the sam ples is
shown in Fig ure 3.

GYPSUM-GHOST LIMESTONES 
OF THE OSIEK–BARANÓW SANDOMIERSKI 

NATIVE SULPHUR DEPOSIT

THE SULPHUR DEPOSIT 

The na tive sul phur de posit that oc curs on the
Staszów–Baranów Sandomierski tec tonic block is bounded by
gen er ally par al lel and lat er ally nor mal faults hav ing a north -
west-south east trend and step ping and dip ping to wards the SW
(Pawłowski et al., 1976). The sul phur de posit is dis tinctly elon -
gated (up to 18 km) in a gen er ally NW–SE di rec tion and its
width changes from sev eral hun dreds of metres to about 2 km
(Fig. 1). It oc curs in the mar ginal, NE part of the elon gated and
wider car bon ate zone, gen er ally close to the  ir reg u lar bound -

ary with ex ten sive out crops of gyp sum lithofacies sur round ing
the depositional area. To wards the SW, the sul phu rous zone ir -
reg u larly passes into the less min er al ized and fi nally bar ren
(and larger) lime stone area. In the NW part of the area, the sul -
phur-bear ing strata are com monly in ter ca lated with gyp sum
lay ers.

The thick ness of the sul phur-bear ing suc ces sion is up to
about 45 m and gen er ally be comes dis tinctly thin ner to wards
the NW. The de posit pro gres sively dips into to wards the SE.
The con cen tra tion of na tive sul phur is highly ir reg u lar and
ranges from 10–42% (Pawłowski et al., 1987). The sul phur
min er al iza tion gen er ally de creases to wards SW. 

In gen eral the unit consist of lime stones (commonly marly
lime stones) with a mi nor ad mix ture of clay and gyp sum
interbeds. Com pre hen sive lithological de scrip tions of the gyp -
sum-ghost lime stones were first made by Gąsiewicz (1994a, b,
2000b). The lat ter, more re cent and ex haus tive
sedimentological study combined field ob ser va tions (Machów
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Fig. 2. Lithostratigraphic frame work of the Mio cene 
of north ern Carpathian Foredeep



open-pit mine) with ex ten sive core stud ies of car bon ate pe trog -
ra phy, min er al ogy and geo chem is try (in clud ing sta ble-iso tope
anal y ses) with an eval u a tion of the or i gin of the gyp sum-ghost
lime stone in the con text of for ma tion of the Pol ish na tive sul -
phur de pos its. 

Vary ing con cen tra tions of rel ics af ter orig i nal sel e nite
crystals oc cur in the pre vail ing cal cite groundmass and ap pear
as the main tex tural com po nent of the lime stones. The struc -
tures are empty, or partly or fully infilled with cal cite or cal cite
+ na tive sul phur en tombed in a gen er ally micritic groundmass.
The lime stones are pale, grey to dark grey and may be bar ren or 
sul phur-bear ing. The tran si tion of the lime stones into the sur -
round ing var i ously bed ded or un bed ded lime stones is usu ally
rapid and in dis tinct, com monly ac com pa nied by rel a tive en -
rich ment or im pov er ish ment in na tive sulphur content.

GYPSUM-GHOST LIMESTONES

GEOMETRY

The gyp sum-ghost fa cies of the O–BS sul phur de posit and
as so ci ated area oc curs lo cally and ir reg u larly as more or less
lat er ally elon gated len tic u lar bod ies in both sul phur-bear ing
and bar ren lime stones, that are lo cally stacked (Gąsiewicz,
1994b, 2000b). The lime stones do not show any cor re la tion
with the sur round ing sel e nite gyp sum lithofacies. A to tal of

119 interbeds have been found in 50 bore holes (of 66 in ves ti -
gated). The num ber of gyp sum-ghost beds var ies from 1 to 6
bod ies per borehole and they can not be cor re lated over a dis -
tance of about 300 m. The lime stone bod ies are from 5 cm to
8.2 m thick (mostly less than 1 to 1.5 m on av er age). The to tal
thick ness of the gyp sum-ghost interbeds in the de posit area
com prises 14.3% of the sul phu rous depositional suc ces sion in
the bore holes where the lime stones oc cur (Gąsiewicz, 2000b). 

The gyp sum-ghost beds are rel a tively less com mon and
thin ner in the NW part of the Osiek–Baranów Sandomierski
sul phur de posit com pared to SE part. In the same di rec tion
there is an in crease in the av er age to tal thick ness of the beds,
from 1.36 m in the Niekrasów sul phur field to al most 5 m in the
Skopanie. Con se quently, the av er age to tal thick ness of the
lime stone bod ies com prise about 12% of the sul phu rous sec -
tion in both Niekrasów and Osiek sul phur fields and 19.6% in
the Skopanie one. The small est av er age thick ness of the
interbeds oc curs in Niekrasów (0.64 m), and the thick est one in
the Osiek sul phur field (1.72 m). Gen er ally both the num ber
and to tal thick ness of the gyp sum-ghost lime stone interbeds de -
creases per pen dic u larly to the elon ga tion of the sul phur de -
posit, i.e. to wards the SW. 

MINERALOGICAL COMPOSITION 

Petrographic anal y ses (Gąsiewicz, 1994a, 2000b) in di cate
that the gyp sum-ghost lime stones are mainly com posed of
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Fig. 3. Dis tri bu tion of bore holes in ves ti gated with gyp sum-ghost lime stones in the Osiek–Baranów Sandomierski area



low-Mg cal cite. In the sul phur-bear ing ar eas these lime stones
con tain var i ous amount of na tive sul phur. Cal cite is mainly
pres ent as micritic ma trix some times with ar agon ite and
dedolomite rel ics and com monly forms dis tinct drusy ce ments.
The inhomogeneous ma trix, lo cally con tains lo cally com mon
limy clasts and peloids as well as ir reg u lar patches of
microsparite and of ten coarse sparite. Cal cite usu ally form dis -
tinct low-Fe and not un com mon high-Mg ce ment-fill ing voids
af ter sel e nite crys tals. Native sul phur fills or en crusts gyp -
sum-ghost struc tures, and oc curs in the ma trix as usu ally dis -
persed fine grains and ag gre gates, lo cally form ing fine laminae
or streaks with a small ad mix ture of clay mat ter. There is no
cor re la tion be tween the gyp sum-ghost lime stone thick ness and
their na tive sul phur con tent. 

The two main min eral phases are ac com pa nied by clay
min er als (usu ally less than 1%), ce lest ite (up to 8%), and vol u -
met ri cally in sig nif i cant py rite (framboids and rarely euhedras).
Clay min er als (kaolinite, illite and chlorite) are ir reg u larly dis -
persed or form short and wavy streaks and laminae. They are
lo cally accompanied by rel a tively higher con cen tra tions of fine 

(up to 0.2 mm) ir reg u lar, anhedral quartz grains as well as by
oc ca sional grains of mica, plagioclases, fine bioclasts,
amorphic and coalified plant or ganic mat ter. Gyp sum frag -
ments (mainly close to larger sul phate beds), strontianite (up to
do 10%), bar ite (up to 7%) and sil ica (lutecite) ap pear very lo -
cally. There are trace amounts of with er ite, glauconite, do lo -
mite and fine ag gre gates of dis persed or ganic mat ter and bi tu -
men inclusions. 

CHEMICAL COMPOSITION

The av er age ma jor el e ment com po si tion of the gyp -
sum-ghost lime stones var ies through out the sul phur de posit
(shown in Ta ble 1). The most re mark able fea tures along the de -
posit are the high con tent and highly vari able con cen tra tions of
two pre dom i nant el e ments i.e. cal cium and na tive sul phur.
These two com po nents are ac com pa nied by sub or di nate con -
tents (usu ally up to a few per cent) of SiO2 (clastic frac tion,
mainly clay) and sul phate (mainly celestites and rarely gyp sum
and bar ite). The con tent of other of com po nents, al though var -
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Bore -
hole
no.

Gen eral
ori en ta -
tion of
sulphur
de posit

Bore -
hole

sym bol
N TOC

[%]
CaO
[%]

SiO2
[%]

Al2O3
[%]

Fe2O3T
* [%]

MnO
[%]

MgO
[%]

Na2O
[%]

K2O
[%]

SrO
[%]

TiO2
[%]

SO4
[%]

S0

 [%]

1 NW M. 151 3 0.15 49.09 5.57 1.86 0.63 0.06 0.47 0.04 0.27 0.08 0.07 0.93 0.67

2 M. 152 2 0.11 50.30 2.45 0.60 0.27 0.05 0.49 0.03 0.11 0.05 0.03 0.52 0.00

3 M. 78 1 0.14 51.30 2.20 1.06 0.37 0.16 0.47 0.04 0.17 0.08 0.04 0.60 0.00

4 P. 76 1 0.11 47.05 3.70 0.81 1.07 0.12 0.42 0.04 0.13 0.06 0.03 0.96 6.00

5 N. 73 2 0.10 41.45 4.10 1.20 0.51 0.09 0.34 0.05 0.21 0.23 0.02 2.89 8.00

6 P. 111 1 0.09 49.70 1.40 0.47 0.19 0.03 0.45 0.04 0.07 0.06 0.02 1.35 0.00

7 P. 108 8 0.16 44.51 4.83 0.71 0.29 0.21 0.45 0.06 0.29 0.44 0.02 12.97 2.31

8 T. 94 8 0.16 50.34 3.98 1.28 0.53 0.10 0.59 0.06 0.25 0.12 0.03 0.70 0.25

9 N. 57 5 0.13 49.48 2.58 0.72 0.35 0.03 0.50 0.06 0.12 0.04 0.03 0.40 0.00

10 M. 84 5 0.14 47.03 1.48 0.49 0.21 0.08 0.40 0.04 0.09 0.12 0.02 0.52 0.20

11 M. 85 4 0.09 40.05 0.60 0.23 0.10 0.01 0.27 0.03 0.04 1.20 0.01 1.58 26.50  

12 M. 60 1 0.10 31.80 1.24 0.25 0.10 0.08 0.25 0.02 0.04 0.05 0.01 0.51 40.00  

13 O. 88 1 0.10 47.70 1.70 0.50 0.23 0.45 0.65 0.04 0.09 0.04 0.04 1.00

14 O. 87 2 0.08 34.10 2.90 0.75 0.29 0.03 0.27 0.03 0.16 3.52 0.02 3.86 21.50  

15 Ł. 58 7 0.08 39.38 1.23 0.29 0.11 0.01 0.24 0.02 0.06 0.67 0.01 0.87 32.43  

16 L. 97 2 0.05 29.50 0.85 0.30 0.12 0.04 0.15 0.04 0.05 0.51 0.02 0.96 43.00  

17 K. 103 2 0.06 35.80 3.72 0.16 0.08 0.13 0.19 0.09 0.03 3.88 0.01 0.67 27.50  

18 D. 116 1 0.06 49.70 1.10 0.18 0.07 0.12 0.34 0.05 0.03 0.18 0.01 0.45 0.00

19 M. 146 16 0.12 31.66 2.49 0.58 0.25 0.02 0.16 0.06 0.11 1.15 0.02 1.49 38.44  

20 B. 54 4 0.13 49.30 2.53 0.59 0.39 0.01 0.22 0.14 0.14 0.06 0.06 1.00 0.00

21 M. 119 17 0.07 31.47 1.62 0.88 0.16 0.02 0.17 0.04 0.09 1.94 0.02 2.87 29.59  

22 S. 144 3 0.08 32.67 1.10 0.30 0.14 0.01 0.14 0.02 0.05 0.78 0.01 1.53 38.67  

23 M. 134 4 0.14 30.14 2.13 0.72 0.30 0.02 0.16 0.09 0.15 1.81 0.02 5.48 30.00  

24 H .135 4 0.07 33.00 2.45 0.58 0.29 0.04 0.28 0.04 0.12 2.42 0.02 4.71 21.50  

25 G. 117 10 0.10 44.92 2.42 0.75 0.34 0.06 0.37 0.10 0.14 0.11 0.37 0.70 0.00

26 M. 171 6 0.12 52.15 2.83 0.73 0.32 0.02 0.32 0.07 0.13 0.06 0.03 0.37 0.83

27 SE J. 148 8 0.13 47.10 11.15 1.02 0.64 0.02 0.43 0.08 0.21 0.08 0.04 0.49 0.63

* – to tal iron con tent; N – num ber of ana lysed sam ples

T a  b l e  1

Av er age ma jor and mi nor el e ments con tents of the gyp sum-ghost lime stones 
of the O–BS na tive sul phur de posit



ied, is be low 1% (Ta ble 1). The con tent SiO2, Al2O3, SrO, and 
SO4

2-  is very vari able (Ta ble 2). Based on the high av er age con -
tent of CaO (about 53% CaCO3) the lime stones ap pear as the
pur est lithofacies of the sul phur-bear ing car bon ates.

The re la tion ships among the el e ments ana lysed (Ta ble 3)
in di cate three main groups of el e ments: 

1. CaO, S0, SrO and MgO. The cor re la tion pat tern within
this group is com plex. CaO is strongly neg a tively cor re lated
with na tive sul phur (r = –0.77) and poorly with SrO (r = –0.43), 
and pos i tively with MgO (r = 0.64). S0 is mod er ately neg a -
tively cor re lated with MgO (r = –0.64) and poorly with SrO
(r = 0.41) and Fe2O3T. The cor re la tion be tween SrO and MgO
is poor and neg a tive (r = –0.42). These el e ments are in cluded in 
dif fer ent min eral phases, i.e. in na tive sul phur and cal cite (Ca
and Mg) as well as com monly in ce lest ite (Sr) (Gąsiewicz,
2000b).

2. SiO2, Al2O3, Fe2O3T, K2O, Na2O and MnO ex hibit also
highly vari able con tents but are linked more closely to each
other than to el e ments of any other group. They dis play mod er -
ate pos i tive cor re la tion each other (r = 0.40–0.63) and also poor 
cor re la tion with MgO (r = 0.33–0.53) as well as be tween both
MnO and Na2O and the el e ments of this group (r = 0.33–0.60).

The el e ments are typ i cal com po nents of the clastic frac tion and
in the case of gyp sum-ghost lime stones rep re sent mainly clay
ma te rial.

3. The group com posed of TiO2 and SO4
2-  dis plays a spe -

cific be hav iour which shows a lack of cor re la tion. Be cause of
the very low con tent of Ti its min er al og i cal phase(s) could not
be iden ti fied while SO4

2-  is mostly in cluded in ce lest ite. This
group in cludes also TOC, which shows a com plex or mixed
pat tern of cor re la tion. Its av er age val ues ex hibit mod er ate to
dis tinct pos i tive cor re la tions with the el e ments of the sec ond
group and MnO and MgO (r = 0.36–0.79) as well as a poor
neg a tive cor re la tion with S0 (r = –0.30). 

DISTRIBUTION OF MAJOR ELEMENTS 
ALONG THE DEPOSIT

The anal y sis was car ried out to test the re la tion ships be -
tween the ma jor el e ment geo chem is try and the geo log i cal po si -
tion of the  sam ples ana lysed re lated to the strongly elon gated
sul phur de posit area (Fig. 3 and Ta ble 1). For this rea son the av -
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TOC CaO SiO2 Al2O3 Fe2O3T MnO MgO Na2O K2O SrO TiO2 SO4 S0

Av er age 0.11 40.72 3.03 0.72 0.30 0.05 0.31 0.06 0.13 0.82 0.05 2.25 16.04

S.E. 0.00 0.89 0.54 0.07 0.02 0.01 0.01 0.00 0.01 0.12 0.01 0.57 1.63

S.D. 0.05 10.03 6.13 0.82 0.25 0.09 0.17 0.04 0.14 1.31 0.13 6.38 18.41

Range 0.42 45.99 66.10 7.90 1.73 0.69 0.79 0.20 1.24 7.64 0.89 52.85 62.00

Min i mum 0.04 13.92 0.20 0.10 0.03 0.00 0.05 0.02 0.02 0.01 0.01 0.18 0.00

Max i mum 0.46 59.91 66.30 8.00 1.76 0.69 0.84 0.22 1.26 7.65 0.89 53.03 62.00

Count 128 128 128 128 128 128 128 128 128 128 128 127 128

95% c.i. 0.01 1.75 1.07 0.14 0.04 0.02 0.03 0.01 0.02 0.23 0.02 1.12 3.22

S.E. – stan dard eror, S.D. – stan dard de vi a tion, c.i. – con fi dence in ter val

T a  b l e  2

Main sta tis ti cal pa ram e ters of ma jor and mi nor el e ment con tents (in per cent) 
for all the gyp sum-ghost lime stones sam ples of the O–BS na tive sul phur de posit

TOC CaO SiO2 Al2O3 Fe2O3T  MnO MgO Na2O K2O SrO TiO2 SO4 S0

TOC 1

CaO   0.1226 1

SiO2   0.3756 –0.2258 1

Al2O3   0.2299 –0.0452   0.1589 1

Fe2O3T   0.4526   0.1226   0.6311   0.4432 1

MnO   0.3857   0.1498   0.1510   0.1063   0.1570 1

MgO   0.3639   0.6403   0.1235   0.3025   0.5272   0.4601 1

Na2O   0.5151   0.0740   0.3270   0.1992   0.4045   0.1964   0.1734 1

K2O   0.7876 –0.0320   0.5556   0.2958   0.5590   0.4650   0.3391   0.5998 1

SrO –0.2168 –0.4262 –0.0531 –0.1759 –0.2925 –0.0911 –0.4196 –0.1427 –0.1338 1

TiO2 –0.0391   0.0966   0.0179   0.0091   0.0551 –0.0218   0.0709   0.1192 –0.0042 –0.1555 1

SO4 –0.2047 –0.0997 –0.0530 –0.0652 –0.0894 –0.0726 –0.0992 –0.0884 –0.0696   0.1541 –0.0711 1

S0 –0.2950 –0.7733 –0.1659 –0.0390 –0.3495 –0.2661 –0.6413 –0.2745 –0.2800   0.2791 –0.2396 –0.0511 1

T a  b l e  3

Cor re la tion ma tri ces of ma jor and mi nor el e ment con tents
 for all the gyp sum-ghost lime stones sam ples of the O–BS na tive sul phur de posit



er age geo chem i cal val ues for par tic u lar bore holes shown in
Ta ble 1 were ar ranged ac cord ing to a gen er ally west-east di rec -
tion. Thus the dis tri bu tion of the el e ments through out the sul -
phur area may be an in di ca tion of the ex is tence of trends in the
vari ables con sid ered. 

When com par ing the el e men tal av er age val ues with their
po si tion on the map (Ta ble 1 and Fig. 3), it can be seen from
west to east that the sam ples show two dis tinct trends:

– an in crease in the Na2O, SrO and S0 con tents; 
– a de crease in the con tents of TOC, CaO, Al2O3, Fe2O3T,

MnO, MgO, and K2O. 
More over, the av er age con tents of TiO2, SiO2 and SO4

2-  are
in gen eral even, but in the case of Ti only one bore hole (G. 117) 
is ex ceed ingly en riched in this el e ment. Note also, if one sam -
ple strongly en riched in clayey mat ter in bore hole J. 148 and
two sam ples dis tinctly en riched in gyp sum in bore hole P. 108
are omit ted, then SiO2 dis plays a dis tinctly de creas ing and 
SO4

2-  a dis tinctly in creas ing trend re spec tively. Thus the first
group of com po nents may be com pleted by SO4

2-  and the sec -
ond one by SiO2.

From the above sur vey a group ing of the av er age val ues of
sam ples ana lysed ac cord ing to their lo ca tion is ob served. There 
is a clear dif fer ence be tween the west ern and the east ern parts
of the sul phur de posit re flected by dif fer ent trends in the el e -
men tal dis tri bu tion. The dis tri bu tion of most el e ments ana lysed 
in di cates a pro gres sive eastwards de crease in the av er aged con -
tents. Only some com po nents show an op po site trend. In sum -
mary, it may be con cluded that ac cord ing to the el e ment vari -
abil ity, the west ern part of the de posit is rel a tively en riched in
cal cium car bon ate and in siliciclastic ma te rial, while the east -
ern part is en riched in na tive sul phur and stron tium min er als
(also in sul phate bod ies). The geo chem i cal trends ob served in
the dis tri bu tion of the com po nents show a dis tinctly pro gres -
sive change with out any sharp bound ary be tween the sul phur
de posit fields.

INTERPRETATION

EPIGENETIC VIEW 

The data pre sented above clearly in di cate an el e men tal dif -
fer en ti a tion of the O–BS sul phu rous and as so ci ate de pos its and 
is high lighted by very ir reg u lar na tive sul phur dis tri bu tion
through out the de posit (Kowalik et al., 1979, 1980, 1982). As
far as one may ex pect it is linked to the lithological com po si tion 
of the sul phu rous rock suc ces sion. The ev i dent lithological dif -
fer ence be tween gyp sum and sul phur-bear ing sec tions is com -
monly re ferred to the enig matic pro cesses of (metasomatic)
gyp sum al ter ation into lime stones + na tive sul phur or lo cal dif -
fer ences in gyp sum li thol ogy (e.g., Pawłowski et al., 1979,
1985, 1986; Nieć, 1982, 1992; Pawlikowski, 1982; Kubica,
1992, 1997), al though their lithological sta bil ity is well-rec og -
nized else where around the sul phur de pos its and through out
the mar ginal part of the Carpathian Foredeep (e.g., Pawłowski
et al., 1985; Kubica, 1992; Kasprzyk, 1994a; Bąbel, 1999).
Also, Nieć (1983, 1993) has as sumed that lithological zonation
of the Tarnobrzeg na tive sul phur de posit de pends on the depth

of the de pos its and thus the chem is try of the trans form ing flu ids 
(dur ing the al ter ation re ac tions) and sug gested the pri mary dif -
fer en ti a tion of the gyp sum suc ces sion as the cause. This, how -
ever, con tra dicts the com monly ob served chem i cal ho mo ge ne -
ity of the sul phate suc ces sion through out the CF. Based on
chem i cal anal y ses gath ered for larger re gions of sul phate and
sul phur-bear ing as so ci ated ar eas, Pawłowski et al. (1985,
1987) and Kubica (1992) in di cated highly equal ized quan ti ta -
tive chem i cal com po si tions of both lithologies. They con sid -
ered that the sul phate de pos its are very pure and orig i nated in
very uni form depositional en vi ron ments through out the CF
while metasomatic ground wa ter epigenetically in fil trat ing and
alterating the solid sul phate frame work were re spon si ble for
the chem i cal dif fer en ti a tion of the sul phur-bear ing and bar ren
lime stones. In this con text ir reg u larly anom a lous con cen tra -
tions of na tive sul phur are re al ized as ar eas of op ti mal con di -
tions for un usual ac cu mu la tions of the epigenetic re ac tion by -
prod uct, gov erned by sec ond ary struc tural el e va tions of the
base ment and sus cep ti bil ity to mo lec u lar re place ment. Ac cord -
ing to this hy poth e sis the pro cess must have in volved high per -
me abil ity and throughflow in the sand stones and marls be low
(and pos si bly mudstones-siltstones above) al low ing the re -
place ment of pre cur sor sed i men tary sulphates. In this re place -
ment model hy dro car bons ex pelled along the nearby fault(s)
bound ing the de posit out side (within sul phate ar eas) and
ground wa ter (+ bac te ria) must have moved lat er ally par al lel to
and through out the im per me able solid evaporitic strata (the
thick clayey over bur den is im per me able) for a dis tance of up to
about 20 km. The hy dro car bons ad vanced to the place of gyp -
sum trans for ma tion from be low, across lithologically var i ous
strata. The epigenetic al ter ation of solid sulphates into cal cium
car bon ate may pro ceed on lo cal as on re gional scale. This pro -
cess must have in volved to tal per me ation and ef fec tive con -
duits for fluid flow in the host rocks al low ing the re place ment
of pre vi ous solid sulphates via fluid(s) of un known or i gin and
con stant com po si tion. Be cause the fluid mi grates within the
host rock in a par tic u lar di rec tion, re ac tion and sub se quent
changes in chem i cal and phys i cal prop er ties must have taken
place along the flows, path which should lead to the pre cip i ta -
tion of na tive sul phur and as so ci ated com plex paragenetic se -
quence in suc ces sion (zonation). Be cause of the iso lated na ture
of the gyp sum-ghost bod ies, em bed ded usu ally in marly and
com pacted car bon ates of much lower po ros ity, they could not
serve as even tual con duits for the epigenetic flu ids.

How ever, these prop er ties of the epigenetic model do not
ex plain ei ther the el e men tal pat terns of dis tri bu tion doc u -
mented above or the high dif fer en ti a tion of na tive sul phur con -
cen tra tions within the de posit. More over, both the spa tial and
petrographic com par i sons of the gyp sum-ghost lime stones and
sel e nite gyp sum in di cate no analogous be tween the lithofacies
(Gąsiewicz, 1994a, b). The gyp sum-ghost lime stones are iso -
lated lime stones bod ies and oc cur at dif fer ent strati graphic po -
si tions within the sul phu rous rock succession. There is no
known epigenetic mech a nism ex plain ing such a pat tern of their 
dis tri bu tion: why the post-sel e nite fa cies of ten oc cur in the up -
per most part of the suc ces sion while gyp sum selen ites are es -
sen tially pres ent in the lower part of the evaporite unit and why
the lime stone bod ies are iso lated while the gyp sum sel e nite
units are hor i zon tally con tin u ous. Also mass bal ance cal cu la -
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tions for the gyp sum-ghost lime stones clearly in di cate im bal -
ance with re gards to cal cium sul phur and other el e ments
(Gąsiewicz, 2000a, b). 

More over, us ing a ref er ence frame in which Si, Al, K or Ti
are im mo bile dur ing diagenesis, the el e men tal av er age val ues
show far more com plex pat terns and trends in the data dis tri bu -
tion (Figs. 4–11) that could be ex pected from one-way al ter ation
of re gion ally sta ble (min er al og i cally and geochemically) gyp -
sum sel e nite fa cies in a closed sys tem. This mech a nism should
pro duce a rel a tively uni form suit of diagenetic fea tures. This is
not the case, de tailed petrographic stud ies (microprobe and iso -
to pic anal y ses) of the lime stones in di cat ing mor pho log i cal and
chem i cal va ri et ies of cal cite ce ments and strong sta ble iso to pic
(C and O) dif fer en ti a tion (Gąsiewicz, 2000b). These fea tures
sug gest that they evolved in lo cal and sep a rate sub-set tings. We
do not know a re gion ally con strained mech a nism for such a seg -
re ga tion of the chem i cal com pounds (as de scribed above) dur ing 
per va sive mo lec u lar re place ment of the gyp sum host rock and
thus suc ces sive min eral oc clu sions en sur ing the de vel op ment of
the typ i cal tex tures found in the sul phu rous rocks. The re place -
ment pro cess is re lated to close re la tion ships be tween dis so lu tion 
and re-pre cip i ta tion pro cesses (Morse and Mac ken zie, 1990,
1993), large fluid troughputs (e.g., Bathurst, 1975; Enos and
Sawatsky, 1981; Morse and Mac ken zie, 1993) and vari able in -
ter play be tween the en ter ing and fi nal flu ids, rock prop er ties, and 
me chan i cal con di tions. Thus, such pro cess is not likely to ef fec -
tively trans form gyp sum into lime stones + S0.

MAJOR AND MINOR ELEMENTS

The re sults pre sented in this pa per show a change in the
chem i cal com po si tion of the gyp sum-ghost lime stones as so ci -
ated with the sul phur de posit. A slight group ing ac cord ing to
the sam ple lo ca tion in the de posit marks two groups of vari -
ables con sis tent with their de gree of vari abil ity. The groups
seem to rep re sent two zones of the de posit in dis tinctly sep a -
rated one from the other: north-west (or west in gen eral) and
south-east (or east) char ac ter ized by dif fer ent sets of geo chem i -
cal fea tures. In gen eral the el e men tal dis tri bu tion along the de -
posit shows a trend to wards rel a tive en rich ment in av er age
con tent of TOC, CaO, Al2O3, Fe2O3T, MnO, MgO, K2O and
SiO2 in the western part of the de posit and in Na2O, SrO, S0,
and SO4

2-  in the eastern one. The av er age TiO2 con tents show a
rel a tively con stant dis tri bu tion along the de posit. 

Most of these el e ments are in ert dur ing bac te rial sul phate
re duc tion and their en rich ment or de ple tion in the gyp -
sum-ghost lime stones should be as cribed to un known fac tors
op er at ing dur ing the epigenetic al ter ation of solid sulphates.
Also the predominat cal cite com po si tion of the lime stones with 
pre served rare rel ics of high Mg-cal cite and ar agon ite
(Gąsiewicz, 2000b) in di cate that dur ing the early diagenetic
trans for ma tion (min eral sta bi li za tion) there was not a sub stan -
tial re lease of trace el e ments into the car bon ate frame work.

The covariance be tween (Fe, Mg, Al, K, and Si as well as
par tially Mg and Na) within the lime stones typ i cally in di cate
that they are part of the el e ments mak ing up the clastic frac tion.
If the dif fer ences re late to rel a tively con stant (epigenetic pre -
cur sor) sel e nite gyp sum com po si tion, as men tioned above, and

not to a vari able in flux of de tri tal im pu ri ties into the sed i men -
tary lime stone en vi ron ment, then the re gional en rich ment or
de ple tion of cer tain el e ments in the gyp sum-ghost lime stones
should be as cribed to un known ki netic fac tors op er at ing dur ing
the epigenetic al ter ation of solid sulphates into rap idly pre cip i -
tated cal cite + na tive sul phur. Mg, Al, K, Na, and Si as well as
par tially Mg are ap prox i mately im mo bile in such re ac tions and
would not be af fected by changes in the ox y gen con tent of such
brines. Dis tri bu tion of Fe2O3T/MgO ra tio, in which a weak
trend of the el e ment dis tri bu tion, in creas ing slightly eastwards,
can be seen along the de posit (Fig. 4). Con sid er able vari a tion of 
the Fe/Mg ra tio seen in the west ern part of the area is most
likely re lated to a vari able con tri bu tion of Fe-en riched clays,
rather than be ing re lated to metasomatic seg re ga tion. Thus, the
pos si bil ity that re dox con di tions were a fac tor in the de ple tion
of Fe and other el e ments in the thicker bod ies of the lime stones
is un likely. This again in di cates that most Fe was a part of the
clastic com po nent. A mod er ate cor re la tion be tween Fe and Mg
av er age con tents (r = 0.53) means that Mg par tially is in cluded
in other min eral phases. 

The av er age con tents of Fe2O3T, MgO and MnO re corded
in the gyp sum-ghost lime stones (Ta ble 1) are dis tinctly lower
than those found for ma rine car bon ates (Veizer, 1983; Morse
and Mac ken zie, 1990) and their ranges cor re spond to the com -
po si tion of brack ish car bon ates (Fried man, 1969). The MgO
mod er ately cor re lates with MnO (Ta ble 3). The con cen tra tions
of these com pounds and their con sis tent eastwards de crease
sug gests higher fresh wa ter in put(s) in this part of the area.

A pri mary sed i men tary or i gin of such an el e men tal pat tern
in the area of the de posit is con firmed by an eastwards de crease
in the K2O/Na2O ra tio (Fig. 5). This seems to re flect a re gion -
ally chang ing pat tern in clay min eral com po si tion, in di cat ing a
pat tern of more po tas sium in the west ern part and of more so -
dium in the east ern part (Fig. 5). This pat tern of clastic dis tri bu -
tion may in di rectly be sup ported by the av er age TOC con tents,
which re flect the same pat tern of dis tri bu tion (Ta ble 1) and
mod er ate to dis tinct pos i tive cor re la tions with the clastic ma jor
el e ments (Ta ble 3). Al ter na tively it can not be ex cluded that the
in crease in av er age Na con tents eastwards re flects a rel a tive in -
crease in evap o ra tion in this area. This may be sup ported in di -
rectly by higher con cen tra tions of SO4

2-  and Sr in this part of the 
sul phur de posit.

The TOC dis tri bu tion in the area dis cussed sug gests that
part of the or ganic mat ter was trans ported along with clastics
into the sul phur de posit area. This con tri bu tion was higher in
the west ern  part of the area de spite di lu tion by the sul phate in -
put. More over, deg ra da tion of or ganic mat ter, whether allo- or
autochthonous, could have been cou pled to ox i da tion of fer -
rous iron in a anoxic met a bolic cy cle. This seem to be sup -
ported by a mod er ately pos i tive cor re la tion be tween TOC (re -
duced car bon) and Fe and a poor neg a tive cor re la tion with S0

con tents (Ta ble 3).
The av er age CaO con tents re flect ex actly the same pat tern

of dis tri bu tion as do the clastic-frac tion chem i cal com po nents,
i.e. an eastwards de creas ing trend in its av er age con tents. This
may re sult from ei ther rel a tive en rich ment of the area in cal -
cium sul phate (re flected by gyp sum in ter ca la tions in the sul -
phur-bear ing suc ces sion in this area) or rel a tively lower na tive
sul phur con tents or both. Av er age CaO con tents nor mal ized to
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TiO2 or Al2O3 (Fig. 6) ex hibit dis tinct changes along the de -
posit, with strong vari a tion in the cen tral part of the de posit and
a tighter clus ter of the ra tio val ues in the east ern part of the area. 
The MgO/Al2O3 ra tio shows a sim i lar dis tri bu tion (Fig. 7).
There is no sys tem atic change in the el e ment dis tri bu tion and
this clearly does not fit the epigenetic model. In stead, the ef fi -
ciency of bac te rial re duc tion of dis solved sul phate ion pres ent
in the sed i men tary re gime is lo cally vari able and de pends on
var i ous ki netic fac tors. This pro cess may lead to lo cal en rich -
ment in cal cium.

The vari a tion in Mg con tent be tween cores may be in ter -
preted as be ing par tially the re sult of diagenetic pro cesses. Part
of the Mg could be re leased dur ing early diagenetic trans for -
ma tion of a high Mg-cal cite into a low Mg-cal cite. Rel ics of

high-Mg cal cites and rarely ar agon ite are found in the lime -
stones (Gąsiewicz, 2000b). The low Mg-cal cite dis tinctly dom -
i nates the min er al og i cal com po si tion of the lime stones. A plot
of Ca vs. Mg shows that the range in val ues from the two parts
of the de posit over lap (Fig. 8). A dis tinct cor re la tion be tween
the CaO and MgO con tents of the lime stones in ves ti gated in di -
cates that at least part of the Mg co-pre cip i tated with cal cite. A
higher Mg ad mix ture in cal cite is sup ported by petrographic
anal y ses (Gąsiewicz, 2000b). Be cause Mg/Ca in diagenetic
cal cite de pends on Mg2+/Ca2+ in in ter sti tial wa ter (Morse and
Mac ken zie, 1990), it sug gests an en rich ment of pore wa ters in
mag ne sium. 

A plot of CaO/MgO along the de posit (Fig. 9) clearly
shows no sys tem atic change in the av er age ra tio, ar gu ing for a
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Fig. 5. Dis tri bu tion of the av er age val ues of K2O/Na2O ra tios
 of gyp sum-ghost lime stone sam ples along the re gion 

of the O–BS na tive sul phur de posit

Fig. 6. Dis tri bu tion of the av er age val ues of CaO/Al2O3 ra tios 
of gyp sum-ghost lime stone sam ples along the re gion 

of the O–BS na tive sul phur de posit

Fig. 7. Dis tri bu tion of the av er age val ues of MgO/Al2O3 ra tios 
of gyp sum-ghost lime stone sam ples along the re gion 

of the O–BS na tive sul phur de posit

Fig. 4. Dis tri bu tion of the av er age val ues of Fe2O3T /MgO ra tios 
of gyp sum-ghost lime stone sam ples along the re gion 

of the O–BS na tive sul phur de posit



dis tinct vari a tions in the Ca/Mg ra tio in diagenetic wa ters. The
ra tio is dis tinctly higher in the cen tral part of the de posit in di -
cat ing there a rel a tive de ple tion in Mg and an ex cess of Ca. A
lack of lin ear ity in the CaO/MgO dis tri bu tion along the de posit
sug gests that this Ca/Mg trend is not a prod uct of wa ter/rock re -
ac tions but sup ports a mix ing of chem i cally dif fer ent wa ters
that con trolled the el e men tal com po si tion of the lime stones
and/or re flect the ef fi ciency of bac te rial sul phate re duc tion.
The mix ing of chem i cally dif fer ent wa ters may sim ply re flects
an in flu ence of more sa line wa ter (higher Mg con tent in cal cite) 
and in puts of fresh wa ter (lower-Mg cal cite) in this part of the
de posit (Fig. 9). The low Mg/Ca ra tios and sa lini ties of most

me te oric wa ters fa vor the pre cip i ta tion of cal cite (e.g., Moore,
1989, with ref er ences). 

The av er age amounts of MnO nor mal ized to Al2O3 show
dis tinct vari a tion and higher val ues in most of the de posit
(west ern part) and a tight clus ter of the data in the east ern part
(Fig. 10). A mod er ate cor re la tion be tween Ca/Al vs. Mn/Al for
all sam ples (r = 0.64) con firms that Mn could be po ten tially
fixed in the car bon ate phase dur ing diagenesis. The Mn con tent 
is mainly de pend ent on the Eh con di tions dur ing sed i ment
diagenesis. Its pat tern of dis tri bu tion along the de posit seems to
re flect more un sta ble diagenetic con di tions in the west ern part
of the de posit com pared to its east ern part. More over, this dif -
fer en ti a tion re flects also a zonation of the lime stone
subenvironments of for ma tion. 

A poor cor re la tion be tween Na2O and both TiO2 and SiO2

sug gests that Na is partly a clay min eral com po nent and partly it 
may re flect an ad mix ture of ha lite, sug gested ear lier for gyp -
sum se quences (Bąbel, 1991). The higher Na con tents in the
east ern part of the de posit than in the west one re flect a change
in clay min eral com po si tion but also may par tially re flect a lo -
cal salinization of wa ter oc cur ring at some point in this area due 
to evap o ra tion. It sug gests that the or i gin of Na in this sec tor
may be ba si cally ma rine sim i lar to those ar eas evaporitic where
ma rine in flu ence pre dom i nates (i.e. sulphates). The pres ence of 
sel e nite gyp sum moulds in the lime stones con firms sa line ep i -
sodes dur ing their for ma tion. 

Dis tinctly higher av er age el e men tal sul phur con tents oc cur
in the cen tral-east ern part of the area stud ied (Ta ble 1). This
agrees with the dis tri bu tion of S0 mea sured for the whole de -
posit, where gen er ally higher con tents oc cur ir reg u larly in the
cen tral and east ern parts of the sul phur body (Kowalik et al.,
1979, 1980, 1982). Na tive sul phur is the re sult of bac te rial re -
duc tion of dis solved sul phate. An oma lously high con tents, a
strong vari a tion in the el e men tal sul phur dis tri bu tion along the
de posit and the re la tion ships among the el e ments de ter mined
sug gest not only vari able ef fi ciency of the bac te rial pro cess but
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Fig. 8. Bivariate di a gram show ing vari a tion of MgO and CaO 
for the gyp sum-ghost lime stones 

of the O–BS na tive sul phur de posit

Fig. 9. Dis tri bu tion of the av er age val ues of CaO/MgO ra tios
 of gyp sum-ghost lime stone sam ples along the re gion 

of the O–BS na tive sul phur de posit

Fig. 10. Dis tri bu tion of the av er age val ues of MnO/Al2O3 ra tios
 of gyp sum-ghost lime stone sam ples along the re gion 

of the O–BS na tive sul phur de posit



also var i ous mech a nisms re spon si ble for the min eral ac cu mu -
la tion, and point to unique sources for S0. With the epigenetic
model there is no known mech a nism ex plain ing the ob served
sul phur dis tri bu tion within the sul phur de posit. 

The sul phur shows neg a tive dis tinct cor re la tions with Ca

and Mg and weak with d13C val ues, Fe and TOC. This pat tern
sug gests in de pend ent mech a nisms of for ma tion of cal cite (Ca,
Mg) and na tive sul phur. 

Higher SrO, and SO4
2-  con tents ac cord with the min er al og i -

cal com po si tion of the gyp sum-ghost sam ples, i.e. the pres ence
of ce lest ite as well as bar ite, which may con tain trace amounts
of Sr (Parafiniuk, 1987). The el e men tal con cen tra tions re flect
dis tinctly higher con tents of ce lest ite in the east ern part of the
de posit where it usu ally is be low 1%, and bar ite oc curs in the
lime stones in in sig nif i cant amounts. Stron tium may be in cor -
po rated in cal cite of both the ma trix and ce ments (Gąsiewicz,
2000b) and may com monly oc cur as later diagenetic ce lest ite
re place ment of the lime stone frame work and as encrustation of
vugs. The later diagenetic or i gin of Sr min er als is con firmed by
poor neg a tive cor re la tions be tween SrO and both CaO and
MgO con tents for all sam ples (r = from –0.42 to –0.43) and
mod er ate ones for av er age data (r = –0.61 and –0.53 re spec -
tively) as well as by an es sen tial lack of cor re la tion be tween Sr
and S0 (r = 0.28). The rel a tively high est vari a tion in Sr/Ca ra tio, 
shown in Fig ure 11, is re lated to the more east ern part of the
area in di cat ing again an in de pend ent, later diagenetic mech a -
nism of stron tium dis tri bu tion. The Sr/Mg ra tio shows the same 
be hav ior. 

The fea tures of Sr dis tri bu tion sim ply point to the more nor -
mal diagenetic evo lu tion of the sed i men tary suc ces sion than to
the epigenetic stages of Sr en rich ment. The Sr con tent of car -
bon ate is a func tion of the pore wa ter and min eral com po si -
tions, sta bi li za tion pro cesses and the de gree of diagenesis
(Veizer, 1983). The dis tri bu tion of Sr in the gyp sum-ghost
lime stones in di cates that the diagenetic cal cite pre cip i tated
from wa ters con tain ing a vari able Sr/Ca ra tio al ready at the sed -
i men tary stage. This is sup ported by com monly ob served se -
ques tra tion of some of the Sr ions in cal cite (Parafiniuk, 1987)
and in both the ma trix and cal cite ce ments (Gąsiewicz, 2000b).
Also the sul phu rous rocks of the O–BS sul phur de posit and the
as so ci ated area con tain 2–3 times more Sr than gyp sum
(Gąsiewicz, unpubl. data). This in di cates that higher Sr con -
cen tra tions have al ready ex isted dur ing the sed i men tary stage
and af ter, dur ing a later diagenetic stage. Fur ther (diagenetic)
evo lu tion of in ter sti tial wa ters re ly ing on car bon ate diagenetic
sta bi li za tion of CaCO3 min er als (dis so lu tion-pre cip i ta tion pro -
cesses) has re leased a part of the Sr into so lu tion. The stron tium 
re leased into diagenetic wa ters would com bine with the rel ict
dis solved SO4

2-  op er at ing in the car bon ate frame work and lead
to lo cal re place ment of the lime stone, and have pre cip i tated late 
gen er a tions of ce lest ite and other Sr-con tain ing min er als. 

An even tual re lease of Sr dur ing the rehydration of
anhydrite to sec ond ary gyp sum may be ex cluded be cause ac -
cord ing to e.g., Pawłowski et al. (1985), Kubica (1992), and
Kasprzyk (1993) there is no sec ond ary gyp sum in this area.

Tak ing into ac count a com par a tively low Sr con tent in gyp -
sum (Kasprzyk, 1994b; Gąsiewicz, 2000b) and much higher
con tents in the sul phu rous se quence of the sul phur de posit area
(in clud ing the gyp sum-ghost lime stones; Ta ble 2) the source of 

Sr in the epigenetic model re mains a puz zle. Also diagenetic
the paths and causes of such lo cally sig nif i cantly el e vated lev -
els of ce lest ite re main un known.

SUMMARY AND CONCLUSIONS

The gyp sum-ghost lime stones of the O–BS na tive sul phur
de posit oc cur within a sul phur-bear ing or bar ren suc ces sion es -
sen tially lack ing evaporite struc tures (i.e. struc tures of gyp sum
pre cur sors) and hav ing oth er wise sim i lar chem i cal and iso to pic 
char ac ter is tics (Parafiniuk et al., 1994; Gąsiewicz, 2000b and
own unpubl. data). Be cause of the lo cal oc cur rence of the lime -
stones within the area dis cussed, the pres ent dataset is not large
and may not fully de fine the pri mary el e men tal vari a tions.
Thus, the geo chem i cal vari a tions iden ti fied in this study can not
be used as de fin i tive in di ca tors of sed i men tary en vi ron ment or
wa ter chem is try dur ing de po si tion of the gyp sum-ghost lime -
stones, but there are sev eral in di ca tors within the data set that
throw some light on the prob lem. 

Nu mer ous gyp sum molds in the gyp sum-ghost lime stones
are in dic a tive of a hypersaline en vi ron ment. Lo cal oc cur rence
of the lime stones, usu ally far from the gyp sum suc ces sion, in di -
cate also that sa line con di tions oc curred lo cally and led to pre -
cip i ta tion of gyp sum sel e nite crys tals to gether with car bon ate
phases at the same time. The lo cal oc cur rence of the gyp -
sum-ghost lime stones within the sul phu rous suc ces sion and the 
lack of a sim ple struc tural re la tion ship be tween spe cific nat u ral
prod ucts, i.e. the gyp sum-ghost lime stones (with their geo met -
ri cal, struc tural, petrographic, min er al og i cal and geo chem i cal
in com pat i bil ity) and sel e nite gyp sum lithofacies (the epigenetic 
pre cur sors) has led the au thor to sug gest that the dis tri bu tion of
the geo chem i cal mark ers in ves ti gated re flects a nor mal sed i -
men tary-diagenetic re gime (Gąsiewicz, 2000a, b). From this
study it is clear that the vari a tions are re lated to pri mary sed i -
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Fig. 11. Dis tri bu tion of the av er age val ues of SrO/CaO ra tios 
of gyp sum-ghost lime stone sam ples along the re gion 

of the O–BS na tive sul phur de posit



men tary fea tures linked to orig i nal depositional com po si tion
and diagenetic evo lu tion within a sed i men tary frame work.

The geo chem i cal data in di cate that the car bon ate en vi ron -
ment of for ma tion re ceived a low de tri tal sed i ment sup ply. This 
is gen er ally sup ported by the con sis tently low con tent of
siliciclastic el e ments (MgO, SiO2, Al2O3, Fe2O3T, K2O MnO,
Na2O, and TiO2). The CaO, S0, SrO and SO4

2-  con tents of the
fa cies sug gest that com plex diagenetic pro cesses op er ated at
the sed i men tary-diagenetic stages and may have sup plied min -
er al ized wa ters into the depositional sys tem. The av er age con -
tents of Fe2O3T, MgO and MnO re corded in the gyp sum-ghost
lime stones are dis tinctly lower than those found for ma rine car -
bon ates and their ranges cor re spond to the com po si tion of
brack ish car bon ates. 

The first and most ba sic re sult of this study is that the ma jor
and mi nor el e men tal con tents are lat er ally vari able across the
de posit. The dis tinct vari a tion of the av er age ma jor and mi nor
el e men tal val ues in the gyp sum-ghost lime stones is ob served
along the field of the O–BS na tive sul phur de posit and sur -
round ing area, over a dis tance of ap prox i mately 20 km. The re -
gional vari a tions in ma jor and mi nor el e ment com po si tion of
the sec ond (“clastic”) group of el e ments + Ti and TOC as well
as a part of Mg and Na, ap pear to be in de pend ent of sig nif i cant
vari a tions in sa lin ity and are sim ply linked to a vari able in put of 
de tri tal ma te ri als into the ba sin. A lo cal vari a tion in brine
chem is try may be re spon si ble for lo cal and re gional changes in
Ca, SO4

2-  and Mn as well as a part of the Mg and Na con tents.
The el e men tal con tent vari a tions in di cate chang ing sed i men -
tary-diagenetic con di tions. 

The vari a tions in chem is try mark more or less dis tinct
trends in their dis tri bu tion along the de posit. In gen eral the
western zone of the de posit is en riched in most of the com -
pounds (TOC, CaO, Al2O3, Fe2O3T, MnO, MgO and K2O)
com pared with the eastern one (en riched in Na2O, SrO and S0).
The tran si tion be tween the var i ous zones of the de posit is
poorly de lin eated. Such a pat tern may sug gest ei ther high mo -

bil ity or ir reg u lar sed i men tary dis tri bu tion of the com po nents.
The trends in av er age chem i cal com po si tion sam pled over the
sul phur de posit and the as so ci ated area sug gest that there were
changes in brine chem is try dur ing the lime stone for ma tion.
These trends sug gest also that on a larger scale, a part of the el e -
men tal com po si tion of the lime stones within the area was con -
trolled by the sed i men tary re gime and chem i cal com po si tion
(cat ion con cen tra tion) of the brine. 

The vari a tions of the el e men tal dis tri bu tion pat terns ar gue
for a hydrologically open sys tem for the lime stone for ma tion.
The weight of ev i dence (vari a tions of el e men tal con tents and
the trends of dis tri bu tion along the de posit in di cates a gen eral
lack of shal low burial epigenetic sort ing con straint. There is
also no ev i dent source for a re gional epigenetic en rich ment in
Ca, Mg, and likely other el e ments (Sr, Mn) as well as for their
vari a tions in the gyp sum-ghost lime stone com pared to the sel e -
nite fa cies (Gąsiewicz, 2000a, b) ex cept for a pri mary sed i men -
tary con tri bu tion. In this con text, the el e men tal re la tion ships
more likely rep re sent a unique con tri bu tion into the sed i men -
tary pool (to the area of car bon ate + car bon ate-sul phate do -
main) than be ing the re sult of subsurface re gional al ter ation of a 
solid sul phate frame work and mass trans fer in a closed sys tem. 

The re sults gained from the geo chem i cal fea tures of the
gyp sum-ghost lime stones do not pre tend to fully re solve the
ques tion of whether min er al iz ing pro cesses were syngenetic or
epigenetic, but they did in di cate that the pro cesses op er ated in a 
rel a tively nor mal sed i men tary-diagenetic re gime. 
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