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In the west ern part of the Lubin-Sieroszowice min ing dis trict, pro cesses of sec ond ary ox i da tion of the Kupferschiefer sed i ments have led 
to the for ma tion of the Rote Fäule hematitic footwall al ter ation and re sulted in a unique Kupferschiefer pro file clearly com pris ing re -
duced, tran si tional and oxi dised rocks. Re dox zones were iden ti fied by petrographic, geo chem i cal and sta ble iso tope stud ies of se lected
core and mine sec tions. The ver ti cal petrographic and geo chem i cal zonation of the Kupferschiefer sec tions im plies that this vari a tion is
the re sult of an as cend ing flow of hy dro ther mal oxi dis ing flu ids through the basal part of the Zechstein sed i ments. The up ward,
cross-formational flow and wa ter-rock in ter ac tion re sulted in the ox i da tion of the ini tially re duced Kupferschiefer shales that led to the
de struc tion and leach ing of un sta ble com po nents, leav ing only re frac tory and im mo bile con stit u ents be hind within the Rote Fäule. The
oxi dised rocks are char ac ter ised by an abun dance of fer ric Fe ox ides, the pres ence of gold in as so ci a tion with he ma tite, high con cen tra -
tions of ar o matic hy dro car bons and asphaltenes, the low est δ13C and δ18O val ues in car bon ates and the high est δ34S val ues in dis sem i -
nated sul fides. The re sid ual or ganic mat ter is sig nif i cantly de pleted in bi tu men and hy dro gen, and char ac ter ised by the ab sence of alginite 
and sporinite, low collinite and bituminite con tents, and a high rel a tive pro por tion of solid bi tu men. A con sid er able loss of py rite and
base met als co in cides with or ganic mat ter deg ra da tion. The as so ci a tion of Au-Pt-Pd min er ali sa tion with the oxi dised rocks, and Cu-Ag
ores with the re duced sed i ments im plies that the pro cesses form ing the Rote Fäule were par al leled by sul fide min er ali sa tion. The Rote
Fäule/ore sys tem de vel oped as post-sedimentary event caused by large-scale flow of metal-bearing flu ids from the un der ly ing
Rotliegend aqui fer.
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INTRODUCTION

The gen e sis of the Rote Fäule footwall al ter ation and re -
lated Kupferschiefer-type polymetallic min er ali sa tion of cen -
tral Eu rope is con tro ver sial. The Rote Fäule for ma tion has been 
in ter preted as syn-depositional or post-depositional, as re viewed
by Rydzewski (1978), Oszczepalski (1989), Vaughan et al.
(1989), Kucha (1995) and Speczik (1995). The rich est cop -
per-silver orebodies were formed in the vi cin ity of oxi dised fa -
cies (Rydzewski, 1969; Rentzsch, 1974). Such a lo ca tion of
de pos its in di cates that the for ma tion of the Rote Fäule/ore sys -
tem oc curred on a re gional scale and was re lated to large-scale
flow of met al lif er ous flu ids, con cen trat ing met als at re dox -

-type geo chem i cal traps. While ore-forming pro cesses are
known to al ter pri mar ily re duced rocks, the in ter ac tion of
metal-bearing flu ids with Kupferschiefer re duced sed i ments
might be ex pected to have oxi dised the or ganic mat ter and
sul fides (Rydzewski, 1978; Jowett et al., 1987; Speczik and
Püttmann, 1987; Oszczepalski, 1989; Püttmann et al., 1989;
Kucha, 1995). The zone where the ox i da tion and re duc tion
pro cesses over lap, pre served in the form of tran si tional zone
(TZ) be tween the oxi dised and re duced rocks, was re vealed
dur ing de tailed petrographic ex am i na tions (Oszczepalski and
Rydzewski, 1991; Oszczepalski, 1994). More re cently, rich
Rote Fäule-related Au-Pt-Pd min er ali sa tion was found near
this re dox bound ary in rocks pre vi ously thought to have been
bar ren (Oszczepalski et al., 1997; Piestrzyński et al., 1997;
Speczik et al., 1997; Oszczepalski and Rydzewski, 1998). 



With the aim of as sess ing the in flu ence of ox i da tion pro -
cesses on the va ri ety, dis tri bu tion and for ma tion of ore min er -
ali sa tion, in ves ti ga tions of the con tact zone be tween the
oxi dised and re duced Kupferschiefer rocks were car ried out.
These in ves ti ga tions have in cluded work on the dis tri bu tion of
met als (Rydzewski, 1969; Kucha, 1981, 1990; Oszczepalski
and Rydzewski, 1991, 1997; Piestrzyński and Pieczonka,
1997; Speczik et al., 1997; Kucha and Przybyłowicz, 1999;
Bechtel et al., 2001a), al ter ation of sul fide min er als
(Rydzewski, 1978; Kucha, 1981, 1995; Oszczepalski, 1989,
1994, 1999; Oszczepalski and Rydzewski, 1991; Piestrzyński
et al., 1997; Kucha and Przybyłowicz, 1999), the vitrinite
reflectance and the maceral com po si tion (Speczik and
Püttmann, 1987; Oszczepalski, 1989; Speczik, 1994; Sun et al.,
1995), the type of kerogen (Püttmann et al., 1991; Sawłowicz,
1991; Sun et al., 1995; Sun, 1998), and the or ganic geo chem is -
try (Speczik and Püttmann, 1987; Püttmann et al., 1989;
Sawłowicz, 1989a, 1991; Bechtel and Püttmann, 1991; Sun
and Püttmann, 1997; Sun, 1998; Bechtel et al., 2000a, 2001b).
Pre vi ous stud ies have also con sid ered the sul fur, car bon and
ox y gen iso topes in car bon ates and or ganic mat ter of the oxi -
dised rocks (Rösler et al., 1968; Sawłowicz, 1989b; Ham mer et 
al., 1990; Bechtel and Püttmann, 1991; Püttmann et al., 1993;
Bechtel et al., 2000a). 

The geo chem is try and pe trol ogy of the or ganic mat ter from
oxi dised Pol ish Kupferschiefer has been in ves ti gated only spo -
rad i cally and lo cally. Un til now, the oxi dised rocks of the Pol ish
Kupferschiefer se ries have been ex am ined in de tail in the
Konrad mine pro file (North Sudetic Trough), with anal y ses of
pe trog ra phy, or ganic geo chem is try, and car bon and ox y gen iso -

topes (Speczik and Püttmann, 1987; Püttmann et al., 1989, 1991, 
1993; Speczik, 1994; Sun et al., 1995). A smaller range of ex am -
i na tions was made on the Lubin-Sieroszowice de posit; only se -
lected sam ples of the oxi dised rocks (Sawłowicz, 1989a, b,
1991; Bechtel et al., 2000a), the Polkowice mine sec tion (more
pre cise lo ca tion un known; Sun, 1998) and two other bore holes
(Bechtel et al., 2001b) were ex am ined. How ever, sam ples col -
lected by Sawłowicz (1989a) do not strictly con form to typ i cal
Rote Fäule spec i mens, due to high Corg con tents of 1.8–7.7%
and the lack of fer ric Fe ox ides. Investigations of sul fur iso topes 
have been per formed for var i ous re gions of Po land, in clud ing
the area of the Lubin- Sieroszowice de posit, but only for the re -
duced rocks (Harańczyk, 1986; Sawłowicz, 1989c; Jowett et
al., 1991a, b; Wodzicki and Piestrzyński, 1994).

The fun da men tal aim of this study was to pres ent
petrographic, chem i cal and iso to pic ev i dence of ox i da tive al -
ter ation of the Kupferschiefer. The study area lo cated in the
west ern part of the Lubin-Sieroszowice min ing dis trict was
cho sen to char ac ter ise the Kupferschiefer shales oc cur ring be -
tween the oxi dised and re duced rocks. Com par i son of data on
the sul fides and iron ox ides, maceral com po si tion, geo chem i cal 
in di ces, and the C, O and S iso topes, in di cat ing the in flu ence
of the ox i da tive al ter ation on the min er al ised sed i ments, was
per formed. These re cords ad dress ques tions about the di rec -
tion of flow of the min er al is ing flu ids, the post-depositional
metal re dis tri bu tion, and the for ma tion of Cu-Ag and
Au-Pt-Pd min er ali sa tion.

MATERIALS AND METHODS

The study area is sit u ated on the con tact of the oxi dised and
re duced fa cies, where the min er ali sa tion is dom i nated by fer ric
iron ox ides at the Rote Fäule side and Cu-S type sul fides at the
re duced side (Fig. 1). In this area, the oxi dised and re duced
lithologies interfinger, so that the Kupferschiefer pro files con -
sist of re duced, tran si tional and oxi dised rocks (Fig. 2). The
Kupferschiefer sam ples were col lected from se lected PZ-17
and PZ-19 mine pro files (depth 790 m), and S-2 bore hole
(depth 644 m). The oxi dised rocks (red cal car e ous clayey
shales, min er al ised with Fe3+ ox ides) are de vel oped at the base
of the Kupferschiefer. The up per part of the oxi dised com plex
is re ferred to as a tran si tional zone (grey dolomitic clayey
shales with a small amount of or ganic ma te rial, mi nor fer ric Fe
ox ides and rel ics of sul fides). The top of the Kupferschiefer
com prises the re duced rocks (black dolomitic clayey shales
rich in or ganic mat ter and sul fides).

The petrographic ex am i na tions of ores and iron ox ides were
per formed with a Leitz mi cro scope. Vi sual kerogen anal y sis was
done via or ganic pe trol ogy meth ods in re flected nor mal and ul -
tra vi o let light fol low ing rec om mended pro ce dures (In ter na -
tional..., 1993). A Carl Zeiss MPM-200 op tic-elec tronic set
(Axioscope mi cro scope, HBO lamp emit ting shortwave ul tra vi -
o let light, microphotometer for vitrinite reflectance mea sure -
ments, Carl Zeiss Photan pro gram) was used. 

Chem i cal com po si tion was de ter mined with an RTG
defractor and via the WD-XRF method (Philips WD-XRF PW
2400 spec trom e ter) and GF-AAS method (Unicam Solaar 939
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Fig. 1. Lo cal ity map show ing the lo ca tion of sec tions stud ied in re la tion to
the oxi dised Rote Fäule area, base metal zonation and Au-Pt-Pd pro spec -
tive area in the Lubin-Sieroszowice min ing dis trict (mod i fied af ter
Oszczepalski and Rydzewski, 1997, 1998); ex tent of the oxi dised Rote
Fäule area re lates to the Kupferschiefer unit; ex tent of the Au-Pt-Pd pro -
spec tive area co in cides ap prox i mately with the Rote Fäule within the top -
most Weissliegendes



QZ spec trom e ter). The pre cious metal con tent was per formed
by GF-AAS anal y sis (Perkin Elmer 4100 ZL spec trom e ter),
and by the NiS fire as say OES-ICP method (Jarrel Ash Enviro
and Perkin Elmer 6000 spectometer). Corg con tent was de ter -
mined by coulometric ti tra tion. 

For or ganic geo chem i cal anal y ses, finely ground shale
sam ples (< 0.2 mm) were Soxh let-extracted for 24 h us ing di -
chloro methane as sol vent. The re moval of el e men tal sul fur was 
achieved by ad di tion of cop per foil to the flask dur ing the ex -
trac tion. The to tal ex tracts (bi tu men) were dis solved in n-hex -
ane and asphaltenes were re moved by pre cip i ta tion.
Hy dro car bons and res ins were sep a rated into frac tions by col -
umn chro ma tog ra phy (SiO2 and Al2O3, 1:2). The sat u rated hy -
dro car bons were eluted with n-hex ane, the ar o matic
hy dro car bons with ben zene and the res ins with a mix ture of
ben zene and meth a nol (1:1). The hy dro car bon frac tions were
ana lysed us ing a Hewlett-Packard 5890 II gas chromatograph
cou pled to a GC-MSD 5971 spec trom e ter. The sat u rated com -
pounds were qual i fied by add ing squalane as stan dard prior to
anal y sis. The aromatics were dis solved in di chloro methane. A
HP-1 non-polar cap il lary col umn was used for de ter mi na tion of 
sat u rated hy dro car bons, and a HP-5 non-polar cap il lary col -
umn was ap plied in the study of aromatics. Mass spec tra were
re corded in the scan and sim mode. 

Kerogen py rol y sis was car ried out with a Rock-Eval II ap -
pa ra tus. The fol low ing pa ram e ters were mea sured: S1 (the
amount of hy dro car bons re leased dur ing py rol y sis at a tem per -

a ture of 300°C), S2 (hy dro car bons ex pelled be tween 300 and

550°C), and S3 (the amount of car bon di ox ide formed dur ing

py rol y sis up to 350°C). These pa ram e ters are the ba sis for in -
dex cal cu la tion: HI (hy dro gen in dex), OI (ox y gen in dex) S2/S3

and KTR (kerogen trans for ma tion in dex = pro duc tion in dex).
The HI and OI in di ces re flect the val ues of atomic ra tios of H/C
and O/C in the kerogen (Tissot and Welte, 1984; Espitalie et
al., 1985). The HI is the amount of hy dro car bons (S2/Corg) and
the OI is a mea sure of the amount of CO2 (S3/Corg) formed dur -
ing py rol y sis. To tal or ganic car bon (TOC) is au to mat i cally
com puted. The tem per a ture of max i mum hy dro car bon (S2)
gen er a tion (Tmax) was also de tected. Tmax data, how ever, should 

be in ter preted with great care (Espitalie et al., 1985) be cause
sam ples con tain ing less than 0.2 wt.% TOC usu ally pro vide
very low amounts of hy dro car bons (S2). 

For the sta ble iso tope de ter mi na tions, CO2 from car bon ates
was re leased by re ac tion with 100% H3PO4 un der vac uum.

Cor rec tions of the δ18O for higher re ac tion tem per a ture and for
car bon ate chem is try were ap plied (Rosenbaum and Sheppard,

1986). For the ex am i na tion of δ13C val ues in bulk or ganic mat -
ter (af ter re moval of car bon ate car bon) sam ples were

combusted in a stream of ox y gen at 900°C, and CO2 was pu ri -

fied by freez ing traps and by re ac tion with sil ver wool at 350°C
(re moval of co-produced SO2). For sul fur and ox y gen iso tope
de ter mi na tion, wa ter-soluble sul fates were sep a rated and pre -
cip i tated as BaSO4 (Hall et al., 1988) and sul fides (New ton et
al., 1995). Prep a ra tion of CO2 and SO2 for ox y gen and sul fur
iso tope de ter mi na tion in sul fates fol lowed meth ods by Sakai
and Krouse (1971), and Yanagisawa and Sakai (1983). SO2 for
sul fur iso tope de ter mi na tion in sul fides was pre pared by ox i da -
tion with CuO. Mea sure ments were done on Finnigan MAT
251, Finnigan Delta, Micromass 602C, and MI-1202 mass
spec trom e ters. Over all an a lyt i cal un cer tainty is within ±0.15‰

for δ13C and δ18O re cords and within ±0.3‰ for the δ34S.

RESULTS

CHEMICAL COMPOSITION

Fer ric iron is a typ i cal com po nent of the oxi dised Rote
Fäule unit (Rydzewski, 1978; Michalik, 1979) and, as ex -
pected, the Fe2O3 con tent in creases to wards the oxi dised
rocks (Ta ble 1). The SiO2 and Al2O3 con tents gen er ally rise
base wards of the Kupferschiefer, re flect ing li thol ogy and the
rhyth mic sed i men ta tion, un like CaO and MgO, the con tent of
which in creases from the sand stones up wards to the Zechstein 
Lime stone. The MgO/CaO ra tio in gen eral de creases to wards
the base of the Kupferschiefer. This de crease is char ac ter is ti -
cally ac com pa nied by a fall in the Corg, Stot and S2– con tent.
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Fig. 2. Cor re la tion of the sec tions stud ied show ing po si tion of the re duced, tran si tional and oxi dised zones

 Ca1 — Zechstein Lime stone, T1 — Kupferschiefer, Ws — Weissliegendes, numbers show sam ple lo ca tions



There is an in ter est ingly high K2O con tent (in the range 2.2 to
5.4%) in the TZ and oxi dised rocks as com pared to the re -
duced rocks (2.1–2.8%). In the en tirely re duced
Kupferschiefer pro files, the Corg value changes rhyth mi cally,
gen er ally ris ing to wards the base, re flect ing the rhyth mic
Kupferschiefer sed i men ta tion. This trend is clearly dis rupted
in sec tions con tain ing both re duced and oxi dised rocks (Ta ble 
1). The re duced rocks in such pro files usu ally con tain sig nif i -
cantly more than 2% Corg, while the oxi dised rocks are poor in
or ganic ma te rial and do not con tain more than 0.5% Corg. Only 
sam ples from the top of TZ may con tain up to 3.3% Corg. To tal 

sul fur was found to range from 1–2% in the re duced sam ples
to less than 0.2% in the oxi dised rocks. 

The con cen tra tions of most of the met als (Cu, Ag, Pb, Zn,
Co, Mo, Ni, Ta, and As) rise from the top of the pro file to the
base within the re duced zone, fol lowed by an abrupt de cline
within the TZ reach ing their min i mum val ues in oxi dised rocks, 
whereas the con tents of Au, Pt and Pd rise in the tran si tional
and ad ja cent oxi dised rocks (Ta ble 1, Fig. 3). The vari abil ity in
V, Hg, and U con tents is quite sig nif i cant, al though in creases
in their con tent oc cur mostly in the up per most part of TZ and
in ad ja cent re duced rocks. 
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T a  b l e  1

 In or ganic geo chem i cal data for the Kupferschiefer ore se ries from S-2, PZ-17 and PZ-19 sec tions

Ca1 — Zechstein Limestone, T1 — Kupferschiefer, Ws — Weissliegendes; r — re duced zone, t — tran si tional zone, o — oxi dised zone

    

         

          

                      

                      

                      

                      

                      

                      

                      

                      

                      

                      

                      

                      

                      

                      

                      

                       

                      

                        

                      

                       

                      

                      

                             

                      

                      

                      

                      

                      

                      

                      

                      

                      

                      

                      



PETROGRAPHIC EXAMINATION

The petrographic stud ies in di cate a ver ti cal suc ces sion in
the min er ali sa tion from the base of the oxi dised rocks to the re -
duced rocks at the top of the Kupferschiefer pro file (Fig. 4).
This se quence is man i fested with the pres ence of he ma tite (in -
clud ing pseudo morphs af ter py rite framboids) and rel ict sul -
fides with he ma tite ha loes in the oxi dised rocks, and Cu-S type
min er ali sa tion at the bot tom of the re duced zone. The top most
part of the re duced shales con tains the Cu-Fe-S type sul fides in
as so ci a tion with framboidal py rite. 

A char ac ter is tic fea ture of the oxi dised rocks is the in ten -
sive iron ox ide min er al isa tion. The fer ric Fe ox ides are pres ent
as ir reg u lar grains and as a pig ment scat tered through the ma -
trix or con cen trated in the form of ag gre gates or bands. In the
oxi dised rocks, rare sul fides are dis persed and rep re sented only
by fine rel ics (mainly of covel lite, digenite and chal co py rite)
sur rounded by in vad ing iron ox ides. A few gold grains of
10–30 µm in size were iden ti fied. It was shown that the high
con cen tra tions of gold are seen as na tive gold in the form of
inter growths with he ma tite, covel lite, bornite and chalcocite;
the na tive gold, he ma tite and sul fides con tain el e vated con cen -
tra tions of Pt and Pd (Piestrzyński et al., 1997; Piestrzyński and 
Pieczonka, 1997). 

The pres ence of both scat tered iron ox ides and rem nant sul -
fides (covel lite, py rite and marcasite, mi nor chalcocite, bornite
and chal co py rite) char ac ter ises the TZ. Typically, Cu-sulfides
have he ma tite pig ment ha loes. The top most tran si tional sam ples
are slightly en riched (rel a tive to the oxi dised rocks) in the cop per 
con tent in the 0.05 to 0.5% range. There are nu mer ous iron ox ide 
pseudo morphs af ter framboidal py rite, aligned par al lel to the
shale lam i na tion, which lik ens the TZ to the oxi dised rocks. The
amount of these pseudo morphs in creases to wards the bot tom of
the TZ. The pres ence of electrum and na tive gold in paragenesis
with he ma tite, chalcocite, digenite, bornite, chal co py rite and
clausthallite seems to be char ac ter is tic for the TZ (Piestrzyński et 
al., 1997, Piestrzyński and Wodzicki, 2000). 

The re duced fa cies of the stud ied pro files con tain rich cop -
per min er ali sa tion rep re sented by chalcocite and ac com pa nied

by bornite, digenite and covel lite (Fig. 4). A sig nif i cant part of
the base metal sul fides are pres ent in the form of fine, scat tered
grains (< 50 µm in di am e ter), which are aligned par al lel to the
shale lam i na tion. The abun dance of framboidal forms of the
cop per sul fides (chal co py rite and digenite) draws par tic u lar at -
ten tion. Ores more rarely ap pear in the form of coarse-grained
ag gre gates and veins. Py rite, which is ab sent at the base of the
re duced zone, ap pears in small amounts (mainly as framboids)
in the top most parts of the Kupferschiefer. 

Among the or ganic con stit u ents, liptinites (alginite,
liptodetrinite, bituminite and sporinite) and un struc tured or -
ganic mat ter (UOM) are the dom i nant kerogen com po nents in
the rocks stud ied, whereas vitrinites are less abun dant and
inertinite is a mi nor com po nent (Ta ble 2; Fig. 5). In re la tion to
the re dox of the host rocks, alginites, liptodetrinites, sporinites,
bituminites and collinites are mostly abun dant in the re duced
sam ples, as op posed to the oxi dised sam ples, which are dom i -
nated by UOM.  

Liptinites com prise a class of lipid-rich macerals that in -
clude waxes, res ins, spores, cu ti cles and al gal bod ies (Tissot
and Welte, 1984). Alginite, ob served solely in the re duced and
weakly oxi dised rocks, com bines both al gae and al gal ma te rial. 
Two types of alginite have been dis tin guished: alginite A —
telalginite and B — lamalginite (Tay lor et al., 1998; Rob ert,
1981). Telalginite (mainly tas man ite) is pres ent as fine disc-
 shaped struc tures with weak yel low flu o res cence (Fig. 6c).
Lamalginite forms thin, lat er ally ex ten sive laminae and flat
lenses built of lamellar al gal ma te rial, which have a weak to
mod er ate yel low-to-or ange flu o res cence (Fig. 6b). Al gal
liptinites, dom i nated by lamalginite, rep re sents a prod uct of
bac te rial de com po si tion of phytoplankton, al gae and bac te rial
bio mass in an ox y gen-de fi cient en vi ron ment (Teichmüller,
1986). Liptodetrinite con sists of liptinite frag ments that ex hibit
a yel low-to-or ange flu o res cence, link ing the liptodetrinite to
the alginite. Sporinite is found chiefly as thin-walled
miospores (tenuisporinite) dis play ing elon gated shapes and
in ten sive yel low to or ange flu o res cence colours, darker than
those shown by alginite. 
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Fig. 3. Vari a tion of Cu, Ag, Co, Mo, Hg, V, Au, Pt and Pd in the S-2 sec tion 



The bituminite is in cluded in the group of liptinitic
vitrinite-like un struc tured or ganic con stit u ents (Koch, 1997).
Al though the vitrinite-like bituminite is not in cluded in the in -
ter na tion ally ac cepted clas si fi ca tion of bituminite (Teichmüller 
and Ottenjann, 1977; ICCP, 1993), based on its op ti cal prop er -
ties, it mostly cor re sponds to bituminite III (Teichmüller and
Ottenjann, 1977) and to non-flu o resc ing un struc tured or ganic

mat ter (Tay lor et al., 1998). It oc curs in the form of thin bands
and lenses con cor dant to the shale lam i na tion (Fig. 6a), or it
forms fine scat tered struc tures re sem bling micrinite. It is char -
ac ter ised by a black-brown col our, an ab sent or a weak flu o res -
cence and a reflectance in the range Ro of 0.4–0.6%, lower than
for the vitrinite but higher rel a tive to UOM. The or i gin of
bituminite is un cer tain. The align ment (par al lel to the lam i na -
tion) of the alginite, bituminite and most of the amor phous ma -
te rial, and py rite framboids intergrown with these com po nents,
ap pears to im ply that these ma te ri als were synsedimentary and
of sapropelic char ac ter, de pos ited in anoxic con di tions. Some
bituminite macerals in ti mately as so ci ated with alginite can be
con sid ered as struc tur ally de graded (amor phous) liptinite or its
res i due af ter oil gen er a tion.

UOM com prises amor phous ma te rial (AOM) and solid bi -
tu men (SB). AOM pre dom i nantly oc curs within the re duced
shales, and SB in the oxi dised va ri et ies. Both of these com po -
nents are in ti mately as so ci ated with min eral con stit u ents, form -
ing a bi tu mi nous-mineral ma trix with a strong yel low
flu o res cence (cf. Teichmüller and Ottenjann, 1977). AOM can
be found in the form of elon gated fine lenses, ir reg u lar bands,
and ag glom er ates of ir reg u lar shapes with out clear con tours, or
in scat tered form. This ma te rial ex hib its a dark yel low and light
brown flu o res cence (weaker flu o res cence vs. alginite), and is
grey in nor mal re flected light, darker than bituminite. The ma -
jor ity of the UOM rep re sents sec ond ary ma te rial from the
diagenetic al ter ation of the ma rine and nonmarine or ganic
com po nents. The char ac ter is tics of AOM make it sim i lar to
bituminite I (Teichmüller and Ottenjann, 1977). The solid bi tu -
men is apparently dis tin guish able by ul tra vi o let ir ra di a tion,
show ing yel low and or ange flu o res cence (cf. Ja cob, 1989;
Landis and Castano, 1994). It is dis persed in the inter gra nu lar
pores of fine terrigenous ma te rial and car bon ates or forms rims
on de tri tal grains. As sug gested ear lier (Sun et al., 1995), the
low reflectance of SB (< 0.6% Ro) in di cates that a sig nif i cant
pro por tion of UOM ex ists as migrabitumen (Ja cob, 1989). 

Vitrinite (collinite, vitrodetrinite) is a com mon com po nent
of the ex am ined sam ples, though mi nor in terms of amount
(Ta ble 2; Fig. 6a, b, d). Collinite, the structureless vitrinite va ri -
ety, pref er en tially ap pears in the re duced and slightly oxi dised
rocks as thin (up to 35 µm thick) laminae aligned par al lel to the
shale lam i na tion. Collinite com monly ac com pa nies alginite,
bituminite and AOM. Collinite in blue-light-in duced flu o res -
cence is black, though lo cally dis plays very weak flu o res cence, 
pre sum ably caused by im preg na tion with lipoidal mat ter.
Corpocollinite was found lo cally. Sur face per fo ra tion of the
collinite macerals and no ev i dence of re cy cling sug gest that
they are pri mary (“autochthonous”) par ti cles, em bed ded ini -
tially as re ac tive and metabolisable humic ma te rial within the
liptinite-rich ma rine mat ter and pre served in a very low en ergy,
anoxic en vi ron ment. By con trast to collinite, vitrodetrinite has
the form of oval-shaped bod ies and ir reg u lar par ti cles
(1–15 µm in size) of smooth sur face and very high reflectance
(0.94–3.11% Ro). Some of the vitrodetrinite frag ments have
ox i da tion rims. Inertinite (mainly inertodetrinite) oc curs in
small amounts in all sam ples stud ied (Fig. 6c, d) as fusinite and
semifusinite frag ments, fusinited al gae and spores, and
chitinous in sect par ti cles. 
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Fig. 4. Dis tri bu tion of the iron ox ides and sul fides within the S-2, PZ-19,
and PZ-17 sec tions

hem. pse. py. —  he ma tite pseudo morphs af ter framboidal py rite; Cu sulf.
pse. py. —  cop per sul fide pseudo morphs af ter framboidal py rite; line in di -
cates con tent > 2 vol.%, whereas dots in di cate sub or di nate con tent



ORGANIC GEOCHEMISTRY

Kerogen was ex am ined by the Rock-Eval py rol y sis. There
is a grad ual de cline in the val ues of the S1 and S2 pa ram e ters
and S2/S3 in dex to ward the bot tom of the pro files (Ta ble 3). The 
hy dro gen in dex (HI) reaches much higher val ues in re duced
sam ples (196–276) than in oxi dised and tran si tional sam ples
(14–23), whereas the ox y gen in dex (OI) and KTR show the op -
pos ing trend. 

The ex tracted or ganic mat ter (EOM) com prises be tween
0.009 and 0.4% TOC, with the high est con cen tra tions in the re -

duced rocks (Ta ble 4). Con sis tent with the Corg and bi tu men
con tents, the EOM val ues, nor mal ised to or ganic car bon, var ies 
from 40–56 mg/g Corg in the re duced sam ples, through
41–232 mg/g Corg in TZ, to 128–308 mg/g Corg in the oxi dised
sam ples (Fig. 7). The hy dro car bon con tent of the bi tu men from
the re duced sam ples var ies from 36 to 59%, whereas it is more
vari able in TZ and oxi dised sam ples (24–63% and 17–68%, re -
spec tively). The amount of sat u rated hy dro car bons is gen er ally
high in the re duced sam ples (34–53%) in com par i son to the ar -
o matic hy dro car bons (47–66%), whereas TZ and oxi dised
sam ples mostly have lower sat u rated hy dro car bon con tents

Ev i dence of ox i da tion of the Kupferschiefer in the Lubin-Sieroszowice de posit, Po land 7

T a  b l e  2

Vitrinite reflectance and or ganic con stit u ents of the Kupferschiefer sam ples from the S-2, PZ-17 and PZ-19 sec tions

 r — re duced zone, t — tran si tional zone, o — oxi dised zone; Col — collinite, Vtd — vitrodetrinite, Lpd — liptodetrinite, Sp — sporinite, Al — alginite,
Bt — bituminite, UOM — unstructured or ganic mat ter, AOM — amorphic or ganic mat ter, SB — solid bi tu men, Ind — inertodetrinite

Fig. 5. Vari a tion of maceral com po si tion and vitrinite reflectance (Ro) of the Kupferschiefer shales of the PZ-19 sec tion 

Al — alginite, Lpd — liptodetrinite, UOM — un struc tured or ganic mat ter, Bt — bituminite, Col — collinite

 
        

          
            

            

            

            

 

            

            

            

            
 

            

            

            

            
 

            



(5–22%). The pre vi ously known pre dom i nance of ar o matic hy -
dro car bons in the oxi dised rocks (Püttmann et al., 1989;
Bechtel et al., 2000a) is il lus trated by the Sat/Arom in dex
(Fig. 7), the value of which is sig nif i cantly lower in the oxi -
dised rocks (0.1–0.3) than the re duced rocks (0.5–1.1).

The n-alkane and isoprenoid con tents (Fig. 8) are gen er ally
higher in the re duced rocks (1.7–12.2 ppm n-al kanes,
0.38–1.55 ppm isoprenoids) than in the oxi dised rocks (0.1–0.4 
and 0.01–0.08 re spec tively) and cor re late with the Corg con tents 

(Oszczepalski, 1989; Püttmann et al., 1989; Sawłowicz,
1989a; Bechtel et al., 2000a). In the re duced rocks, a ho mol o -
gous, unimodal n-alkane en ve lope pre vails dis play ing a har -
monic de crease in n-alkane abun dance with in creas ing car bon
num ber. The n-alkane pre dom i nance in the range of low mo -
lec u lar weight within the re duced sam ples, with a max i mum
mostly at C17, likely in di cates a pre sum ably large con tri bu tion
of ma rine bac te rial or al gal in put and a lit tle higher plant in put
into the pri mar ily ma rine al gal/bac te rial or ganic mat ter
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Fig. 6. A — vitrodetrinite and inertodetrinite (grey and light grey in col our, re spec tively) in the cen ter, and thin band of vitrinite (grey) and the ir reg u lar
band of vitrinite-like bituminite (dark grey) in the min eral back ground in the lower part of photo, re flected white light; B — thin elon gated lamellae of
lamalginite (dark yel low flu o res cence col our), UV re flected light; C — an oval area of telalginite (weak flu o res cence) sur rounded by thin lammellae of
lamalginite (strong flu o res cence and in ten sive yel low col our) in the cen ter, and vitrinite and a frag ment of inertinite (black, non-flu o res cent) be low and
above the telalginite/lamalginite com pos ite, UV re flected light; D — plate Ic in flu o res cence mode, UV re flected light



(Gondek, 1980; Yawanarajah et al., 1993), as de tected by mi -
cros copy (Ta ble 2). Most chromatograms of the oxi dised and
tran si tional sam ples are char ac ter ised by ir reg u lar, ap par ently
bi modal or polymodal dis tri bu tion pat terns (Fig. 8). In these
rocks, n-C17 — n-C20 al kanes pre dom i nate but there are smaller
max ima in the range be tween n-C27 and n-C34. This is also con -
firmed by the amounts of high mo lec u lar weight n-al kanes that
are rel a tively high in the oxi dised sam ples com pared to

short-chain n-al kanes, as shown by ∑n-C24+ (Fig. 8). In com -
par i son to the re duced shales, the oxi dised va ri et ies are char ac -

ter ised by slight even-over-odd pref er ence (CPI ≥ 1) and
in creased amounts of heavy odd-num bered n-al kanes vs. light

odd-num bered n-al kanes (TAR ≥ 0.2). En hanced per cent age of 

even me dium-chain n-al kanes (R22 > 1.2) in the oxi dised rocks 
can be also noted.

The fol low ing polycyclic ar o matic com pounds (PAH):
biphenyl, dibenzofuran, phenanthrene, methylphenanthrenes,
fluoranthene, pyrene, chry sene and the polyaromatic sul fur hy -
dro car bon (PASH) — dibenzothiophene were iden ti fied (Ta -
ble 5, Fig. 9). The to tal amounts of iden ti fied PAHs and the
phenanthrene/methylphenanthrenes in dex (Ph/MPh) val ues are 
high est in the tran si tional sam ples. Ear lier de ter mi na tions on
the S-2 sam ples (Oszczepalski and Otwinowska, unpubl.) also
es tab lished higher Ph/MPh val ues (> 3.1) in TZ zone vs. re -
duced and com pletely oxi dised sam ples. The Fla/Pyr ra tio and
the dis tri bu tion of dibenzothiophene and chry sene par al lel the
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T a  b l e  3

Rock-Eval py rol y sis data for the Kupferschiefer sam ples from the PZ-17 and PZ-19 sec tions

For ex pla na tion see Ma te rials and Methods; I — indeterminant due to low S2 yield, re lated val ues are un cer tain

T a  b l e  4  

Or ganic geo chem i cal data for the Kupferschiefer sam ples from the S-2, PZ-17 and PZ-19 sec tions

EOM — extracted or ganic mat ter, HC — hy dro car bons, Sat — sat u rated hy dro car bons, Arom — ar o matic hy dro car bons; Res — res ins; Asph —
asphaltenes 

        
   

     
 

   

           
            

           
           
           
           
           

 

           

        
 
    

            

              
              
              
              
              
              

 

              
              
              
              

 

              
              
              
              

 

              



Ph/MPh ra tios, whereas the fluoranthene and pyrene per cent -
ages grad u ally in crease to wards the oxi dised rocks. The
methylphenantrene in dex MPI-1 val ues gen er ally de cline
down wards but are low est within the TZ. 

In the case of heterocompounds, res ins and asphaltenes
make up 41–64% of the bi tu men in the re duced sam ples and
32–69% in the oxi dised and tran si tional sam ples (Ta ble 4,
Fig. 7). The res ins con tent in bi tu men of the re duced rocks
(6–9%) is higher than in the oxi dised rocks (2–3%). The in -
verse trend is char ac ter is tic for the asphaltene con tent —
61–66% in the oxi dised rocks, 49–53% in the re duced. 

ISOTOPE STUDIES

C iso topes in the or ganic mat ter. The δ13C (PDB) anal y -
ses yield a nar row range from –27.9 to –26.6‰ (Ta ble 6) in ac -
cor dance with iso tope data for Perm ian age or ganic sub stance.
Both the Rote Fäule and Cu-min er al ised rocks dis play heavier

δ13C val ues for kerogen than the bar ren Kupferschiefer; –27.0
to –20.1‰ for the Richelsdorf de posit (Bechtel and Püttmann,
1991), –27 to –22‰ for the Konrad mine (Püttmann et al.,
1993), and –28.2 to –24.4‰ for nu mer ous lo cal i ties through out 
the Pol ish ba sin (Bechtel et al., 2000a). In the pro files stud ied,
this pat tern was less clear (Ta ble 6). The iso to pic com po si tion
of car bon in the kerogen of the re duced sam ples var ies to a
small de gree, typ i cal for or ganic ma te rial of al gal and bac te rial
or i gin, with an in sig nif i cant land plant ma te rial con tri bu tion.
This de gree of vari a tion is char ac ter is tic for kerogen type II
rep re sent ing ma rine or ganic mat ter (Galimov, 1980). 

The bi tu men is char ac ter ised by vari able C iso tope ra tios
sim i lar to those for kerogen, al though it shows slight 13C de -
ple tion rel a tive to kerogen (Ta ble 6). Note that TZ bi tu men
(sim i larly to the kerogen and ar o matic hy dro car bons) is slightly 

en riched in light 12C iso tope vs. the rest of the sec tions stud ied.
Fur ther more, in the heterocompounds it is pos si ble to ob serve a 
grad ual in crease in the con tent of this iso tope to wards the oxi -
dised rocks. The re verse is true for sat u rated hy dro car bons; the
oxi dised rocks are char ac ter ised by a fall in heavy iso tope con -
tent com pared to the re duced sam ples. 

From the δ13C ra tios for the sat u rated and ar o matic hy dro -
car bons (cf. Sofer, 1984) it emerges that the pre cur sors of the
bi tu men were cyanobacteria and al gae. The C iso tope com po si -
tion of the bi tu men, in its par tic u lar frac tions and in the kerogen 
(Ta ble 6), is ev i dence of the ex am ined or ganic mat ter pre sum -
ably hav ing come from one source, and that the bi tu men and
kerogen are in dig e nous. The im pov er ish ment of the bi tu men in
13C iso tope rel a tive to kerogen is ap par ently a re sult of the en -
rich ment of the sat u rated hy dro car bons in the light car bon iso -
tope, as the hy dro car bons ac cu mu lated in the sed i ment due to
the diagenesis of or ganic ma te rial (Galimov, 1980). It can be

seen from the δ13C of the sat u rated and ar o matic hy dro car bons
that the amount of al gal-type ma te rial de creased rel a tive to the
amount of terrigenous ma te rial in the oxi dised sam ples (Ta ble 6).

C and O iso topes in the car bon ates. δ13C (PDB) data
from the Kupferschiefer car bon ates var ies be tween –2.1 and

3.5‰ and δ18O (PDB) be tween –8.4 and 0.4‰ (Ta ble 6). There 
is a clear ten dency to wards an en rich ment of the tran si tional
and oxi dised zone in the light iso topes of car bon and ox y gen
rel a tive to the rest of the sec tions. Oxi dised sam ples are char ac -

ter ised by δ13C of –0.8 to 0.9‰ and δ18O of –8.4 to 0.4‰, TZ

sam ples by δ13C of –2.1 to 0.4‰ and δ18O of –4.1 to 0.1‰, as

op posed to re duced sam ples that have δ13C from 0.9 to 3.5‰

and δ18O from –0.8 to 1.8‰. Sawłowicz (1989b) ob tained
com pa ra ble re sults for the slightly oxi dised rocks of the Lubin -

Sieroszowice de posit (δ13C –0.9 to 0.0‰, δ18O –12.3 to
–7.4‰). Sim i lar re cords for the Rote Fäule were pre sented by
Ham mer et al. (1990) for the Mansfeld-Sangerhausen de posit
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Fig. 7. Vari a tion of Corg, EOM, n-al kanes, Sat/Arom in dex and Sat+Arom/Res+Asph in dex in the S-2 sec tion 



(δ13C –5.0 to –2.2‰, δ18O –10.1 to –4.9‰), and Bechtel and

Püttmann, (1991) for the Richelsdorf de posit (δ13C –4.4 to

–2.5‰, δ18O –12.3 to –9.7‰). The δ13C in the re duced rocks of 
the Lubin-Sieroszowice de posit ranges from –0.2 to 4.3‰ and

δ18O from –16.8 to 0.9‰ (Sawłowicz, 1989b; Bechtel et al.,
2000a), sim i larly to the Richelsdorf de posit (–3.2 to 2.9‰ and
–9.3 to –3.4‰ re spec tively). Slightly dif fer ent data ranges and
trends for these iso topes with a ten dency to wards an in crease in
the con tent of the heavy car bon and ox y gen were found for lo -
ca tions dis tant from the oxi dised zone. They are re ported from

the Pb-Zn zone of the Lubin-Sieroszowice de posit (δ13C of the

or der of 2 to 4‰ and δ18O in the range –10 to 3‰; Harańczyk,

1986), the Richelsdorf de posit (δ13C from –1.0 to 2.7‰ and

δ18O from –9.0 to –4.2‰; Bechtel and Püttmann, 1991), the

Mansfeld-Sangerhausen de posit (δ13C from –2.7 to 1.7‰ and

δ18O from –9.5 to 3.7‰; Ham mer et al., 1990), and from the

bar ren, pyritiferous shales (δ13C be tween 1 and 4‰ and δ18O
from –5 to –1‰; Vaughan et al., 1989; Bechtel et al., 2000a). 

O iso topes in the sul fates. Sul fates finely dis sem i nated

through the shales have δ18O val ues rang ing from –1.4 to

11.8‰ (SMOW). While most sul fates yielded δ18O data in the
range be tween 8.8 and 11.8‰, sim i lar to those of Perm ian ma -
rine sul fates, the re duced shales di rectly over ly ing TZ have dis -

tinctly lower δ18O val ues cov er ing a range from –1.4 to –0.9‰
(Ta ble 6).

S iso topes in the sul fides and sul fates. The δ34S (CDT) re -
cords from the dis sem i nated sul fides ex hibit a rather large
range of val ues, from –41.4 to –15.3‰, de pend ing on the re dox 
of host rocks (Ta ble 6). In the re duced rocks the sul fide sul fur is 

re mark ably en riched in light sul fur 32S (δ34S from –41.4 to
–33.7‰), whereas the oxi dised rocks con tain sig nif i cantly

more heavy sul fur 34S (δ34S from –33.3 to –15.3‰). The δ34S
value of the py rite var ies in a broad range from –52 to –25‰
(Marowsky, 1969; Vaughan et al., 1989; Jowett et al., 1991a),
with a rough av er age of –35‰ (Harańczyk, 1986). Con sid er ing 
the lack of py rite in the basal part of the re duced sam ples stud -
ied (Fig. 4), it should be as sumed that the fine-grained cop per
sul fides have sul fur frac tion ation in the range –40 to –33‰,
sim i lar to the pre vi ous val ues (–40 to –26‰) from var i ous lo -
cal i ties of the Lubin-Sieroszowice de posit (Harańczyk, 1986;

Sawłowicz, 1989b; Jowett et al., 1991b). A very sim i lar δ34S
range from –36 to –31‰ was also ob tained for base-metal sul -
fides in the North Sudetic Trough and Cen tral Po land (Jowett et 
al., 1991a, b). Tak ing all re sults into ac count along with the re -
sults of their study, Wodzicki and Piestrzyński (1994) give an

av er age δ34S value of –34.8‰ from the dis sem i nated ores.
The anal y sis of sul fur iso topes in the sul fates was done

sep a rately for late-diagenetic anhydrite nod ules and the sul -
fates dis persed through the rock (Ta ble 6). The nod ules have

δ34S (CDT) rang ing from 7 to 12‰. The frac tion ation of the
sul fur iso topes in the dis persed sul fates var ies to a great de -
gree, from –25.0 to 7.6‰ (CDT), where the max i mum light

sul fur en rich ment (δ34S from –25.0 to –2.8‰) was found at
the base of the re duced zone (S-2 sec tion) and at the top of the
tran si tion zone (PZ-19 sec tion).

DISCUSSION AND IMPLICATIONS

METAL REDISTRIBUTION ACROSS AN OXIDATION FRONT

In te gra tion of bulk chem i cal data pro vides ev i dence that
geo chem i cal pa ram e ters are use ful in in di cat ing the
post-depositional al ter ation and sig nif i cant re dis tri bu tion as so -
ci ated with the pro gressed re dox front. The down ward in crease
in po tas sium con tent, il lus trated by the K2O/Na2O ra tio (Ta -
ble 1) in di cate potassic diagenesis, which caused the
recrystallisation of illite and/or its neoformation in the oxi dised
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Fig. 8. Rep re sen ta tive n-alkane and isoprenoid (pr — pristane, ph —
phytane) dis tri bu tions for the sat u rated hy dro car bon frac tion of the three
ex tracts from the PZ-17 sec tion



and ore-bear ing rocks (Bechtel et al., 2000b). The par al lel trend 
in MgO/CaO ra tio might be ex plained by the en hanced
calcitisation of the oxi dised rocks by Ca2+-rich wa ters
(Oszczepalski, 1989; Kucha and Przybyłowicz, 1999). The as -
so ci a tion of the high est Cu, Ag, Pb, Zn, Co, Mo, Ni, and Ta
con cen tra tions with the re duced fa cies is a char ac ter is tic fea ture 
of Zechstein min er ali sa tion, al though the sec tions stud ied, lo -
cated at the tran si tion from Rote Fäule to the Cu zone (Fig. 1)
are poor in Pb and Zn. All of these met als are re lated to the Corg

and re duced sul fur con tents (Ta ble 1). A pos i tive cor re la tion is
known to ex ist be tween the Corg, Ag, Cu and S2– con tents for
the min er al ised shales (Harańczyk, 1986). The Cr con cen tra -
tion, de pend ent mostly on the pres ence of terrigenous ma te rial,
has a pat tern in de pend ent of min er ali sa tion pro cesses. As a re -
sult, the V/Cr in dex (cf. Sun and Püttmann, 1997), like the in -
creased Au, Pt, Pd, and lo cally U and Hg con tents (Ta ble 1,
Fig. 3), may serve as a pa ram e ter dis tinc tive for the TZ. Be -
cause a sig nif i cant amount of the Ni (un like Co) is con cen trated 

in the sed i ment mainly as a re sult of ab sorp tion by clay-or ganic
ma te rial, low Co/Ni ra tio val ues are char ac ter is tic of the oxi -
dised rocks. The con cen tra tions of Re and Ir are high est in the
re duced shales, whereas the con cen tra tions of Se and REE are
high est in oxi dised sam ples (Ham mer et al., 1990; Kucha and
Przybyłowicz, 1999; Bechtel et al., 2001b). The pos i tive Sm
anom a lies and neg a tive Ce and Eu anom a lies within the up per -
most part of the oxi dised in ter val im ply re dis tri bu tion of REE
dur ing for ma tion of the Rote Fäule (Kucha and Przybyłowicz,
1999; Bechtel et al., 2001a). 

These data col lec tively sug gest that the Kupferschiefer
shales have been strongly al tered. The ob served metal dis tri bu -
tion and a rise in Fe3+, K2O, CaO (lo cally) con tents and fall in
Corg, Stot, S

2– to wards the base of the pro file (Ta ble 1) in di cates a 
down ward in creas ing ox i da tion ef fect and ar gues for an up -
ward move ment of the oxi dis ing flu ids. This is also dem on -
strated by the tex tural and paragenetic re la tion ships along the
pro files stud ied (Fig. 4). Nu mer ous hematitic spher ules
pseudomorphic af ter framboidal py rite typ i cally oc cur within
the oxi dised rocks. The py rite con tent of unoxidised Kupfer -
schiefer is typ i cally 2–3 vol.% (Oszczepalski and Rydzewski,
1991), but at the base of the re duced shales it drops rap idly and
in the oxi dised zone it di min ishes to es sen tially all he ma tite
(Fig. 4). Nu mer ous re place ments of cop per sul fides with he ma -
tite and goethite were also found in the Rote Fäule (Rydzewski, 
1978; Oszczepalski, 1994, 1999). Ox i da tion of py rite would
have re leased sul fates and cre ated ini tial acid ity of the fluid,
which en hanced leach ing of met als, dis so lu tion and
calcitisation of oxi dised car bon ates. In ter ac tion of the min er al -
is ing flu ids with the host rocks caused the Eh fall as the flu ids
pro gres sively mi grated into the Kupferschiefer and de pos ited
met als ac cord ing to their de creased sol u bil ity. The cross re dox
metal zon ing from the lower parts of the oxi dised hematitic
zone to the re duced pyritiferous rocks: Fe3+-Fe3+, Au, Pt,
Pd-Cu, Ag-Cu, Pb, Zn, Fe2+-Fe2+ is con sis tent with the in ter ac -
tion of the oxi dis ing fluid pas sage from un der ly ing Rotliegend
aqui fer (Jowett, 1986; Oszczepalski and Rydzewski, 1997;
Bechtel et al., 2001a). Rem nants of cop per sul fides in the oxi -
dised shales im ply that cop per, sil ver and as so ci ate met als were 
car ried away from the sed i ments, which un der went ox i da tion,
and were de pos ited within the or ganic car bon-rich shales. Fur -
ther more, de tailed work has shown that the Rote Fäule/ore sys -
tem cuts across the strata hav ing fea tures in di cat ing
post-depositional or i gin (Rydzewski, 1978; Oszczepalski
1989).  

As in di cated above, the TZ has in ter me di ate fea tures rel a -
tive to oxi dised and re duced rocks, in di cat ing that in this tran si -
tion, com plex wa ter-rock in ter ac tions oc curred. A com bi na tion 
of al ter nat ing ox i da tion, acid i fi ca tion, and suc ces sive pro cesses 
of neu tra li sa tion, mod er ate re duc tion and sul fide pre cip i ta tion
in duced sul fide ox i da tion, leach ing and fix a tion of base and
pre cious met als. Pro nounced en rich ment of PGE, REE, V, U,
Se, and Hg within the top most part of the TZ and the oc cur -
rence of base metal ores at the re duced side of the re dox in ter -
face ar gues for ef fi cient metal re dis tri bu tion dur ing for ma tion
and ex pan sion of the Rote Fäule. As in most of the base met als,
pre cious met als were pref er en tially trans ported as chlo ride
com plexes (AuCl4–, PtCl 4

2− , PtCl6
2− , PdCl 4

2− ), which are typ i cal 
spe cies in chlo ride-rich but sul phide-poor so lu tions
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Fig. 9. Rep re sen ta tive gas chromatograms show ing the dis tri bu tion of ar o -
matic hy dro car bons sep a rated from the to tal ex tract of two se lected
Kupferschiefer sam ples, PZ-17 sec tion

B — biphenyl, DBF — dibenzofuran, DBT — dibenzothiophene, Ph —
phenanthrene, MPh — methylphenanthrene, Fla — fluoranthene, Py —
pyrene, Chr — chry sene



(Romberger, 1988; Wood et al., 1992; Gam mons, 1995). Ther -
mo dy namic cal cu la tions and ex per i men tal data in di cate that sa -
line flu ids in equi lib rium with he ma tite are ca pa ble of
trans port ing sig nif i cant quan ti ties of gold and PGE (Jaireth,
1992; Wood et al., 1992). These chloro-com plexes might have
been al ter nately re duced and sorbed by or ganic mat ter and py -
rite (e.g. Hyland and Bancroft, 1990; Jaireth, 1992; Mycroft et
al., 1995) and ad sorbed by iron ox ides (e.g. Machesky et al.,
1991). Gold and PGM were also coprecipitated with cop per
sul fides, as ev i denced by rel ict parageneses found at the oxi -
dised side of the re dox front and fairly com mon inter growths of 
gold and cop per sul fides and Pd ar sen ides within re duced rocks 
ad ja cent to the Rote Fäule (Kucha, 1981; Piestrzyński et al.,
1997; Kucha and Przybyłowicz, 1999). Char ac ter is ti cally, the
en rich ments in pre cious met als cor re spond with the en hanced
oc cur rence of solid bi tu men within the oxi dised rocks (cf. Ta ble
1 and 2). Hence, oxi dis ing flu ids could have in flu enced de po si -
tion of solid bi tu men that in turn could pro mote in cor po ra tion of
pre cious met als. More study is re quired to ex plain this as so ci a -
tion; nev er the less, Au found to be fixed by thucholite (Kucha,
1981) sug gests that it is pru dent to con sider solid bi tu mens as the
res i dence of the pre cious met als. Thiosulfate ions (S O2 3

2− ) and
other in ter me di ate sulfoxy spe cies, be ing prod ucts of sul fide ox i -
da tion (Goldhaber, 1983; Wood et al. 1992), might have played
a con sid er able role in the re dis tri bu tion of base- and pre cious
met als within the oxi dised rocks (Kucha, 1990; Piestrzyński and
Wodzicki, 2000). As a re sult, the least mo bile met als such as
PGM con cen trated in the oxi dised rocks, whereas the more sol u -
ble base met als were ad vanced to the less oxi dised and re duced
Kupferschiefer va ri et ies, as the re dox front mi grated higher from 
the Rote Fäule. Both re place ments of sul fides by iron ox ides,
inter growths of Au, Pt and Pd min er als, and overgrowths of the
gold by he ma tite, in di cate that hematisation over lapped with de -
po si tion of early py rite and cop per ores and post-dated the pre -
cip i ta tion of gold. Al ter na tively, Kucha and Przybyłowicz
(1999) sug gested that the pre cious met als could have been in tro -
duced af ter Cu em place ment. 

ALTERATION OF ORGANIC CONSTITUENTS

Pre vi ous maceral stud ies in the Lubin-Sieroszowice re gion
were per formed solely on the re duced shales (Rospondek et al.,

1993; Sun et al., 1995). This study pro vides or ganic pe trol ogy
data also for the oxi dised sec tions, show ing trends in com po si -
tion (Fig. 5), which are in ter preted to in di cate that most of the or -
ganic com po nents are sen si tive to al ter ation. Note that the most
la bile com po nents of ma rine and ter res trial or i gin (alginite and
collinite, re spec tively) are pres ent al most ex clu sively in the re -
duced rocks, and in the oxi dised rocks are only a trace com po -
nent. It was shown that the oxi dised rocks do not dif fer from the
re duced va ri ety in terms of their depositional fea tures, in di cat ing
for ma tion in a sim i lar an aer o bic-to-dysaerobic sed i men tary set -
ting (Oszczepalski, 1989). Thus, the maceral com po si tion in the
oxi dised rocks seems to be a re sult of post-sed i men tary ox i da tive 
deg ra da tion of la bile com po nents and the diagenetic trans for ma -
tion of the macerals into re frac tory forms re sis tant to fur ther
changes. This is clearly shown by a grad ual in crease in the
alginite, bituminite, collinite and sporinite con tent, and a de -
crease in the solid bi tu men con tent up wards to the re duced ho ri -
zon, and cor re sponds to the pre vi ous re sults ob tained in the
Konrad (Speczik and Püttmann, 1987; Speczik, 1994) and
Polkowice pro files (Sun, 1998).

The re duced sam ples pre dom i nantly con tain pri mary ma -
te rial of ma rine or i gin, es pe cially alginite — the di ag nos tic
maceral for the re duced shales. Liptodetrinite, sporinite and
terrigenous collinite, de rived pos si bly from coalification of
amor phous humic mat ter, are also abun dant. On a con trary,
the oxi dised sed i ments con tain mainly UOM, fol lowed by
bituminite, liptodetrinite and vitrinite (Ta ble 2). Thin liptinite
and collinite laminae, ori ented al ways par al lel to strat i fi ca tion 
im ply that pri mary or ganic mat ter was orig i nally pres ent in
the oxi dised rocks in pre sum ably greater amounts. The co-oc -
cur rence of rel ict or ganic con stit u ents with iron ox ides re plac -
ing py rite and cop per sul fides within the oxi dised lithologies
strongly sug gests that or ganic mat ter was also largely
changed by ox i da tion. There fore, bituminite, abun dant
mostly in the up per part of the oxi dised se quence (TZ) as thin
laminae, is con sid ered to be a prod uct of ox i da tive al ter ation
of lamalginite. Fairly small amounts of liptinite macerals and
the ab sence of alginite and sporinite sup port this. More ev i -
dence of the downhole in crease in ox i da tion in ten sity is the
trace con tent in the oxi dised rocks of terrigenous sporinite,
which is re sis tant to deg ra da tion. 
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 Rel a tive pro por tions of se lected ar o matic hy dro car bons and re lated in di ces for the Kupferschiefer sam ples
from the PZ-17 and PZ-19 sec tions

PAH –— to tal iden ti fied polycyclic ar o matic hy dro car bons in ar o matic hy dro car bons; Ph/MPh —  phenanthrene/methylphenanthrenes, MPI-1 = 1.5
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UOM oc curs pre dom i nantly in the oxi dised shales mostly
as solid bi tu men mak ing up 65–92% of the mi cro scop i cally ob -
served con stit u ents. Only relicts of cop per sul fides and pri mary 
or ganic mat ter and an abun dance of solid bi tu men char ac ter ise
the oxi dised shales, whereas alginite, sporinite and AOM are
al most ab sent. A pos si ble ex pla na tion for an in crease in solid
bi tu men is its gen er a tion at the ex pense of liptinite and vitrinite
macerals, as a re sult of wa ter wash ing, biodegradation,
deasphalting, sul phate re duc tion or radiolysis (cf. Curiale,
1986; Ja cob, 1989; Landis and Castano, 1994; Machel et al.,
1995), tak ing place due to the ac tion of the oxi dis ing flu ids.
Kucha and Przybyłowicz (1999) pos tu lated a radiolysis of hy -
dro car bons by ura nium as a pow er ful agent, en hanc ing ox i da -
tion of or ganic mat ter and so lid i fi ca tion of bi tu men. As a
con se quence of these pro cesses, the al ter ation fur ther caused an 
in crease in reflectance of non-re cy cled vitrinite to wards the
bot tom of the Kupferschiefer, from 0.72–0.86% in the re duced
rocks, through 0.72–1.13% in the TZ, to 1.03–1.10% in the
oxi dised rocks (Fig. 5). This vari a tion is con sis tent with pre vi -
ous ob ser va tions (Speczik and Püttmann, 1987; Sun, 1998).
The in creased reflectance of the in dig e nous or ganic mat ter
seems to be a func tion of the in ten sity of as cen dant cir cu la tion
of oxi dis ing flu ids. Re frac tory, cor roded vitrodetrinite
macerals hav ing high reflectance, and ox i da tion rims in di cate
that they are re cy cled (“allochthonous”) or ganic par ti cles, re de -
pos ited from the Zechstein footwall. Hence, their for ma tion is
not re lated to the for ma tion of Rote Fäule. 

The low con cen tra tion of highly in ert ter res trial par ti cles in
the form of inertodetrinite, both in re duced and oxi dised sam -
ples, is re mark able (Ta ble 2). Such a low inertinite con tent is
typ i cal of anoxic en vi ron ments, dis tant from the coast. As sum -
ing vitrinite, sporinite and inertinite to be terrigenous, the to tal
land-de rived com po nents vary be tween 6 and 19%, de spite the
oxi dised or re duced char ac ter of the host rocks. Tak ing into ac -
count these re sults it can be as sumed that the high amount of
inertinite iden ti fied at the base of the Konrad pro file, in ter -
preted as a re sult of vitrinite ox i da tion (Sun et al., 1995), re -
flects the in flux of terrigenous de tri tus from the coast. 

OXIDATION-INDUCED COMPOSITIONAL CHANGES
IN KEROGEN AND BITUMEN

Geo chem i cal changes were ob served with depth in di cat ing
that the low er most por tions of the Kupferschiefer sec tions un -
der went se vere chem i cal al ter ation. The mean vitrinite
reflectance val ues (rang ing be tween 0.7 and 1.2%) cor re spond
to the oil win dow, in di cat ing that bi tu mens were gen er ated at
the catagenetic stage of kerogen mat u ra tion. Low K val ues
(C21 + C22/C28 + C29) and high val ues of TAR (C27 + C29 +

C31/C15 + C17 + C19) and ∑n-C24+ in di ces, char ac ter is tic of
the oxi dised sam ples, sug gest a larger ter res trial con tri bu tion to
TOC (cf. Tissot and Welte, 1984). How ever, these de graded
dis tri bu tion sig na tures in tran si tional and oxi dised sam ples
(Fig. 7) in di cate rather that low-to-me dium mo lec u lar weight
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n-al kanes were pref er en tially re moved from the sys tem as a re -
sult of ad vanced de com po si tion of the la bile com po nents of al -
gal and bac te rial or i gin (Bechtel et al., 2000a). It has been
shown that light n-al kanes are ef fec tively biodegraded and de -
com posed by ox i da tion (e.g. Ezra et al., 2000). This pro cess
might have been ac com pa nied by a se lec tive re moval of the
light odd-num bered n-al kanes, as might be sug gested from the
char ac ter is tics of re sid ual bi tu men in the oxi dised rocks, show -
ing rel a tive en rich ment in long chain n-al kanes and a slight
EOP pref er ence. Large vari a tions in pr/ph and
isoprenoid/alkane ra tios may re flect dif fer ent deg ra da tion and
ma tu rity con straints as sum ing sim i lar pri mary or ganic mat ter.
Thus, biomarker com po si tion, chang ing in de pend ently of ma -
tu rity pa ram e ters in di cates that dis tri bu tion of biomarkers was
in flu enced by ox i da tion.

In con trast to the re duced shales, the oxi dised sam ples are
en riched in high mo lec u lar weight unsubstituted PAHs
(fluoranthene, pyrene, chry sene), which are re sis tant to deg ra -
da tion (e.g. Ezra et al., 2000), and de pleted in alkylated
phenanthrenes (methylphenanthenes) by about 75% rel a tive to
the re duced lithologies (Ta ble 5, Fig. 9) that ar gues for a
post-depositional re moval from these rocks. The Ph/MPh in dex 
was used to de fine the in ten sity of the ox i da tion pro cess
(Speczik and Püttmann, 1987; Püttmann et al., 1989, 1991;
Sun, 1998; Bechtel et al., 2000a, 2001b). As ev i denced by pre -
vi ous and pres ent data, the higher Ph/MPh ra tios (> 1) point to
in creased ox i da tion and might be in ter preted as a re sult of
late-diagenetic de com po si tion of alkylated ar o matic hy dro car -
bons by oxi dis ing flu ids. As con sid ered by Püttmann et al.
(1991), hy dro ther mal so lu tions could add some PAHs and
PASHs de rived from gas gen er ated in Car bon if er ous strata.
This might ar gue for a con com i tant trans port of the PAHs and
the pre cious met als in as cend ing oxi dis ing so lu tions, and a con -
tri bu tion of metal-or ganic com plexes in mo bi li sa tion and trans -
port of gold (Bechtel et al., 2001a). How ever, grad ual con tent
vari abil ity of many of PAHs along the pro files stud ied (Ta -
ble 5) and pref er en tial ac cu mu la tion of phenanthrene and
PASHs in the TZ may rather be ex plained by in situ
desalkylation. 

HI/OI and HI/Tmax di a grams, com pa ra ble to mod i fied van
Krevelen di a grams (Espitalie et al., 1985), clearly dem on strate
that the re duced and oxi dised sam ples oc cupy dif fer ent fields in 
the scat ter plots (Fig. 10). The re sults are in ac cor dance with
pre vi ous Rock-Eval data ob tained for the Konrad mine
(Püttmann et al., 1991; Sun et al., 1995). The oxi dised sam ples
con tain a terrigenous type III kerogen, which is oc ca sion ally
con sid ered to be re sid ual (type IV) kerogen, due to its very low
H/C value, in dic a tive of the pres ence of oxi dised, largely in ert
terrigenous or ganic mat ter. The very low S2/S3 in dex value (<
1.2) is ev i dence of a lack of sapropelic ad mix tures in the
kerogen, thus in di cat ing that the oxi dised sam ples are ex -
tremely de pleted in hy dro gen. The tem per a tures of max i mum
py rol y sis (Tmax) yield range from 435 (re duced shales) to
466°C (oxi dised shales). Al though the cred i bil ity of Tmax mea -
sure ments for rocks de pleted in Corg may be ques tioned, nev er -
the less Tmax val ues seem to be in har mony with the other
ma tu rity pa ram e ters. High Tmax val ues and the KTR in dex (Ta -
ble 3) in di cate the kerogen from the oxi dised sam ples to be ma -
ture with re gard to oil gen er a tion. 

Un like the oxi dised rocks, the re duced shales con tain
mixed hy dro car bon-prone type II kerogen en riched in hy dro -
gen-rich liptinites (Figs. 5 and 10), which rep re sents ma te rial
de rived from a mix ture of phytoplankton and bac te ria bio mass,
ca pa ble of gen er at ing hy dro car bons (Teichmüller and Durand,
1983). The def i nite prev a lence of sapropelic ma te rial over
humic mat ter is con firmed by the high S2/S3 in dex val ues
(17–34). The Tmax tem per a ture value (435–438°C), the pres -
ence of free hy dro car bons (S1 in the range 1.22–1.94 mg HC/g
of rock) and the low KTR in dex value (about 0.09) cou pled
with a rel a tively low Ro (0.7–0.9) sug gest that the re duced sed i -
ments en tered the catagenesis stage (50–150°C) of oil gen er a -
tion, but they have not gen er ated much oil. The gen er a tion
po ten tial of the re duced source rock is still not ex hausted, as
sug gested by the high S2 pa ram e ter value (11.93–23.37 mg
HC/g rock). The low OI val ues (in the range 8–11 mg CO2/g
TOC) are ev i dence that the kerogen in the re duced rocks was
not sub jected to ox i da tion.

Fi nally, the downhole in crease in the Tmax value (Ta ble 3)
agrees with reflectance re sults (Ta ble 2). The sys tem atic de -
crease in Corg and HI val ues from the top to the bot tom of the
ex am ined pro files, cor re spond ing to the in creas ing ma tu rity of
the kerogen, the in creas ing he ma tite con tent and the in creas -
ingly in ten sive fea tures of maceral and sul fide ox i da tion, in di -
cates a post-sed i men tary deg ra da tion of or ganic ma te rial
re lated to the for ma tion of the Rote Fäule. This pat tern can not
be ex plained by vari abil ity in the re dox con di tions of the
depositional en vi ron ment, as, from sed i men tary in ves ti ga tions
it is known that in the Lubin-Sieroszowice re gion, the most re -
duc ing depositional con di tions ex isted at the start of the
Kupferschiefer sed i men ta tion (Oszczepalski, 1989;
Sawłowicz, 1989a; Rospondek et al., 1994; Sun et al., 1995).
Ther mal ma tu rity vari a tions, due to the short time the
Kupferschiefer was de pos ited in and its very slight thick ness,
also can not ex plain this vari abil ity. This trend rather is thought
to in di cate that the down ward in crease in al ter ation in ten sity is
an ef fect of sec ond ary deg ra da tion of or ganic mat ter by in com -
ing oxi dis ing so lu tions af ter par tial diagenetic mat u ra tion of the 
organics, as pre vi ously sug gested in nu mer ous stud ies (Speczik 
and Püttmann, 1987; Bechtel and Püttmann, 1991; Püttmann et
al., 1989, 1991; Sun and Püttmann, 1997; Kucha and
Przybyłowicz 1999; Bechtel et al., 2000a, 2001b). The de -
pend ence of HI on Corg val ues (Ta bles 3 and 4) shows that only
the re duced sam ples have a pos i tive cor re la tion. Thus, as in the
case of the Konrad pro file, the ox i da tion pro cesses are thought
to cause the pref er en tial de struc tion of the aliphatic hy dro car -
bons, the al ter ation of bi tu men into an ar o matic-as phal tic type,
and the trans for ma tion of bi tu men into the form of solid bi tu -
men. As a re sult, strongly de graded hy dro gen-poor and ar o -
matic-rich kerogen formed in the oxi dised rocks, lack ing to a
sig nif i cant ex tent its syngenetic com po nents (Fig. 10). As sum -
ing that the oxi dised shales pri mar ily con tained sim i lar
amounts of Corg and Stot as the equiv a lent re duced va ri et ies, it is
ev i dent from these data that more than 90% Corg and Stot and
more than 80% of bi tu men were re moved from the low er most
por tions of the Kupferschiefer dur ing post-sed i men tary ox i da -
tion. Wa ter wash ing, biodegradation, ox i da tion, and radiolysis
have been quoted as the prin ci pal pro cesses re spon si ble for the
re moval of bi tu men and al ter ation of or ganic mat ter (Tissot and 
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Welte, 1984). The sig nif i cance of those pro cesses is a sub ject to 
in ter pre ta tion; how ever, the first two sug ges tions are not ten a -
ble be cause se vere wa ter wash ing and biodegradation was
shown to lead to a dra matic de ple tion of both n-alkane and ar o -
matic mol e cules; the same is true for abiotic ox i da tion by ox y -
gen (e.g. Charrie-Dehaut et al., 2000). From the data,
in di cat ing that oxi dised rocks are only partly de pleted in hy dro -
car bons and still con tain high amounts of PAH, we ten ta tively
sug gest in stead that al ter ations re sulted from the ac tion of wa -
ters of only slightly ox i da tive po ten tial. While the oxi dised and
re duced shales have un der gone sim i lar ther mal mat u ra tion, the
high asphaltene and solid bi tu men con tents in the oxi dised
rocks sug gest that they formed largely as a re sult of bi tu men
deg ra da tion as so ci ated with the pas sage of oxi dis ing wa ters
and/or deasphalting. Con se quently, it is rea son able to con clude
that the high con cen tra tions of ar o matic hy dro car bons com -
pared to sat u rated hy dro car bons, the en hanced asphaltenes, the
low n-al kanes, isoprenoids and resin con tent, and the high
Ph/MPh ra tios within the bot tom most sam ples of the
Kupferschiefer are caused by in flux of oxi dis ing flu ids, as de -
scribed pre vi ously for other parts of the Zechstein ba sin
(Püttmann et al., 1989; Bechtel and Püttmann, 1991; Sun and
Püttmann, 1997). 

ISOTOPIC EVIDENCE FOR AN UPWARD ALTERATION
BY OXIDISING FLUIDS

The spread of car bon and ox y gen iso tope val ues in the car -
bon ates, which fea tures a grad ual en rich ment in light iso topes
go ing from the re duced to the oxi dised rocks (Fig. 11), im plies
a strict re la tion ship to the re dox of the host rocks and min er ali -

sa tion type (Fig. 12). Along with the de cline in δ13C and δ18O
val ues, the cop per and sil ver con tents fall, and the gold, plat i -
num and pal la dium con tents rise (cf. Figs. 3 and 11). In ves ti ga -
tions in the Mansfeld, Sangerhausen, and Richelsdorf de pos its
in di cate that, as in ver ti cal pro files, a lat eral in crease in the light
12C iso tope con tent (and to a lesser ex tent the 16O) in the car -
bon ates of the Kupferschiefer, from the pyritiferous zone to the
cop per-bear ing and oxi dised rocks, was found. This ap plies
equally to both cal cite and do lo mite (Bechtel and Püttmann,
1991; Bechtel et al., 2000a). The data ob tained from the North
Sudetic Trough and in other ar eas of Po land in di cate the
kerogen of oxi dised rocks to be en riched in heavy car bon,
which can be ex plained by the pref er en tial re lease of hy dro car -
bons rich in heavy 13C (Püttmann et al., 1993; Bechtel et al.,
2000a). The re vealed de pend ence of C and O iso tope dis tri bu -
tion in the organics and car bon ates on the me tal lic fa cies
(Fig. 11) is ev i dence that, in oxi dised and cop per-bear ing
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Car bon, ox y gen and sul fur iso to pic com po si tion (in ‰) of or ganic mat ter, car bon ates, sul fides, dis sem i nated sul fates, and nod u lar sul fates
in the S-2, PZ-17 and PZ-19 Kupferschiefer sec tions
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rocks, this com po si tion was a re sult of mix ing along the flow
path of flu ids bear ing light C and O iso topes through the

Kupferschiefer rocks. Since low δ13C val ues from car bon ates
(–2.1 to –0.9‰) are pres ent in oxi dised rocks (Ta ble 6) con -

tain ing Corg en riched in the heavy 13C car bon iso tope  (δ13C
from –27.3 to –26.9‰), it can be thought that light car bon-en -
riched CO2 re leased dur ing the or ganic mat ter ox i da tion was
in cor po rated into the car bon ates, giv ing their 12C en rich ment
(Fig. 12). A clearer pat tern was ob served in the Mansfeld,
Sangerhausen, Richelsdorf and Lubin-Sieroszowice de pos its
(Ham mer et al., 1990; Bechtel and Püttmann, 1991; Bechtel et

al., 2000a), where, in the oxi dised rocks, the el e vated δ13C val -

ues for the or ganic car bon (–26 to –20‰) fit the low est δ13C

(–5 to –2‰) and δ18O (–11 to –5‰) re cords for the car bon ates.
Al ter na tively, 13C- and 18O-de pleted hy dro ther mal wa ter might
have come from be low (cf. Sullivan et al., 1990; Michalik et
al., 1998) and in ter acted with the in ter ven ing sed i ments. The
car bon iso tope re cord of the car bon ates there fore re flect a mix -

ing of rel a tively heavy ma rine Perm ian car bon (δ13C from 0 to
2‰) with 13C-de pleted or ganic car bon or sup plied from the
Rotliegend aqui fer.  

Un til now, the in ves ti ga tion of iso topes of sul fur in the sul -
fides was per formed solely on the re duced rocks. This study
pro vides data for the oxi dised shales, thereby per mit ting a more 
com pre hen sive in ter pre ta tion of the re gional al ter ation. It was
shown that the S iso tope dis tri bu tion is char ac ter ised by a grad -
ual in crease in heavy sul fur (34S) con tent to wards the base of
the Kupferschiefer (Fig. 11), which is ev i dence of en hanced
heavy sul fur in flux from be low. A sim i lar dis tri bu tion was
shown for the Mansfeld de posit (Rösler et al., 1968), where the

δ34S in py rite and chalcocite vary from –43‰ at the top to
–28‰ at the base of the Kupferschiefer pro file and also for the
Lubin-Sieroszowice de posit (Harańczyk, 1986). A com pletely
dif fer ent dis tri bu tion (a grad ual in crease of 34S from the base to

the top of the Kupferschiefer; δ34S from –45 to –33‰ for py -
rite, and from –35 to –29‰ for base-metal sul fides) was found
in re gions sig nif i cantly dis tant from the cop per de pos its, im -

ply ing a change from an open sys tem to a closed sys tem
(Marowsky, 1969). 

Dif fer ences in dis tri bu tions of sul fur iso topes in the oxi -
dised, min er al ised and bar ren (dis tant from the oxi dised area)
rocks pro vokes spec u la tion con cern ing the source and mech a -
nism of S iso tope ac cu mu la tion, and con cern ing the rea son for 
such dif fer ent fractionations of sul fur iso topes hav ing oc -
curred in the dif fer ent ore types. In the case of the in verse
trend re vealed in the oxi dised ar eas (Fig. 11), com pared to the

δ34S vari a tions for pat terns dis tant from the Rote Fäule, the in -
crease in heavy sul fur con tent to wards the oxi dised rocks has
to be con sid ered as a re sult of leach ing out of py rite and
early-diagenetic ores from the oxi dised rocks and/or their par -
tial re place ment by later sul fides, en riched in 34S. Jowett et al.
(1991a, b), Oszczepalski (1994), Speczik (1995), Sun and
Püttmann (1997) have in voked four main pos si ble sul fur
sources lead ing to the sul fide sul fur iso to pic dis tri bu tions: 1
— bac te rial re duc tion of sul fates (BSR); 2 — py rite re place -
ment; 3 — or ganic mat ter-bound re duced sul fur; 4 —
thermochemical sul fate re duc tion (TSR). 

BSR is the com mon source of re duced sul fur in anoxic sed -
i ments (en tail ing a large neg a tive iso tope frac tion ation up to
–60‰), which is con sid ered to be lim ited to tem per a tures up to
about 60–80°C (Ohmoto, 1986; Machel et al., 1995). The
framboidal habit of most of the ob served py rite and its light iso -
to pic com po si tion sug gests an or i gin re lated to BSR. Sys tem -

atic vari a tions of δ34S in py rite, de pend ent on dis tance from the
oxi dised zones, were not ob served (Jowett et al., 1991a), which 
con firms the opin ion about its or i gin be ing syndiagenetic from
BSR. Most py rite in the anoxic en vi ron ments is en vis aged as
form ing at shal low burial depths, typ i cally within tens of
metres of the sed i ment-wa ter in ter face (Curtis, 1980). The scat -

tered δ34S val ues of Cu-sul fides, only slightly higher than those
of py rite (Ta ble 6), sug gest that a por tion of dis sem i nated ores
was de pos ited by BSR, in cor po rat ing, like py rite, 32S-en riched
biogenic sul fide. Ac cord ing to Kucha and Pawlikowski (1986), 
framboid-like Cu sul fides are ex tremely rare in the
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Fig. 11. Vari a tion of σδ13Corg, δ13C andδ18O in car bon ates, δ34S in sul fides and sul fates, and δ18O in sul fates from the S-2 sec tion



Lubin-Sieroszowice de posit. Mayer and Piestrzyński (1985)
sug gested that such spheres pref er en tially re sulted from the re -
place ment of car bon ate spher oids, whereas Sawłowicz (1990)
con sid ered the cop per sul fide framboids as syndiagenetic pre -
cip i tates. As shown by nu mer ous Cu-sul fide framboids at the
re duced side of the re dox front, early diagenetic framboidal py -
rite could have been re placed by Cu-sul fides (Oszczepalski,
1989, 1999; Sun et al., 1995). The ab sence of py rite framboids
at the base of re duced in ter val, ac com pa nied by the pres ence of
light S-en riched ore pseudo morphs af ter py rite (Fig. 4), sug -
gests that the con ver sion of pre cur sor py rite to Cu-sul fides was
ap par ently the es sen tial mode of cop per de po si tion. Stud ies of
sul fur iso topes show ing a rise in heavy sul fur con tent in the sul -
fides of the oxi dised rocks and within the base of the re duced
in ter val sug gest a sup ply of iso to pi cally heavier sul fur due to
ther mal (at tem per a tures > 50oC) de com po si tion of S-con tain -
ing or ganic mat ter (Rospondek et al., 1994) or from the
abiogenic re duc tion of ore fluid sul fates (Jowett et al., 1991b),
that ap pears to be com mon in geo logic set tings with tem per a -
tures of about 80–140°C (Machel et al., 1995). Ther mal de -
com po si tion of or gan i cally bound sul fur usu ally pro vides
neg li gi ble amounts of sul fur, whereas TSR may con trib ute high 

con cen tra tions of H2S (Ohmoto, 1986) and was con sid ered as a 
mech a nism pro mot ing for ma tion of the Kupferschiefer de pos -
its (Bechtel and Püttmann 1991; Jowett et al., 1991b). While
ar gu ments per sist over the rel e vance of TSR to the
late-diagenetic Kupferschiefer sys tem, the strongly neg a tive

δ34S val ues of Cu-sul fides are not en tirely con sis tent with the
TSR model, un less we as sume that most of the sul fates hy po -
thet i cally re duced by or ganic mat ter would have come from ox -
i da tion of the 32S-en riched sul fides. Low tem per a ture ox i da tion 
of sul fides and slightly higher tem per a ture hydration of py rite

may re sult in the for ma tion of aque ous sul fate which has a δ34S
value es sen tially the same as that of py rite (Ohmoto, 1986;
Machel et al., 1995). How ever, TSR was in ef fec tive as long as
re duced S could have been sup plied from py rite (Sun and
Püttmann, 1997). There fore, it is thought that TSR was not the
most sig nif i cant metal-fix ing re ac tion but rather an ac com pa -
ny ing al ter ation pro cess in duced by flow of oxi dis ing so lu tions, 
fol low ing the main cop per em place ment. 

Our re sults ob tained dur ing this study and the data sets
gath ered pre vi ously (Wodzicki and Piestrzyński, 1994) show
that it is pos si ble to dis tin guish four sul fide groups iden ti fied by 

their av er age δ34S val ues: py rite (–35‰), dis sem i nated ores
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(–34‰), coarse-grained and vein ores (–30‰), and mas sive
ores (–18‰). Marowsky (1969) also re ported that the cop per

sul fides con tain more heavy sul fur (δ34S from –38 to –23‰)

than py rite (δ34S from –41 to –28‰). Sig nif i cant en rich ment of
the coarse-grained and veinlet cop per sul fides (in the range
–36.3 to –16.8‰) than in the dis sem i na tions sug gests that the
dis sem i nated ores con tain more biogenic sul fur (Sawłowicz,
1989b; Jowett et al., 1991a; Harańczyk, 1986). In gen eral, it is
not pos si ble to dis cern fun da men tal dif fer ences be tween the
pre-compactional and post-compactional py rite, al though lo -
cally (cf. Jowett et al., 1991b) heavy sul fur en rich ment was reg -

is tered for the py rite nod ules (δ34S –25.2‰) rel a tive to the

framboidal py rite (δ34S –40.6‰). Thus, the grad u ally in creas -
ing heavy sul fur con tent, suc ces sively in the dis sem i nated,
coarse-grained, vein and mas sive sul fides, might be ex plained
by abiogenic re duc tion of sul fates de rived from both oxi dised
iso to pi cally-light sul fides and from iso to pi cally-heavy sul fur
from sul fate-containing ore flu ids, re sult ing in the pref er en tial
ac cu mu la tion of heavy sul fur in the late-diagenetic sul fides.

The mixed sul fur sources are clearly in di cated by the iso to -

pic spread of trace, finely dis sem i nated sul fates; the δ34S val ues 
range from slightly neg a tive to slightly pos i tive in di cat ing that
these sul fates con tain both sul fur typ i cal for the Perm ian sed i -
men tary sul fates as well as light sul fur from py rite ox i da tion. It
seems that the frac tion ation of the sul fur and ox y gen iso topes in 
the trace sul fates is sug ges tive of ad vanced re ac tions be tween
the oxi dis ing min er al is ing flu ids and py rite. The most 34S-de -
pleted sul fates in the re duced sam ples di rectly over ly ing the
oxi dised rocks and at the top of TZ (Ta ble 6; Fig. 11) ar gue for
mi gra tion of the oxi dis ing flu ids to wards the top of the pro file.
The for ma tion of a sig nif i cant pro por tion of sul fate in this in ter -
val pro duced by ox i da tion of sul fides is un equiv o cally sup -

ported also by the low δ18O val ues from sul fate, ap par ently
dif fer ent from the Zechstein ma rine range, which is 8–13‰

SMOW. The ore flu ids were char ac ter ised by δD val ues rang -

ing from –23 to –3‰ (SMOW) and δ18O be tween 2 and 7‰
(SMOW) (Bechtel et al., 2000b), which ar gue that these brines, 
ini tially me te oric or ma rine wa ters, be came sa line and iso to pi -
cally evolved ei ther by evap o ra tion, dis so lu tion of salt or mix -
ing with con nate flu ids (Bechtel et al., 2000b). This
char ac ter is tic is in ac cor dance with pre vi ous sug ges tions
(Kucha and Pawlikowski, 1986; Tonn et al., 1987; Sawłowicz,
1989b; Wodzicki and Piestrzyński, 1994; Michalik et al.,

1998). The δ34S re cord in anhydrite nod ules (7 to 12‰, Ta -
ble 6) is sim i lar to the val ues in the an hyd rites of the first

Zechstein cyclothem (δ34S from 11.3 to 12.1‰) and in the sul -

fates pres ent in the Rotliegend redbeds (δ34S from 5.9 to 9.8‰;
Jowett et al., 1991a, b; Peryt and Scholle, 1996; Michalik et al.,
1998), in di cat ing that nod u lar sul fates were re cy cled from
Perm ian sed i men tary anhydrite. 

ROLE OF OXIDATION IN THE FORMATION OF ORES

The vari a tion in com po si tion, al ter ation of or ganic mat ter
and iso to pic dif fer ences re flect pos si ble in ter ac tions with min -
er al is ing so lu tions and seems to be a func tion of the in ten sity of
hy dro ther mal cir cu la tion. The re sults of these changes are the
re dox-re lated vari a tions in Corg, maceral com po si tion, hy dro -

car bons and non-hy dro car bon com pounds, and in the iso to pic
com po si tion of the kerogen, bi tu men, hy dro car bons, sul fates
and sul fides (Figs. 3, 5, 6 and 11). The per va sive deg ra da tion of 
or ganic ma te rial and sul fides in oxi dised rocks and the less ad -
vanced deg ra da tion in the TZ (Figs. 4 and 5) clearly con firm
that the al ter ation caused by the min er al is ing flu ids weak ened
in an up ward di rec tion. 

It is gen er ally ac cepted that the ores were mo bi lised by oxi -
dis ing (in the he ma tite sta bil ity field) Na-Ca-Cl basinal brines,
orig i nat ing within the un der ly ing Rotliegend redbeds by con -
vec tion (Jowett, 1986; Oszczepalski, 1989), salt dom ing
(Kucha and Pawlikowski, 1986) or di rect ex pul sion (Cathles et
al., 1993). Con se quently, both con vec tive ther mal- and com -
pac tion-driven upwelling flows of met al lif er ous flu ids have
been in voked as pos si ble mech a nisms for the for ma tion of
Kupferschiefer-type de pos its. While the Wolsztyn Ridge
(Karnkowski, 1999) acted as a bar rier for a long-distance lat -
eral fluid flow, the role of halocinetically geopressured brine
mi gra tion in the for ma tion of the Lubin-Sieroszowice de posit
(Kucha and Pawlikowski, 1996) must have been largely lim ited.
Wodzicki and Piestrzyński (1994), as well as Piestrzyński and
Wodzicki (2000) have ex panded on the Kucha and Pawlikowski 
(1986) idea that pre cip i ta tion of met als took place along the in -
ter face be tween the as cend ing oxi dis ing flu ids and a re duc ing
fluid de scend ing from the over ly ing evaporites. How ever, this
prop o si tion of fered no geo chem i cal and iso tope data sup port ing
the role of de scend ing flu ids, and, in deed, down ward fluid in fil -
tra tion is un likely dur ing ba sin com pac tion (e.g. de Caritat,
1989), which must have re sulted from the Late Perm ian-Jurassic
syn-rift and post-rift sub si dence of the extensional Pol ish Trough 
(Karnkowski, 1999; van Wees et al., 2000).

The as so ci a tion of Cu-Ag orebodies with the re dox edge of
the post-depositional Rote Fäule unit may be ex plained by su -
per po si tion of the early diagenetic low-grade min er ali sa tion
and high-grade ac cu mu la tions formed by as cend ing ore flu ids
and re dis tri bu tion of ear lier-formed sul fides. Un der this sce -
nario, the most in ten sive flow of min er al is ing flu ids took place
in the west ern parts of the Lubin-Sieroszowice de posit, where
lo cally the en tire Kupferschiefer se ries was con verted to Rote
Fäule. The ir reg u lar na ture of the ox i da tion front ap pear to im -
ply dif fer ent in ten si ties of up ward and lat eral fluid in cur sions
and the ox i da tive al ter ation both on a mine and re gional scale
(Fig. 1). The min er al is ing flu ids re acted with the rocks, re sult -
ing in evo lu tion of the Eh-pH con di tions of the so lu tions as
they mi grated through the basal Zechstein. Spa tial and tex tural
re la tion ships sug gest that both base and no ble met als were
trans ported in slightly oxi dis ing and acidic, chlo ride brines and
pre cip i tated dur ing ore-form ing pro cess in volv ing metal re dis -
tri bu tion. It is well doc u mented that or ganic- and re duced sul -
fur-rich host rocks are highly ef fi cient traps for base met als. As
sug gested ear lier, in most nat u ral sys tems dom i nated by oxi -
dised spe cies such as he ma tite, gold and PGE are pref er en tially
trans ported as chlo ride com plexes, which can be destablilised
by re ac tion with re duc ing agents, caus ing pre cip i ta tion of pre -
cious met als. It is there fore rea son able to as sume that organics,
py rite and cop per sul fides pro moted de po si tion of gold and
PGM in pri mar ily re duced Kupferschiefer sed i ments, but ex -
clu sively in ar eas where the basal Zechstein sed i ments were
thought to have been ex ten sively flushed by upwelling basinal
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wa ters. The same flu ids may have aided sub se quently an ad -
sorp tion of pre cious met als by iron ox ides. Upon ox i da tion,
Au, Pt and Pd were re mobi lised and reprecipitated, whereas Cu 
and Ag were re moved away from the Rote Fäule. The re sult is
that the min er al ised in ter val cuts across the strata par al lel to the
re dox front and un der lies the Cu-Ag ho ri zon (Fig. 3), the
Au-Pt-Pd min er ali sa tion forms a belt rim ming the re duced ar -
eas, and the Kupferschiefer sed i ments dis tant from the feeder
ar eas are not min er al ised with pre cious met als (Fig. 1). 

In a sys tem dom i nated by the Rotliegend for ma tion brines,
cer tain amounts of ox y gen needed for the de struc tion of py rite,
Cu sul fides and or ganic mat ter could have come from me te oric
wa ter, de scend ing in the Zechstein in as so ci a tion with subaerial 
ex po sure (Jowett et al., 1991b; Peryt and Scholle, 1996;
Oszczepalski and Rydzewski, 1997). Py rite ox i da tion by fer ric
iron would be ex pected to dom i nate in ox y gen-poor wa ters.
Other po ten tial ox i dants might have been oxyanions of sul fur,
Fe2+, Cu2+, Cu+, Au3+ and rad i cals pro duced dur ing radiolysis
of aque ous flu ids (Kucha, 1990; Oszczepalski, 1994; Kucha
and Przybyłowicz, 1999). Un der higher tem per a tures, es ti -
mated around 100°C, ox i da tion of organics would ac com pany
sul fate re duc tion, in volv ing CO2, H2S and hy dro car bons
(Ohmoto, 1986; Machel et al., 1995). De spite the abun dant

biogenic sul fur in the Kupferschiefer, the δ34S spreads for cop -
per sul fides (Fig. 11) im ply that some ad di tional heavy sul fur
could have been pro vided by sul fates leached from the un der ly -
ing Rotliegendes, by ex trin sic H2S-con tain ing hy dro car bons or
from the ox i da tion of or ganic sul fur (Jowett et al., 1991b). This
is not in ac cor dance with the opin ion that cop per min er ali sa tion 
is syndiagenetic and oc curred by BSR in an open sys tem
chang ing grad u ally into a closed sys tem (cf. Sawłowicz, 1989c, 
1990), al though the ear li est stage of diagenesis in volv ing BSR
was pos si bly co eval with the pre cip i ta tion of small amounts of
base-metal sul fides. As men tioned above, cer tain amounts of
re duced sul fur could have been added to the sys tem dur ing late
diagenesis, as a re sult of TSR (Püttmann et al., 1989; Bechtel
and Püttmann, 1991; Jowett et al., 1991b; Speczik, 1995; Sun
and Püttmann, 1997; Sun, 1998). As abiogenic sul fate re duc -
tion may cause changes in the chem i cal com po si tion of or ganic
mat ter and host min er als (ox i da tion of hy dro car bons, hy dro gen 
de ple tion, bi tu men de po si tion, deasphalting, calcitisation) and
pro vides heavy (34S) sul fur (Machel et al., 1995), the com po si -
tions char ac ter is ing the Rote Fäule may be pos tu lated to have
been partly caused by TSR. The oc cur rence of patchy type Cu
sul fides in ti mately as so ci ated with solid bi tu men and sparry
cal cite in the min er al ised rocks (Sun, 1998) is sug ges tive of the
TSR par tic i pa tion in sul fide pre cip i ta tion. Bi tu mens be ing
by-prod ucts of the main min er ali sa tion event could have be -
come a source of hy dro gen dur ing TSR (Püttmann et al., 1989;
Bechtel and Püttmann, 1991; Bechtel et al., 2000a). 

The or ganic ma te rial in the stud ied rocks has a mod er ate
level of ther mal ma tu rity. The reflectance of non-re cy cled
vitrinite (collinite) var ies from 0.72 to 1.13% (Ta ble 2), with
the Ro in crease in the oxi dised rocks. As sug gested ear lier
(Speczik and Püttmann, 1987; Oszczepalski, 1989; Wolf et al.,
1989; Sun et al., 1995; Sun and Püttmann, 1997; Koch, 1997),
el e vated Ro val ues are as sumed to be re lated to changes caused
by ox i da tion pro cesses. The rel a tively low reflectance of
non-re cy cled macerals (Ta ble 2) in di cates a max i mum

palaeotemperature of 90–120oC, which means that the tem per -
a ture of the min er al is ing flu ids did not ex ceed these val ues, but
still was within the range al low ing the for ma tion of low tem -
per a ture chalcocite and in or ganic re duc tion of sul fates. Geo -
log i cal ev i dence im ply that the thresh old for TSR lies be tween
80–140oC, al though rock, the o ret i cal and ex per i men tal stud ies
sug gest that in some set tings tem per a tures of 160–180°C ap -
pear to be nec es sary (e.g. Machel et al., 1995). Cor re spond ing
max i mum palaeotemperatures rang ing from 60 to 150oC are
sug gested in dif fer ent parts of the Zechstein ba sin by the
n-alkane com po si tion (90–140oC, Gondek, 1980), the fluid in -
clu sions in the cal cite ce ment of Weissliegendes sand stones
(120oC, Tonn et al., 1987), the S iso tope com po si tion in the
bornite-chal co py rite veinlets (60–90oC, Jowett et al., 1991b)
and the iso tope study of the hydroxyl illite group (100–150oC,
Bechtel et al., 2000b). The max i mum burial tem per a ture of the
Zechstein base in the Lubin area, based on a nor mal heat flow,
was in the range 60–80oC (Jowett, 1986; Karnkowski, 1999)
in di cat ing that the max i mum oc curred as the ef fect of as cen -
dant flu ids dur ing the ther mal event cor re spond ing likely with
Tri as sic rift ing (Jowett, 1986).  

That the Kupferschiefer ores are of early-to-late diagenetic
or i gin is ev i denced by the he ma tite dat ing (250–220 Ma;
Jowett et al., 1987), mod i fied to 255–245 Ma (Nawrocki,
2000), and authigenic illite dat ing (216–190 Ma; Bechtel et al.,
1999, 2000b). Kucha and Przybyłowicz (1999) sug gested an
180–175 Ma age of thucholite nod ules and con sid ered the up -
per limit for the time of min er ali sa tion, set by the age of amal -
gams, as Early Cre ta ceous. Hence, the for ma tion of the
Zechstein Rote Fäule/ore sys tem can be con strained to the time
pe riod be tween 258 Ma (the depositional age of the
Kupferschiefer) and the Early Cre ta ceous. The for ma tion of the 
ob served Lubin-Sieroszowice de posit, how ever, is rather
thought to have per tained dur ing the post-Zechstein Tri as sic
rift ing by brine recirculation or su per po si tion of early- and
late-diagenetic min er ali sa tion (Cathles et al., 1993). 

CONCLUSIONS

Petrographic, geo chem i cal and iso to pic stud ies on
Kupferschiefer sam ples at the con tact of the oxi dised and re -
duced lithologies in the west ern part of the Lubin-Sieroszowice 
min ing dis trict con firm an ex ten sive ox i da tion of ini tially re -
duced shales. The al ter ation of the re duced rocks is par tic u larly
in tense in the basal part of the Kupferschiefer ho ri zon, from
which the ma jor por tion of the or ganic mat ter in dig e nous to the
host rocks was re moved. Thus, there are lines of ev i dence that
the Rote Fäule re sulted from the up ward ad vanc ing
post-depositional ox i da tion of or ganic-rich basal Zechstein.
The al ter ing flu ids caused de ple tion of kerogen in hy dro gen
equiv a lents, the aro ma ti sa tion of bi tu men and the re moval of
sat u rated hy dro car bons from the liptinites and their lipid-rich
pre cur sors, leav ing be hind a spent car bo na ceous res i due. As a
re sult, a dis tinct down ward de cline in the Corg, bi tu mens and
un sta ble macerals con tents is ob served. HI and Ph/MPh in di ces 
and vitrinite reflectance val ues readily par al lel this trend.
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Due to ox i da tion, or ganic mat ter in the oxi dised shales was
trans formed into de graded ar o matic-rich type III kerogen. Bi -
tu men (EOM) oc curs in neg li gi ble amounts in these rocks and
is char ac ter ised by low hy dro car bon, n-alkane, isoprenoid and
resin con tents and also by high con cen tra tions of heavy ar o -
matic hy dro car bons and asphaltenes. The or ganic con stit u ents
are dom i nated by solid bi tu men, whereas alginites are ab sent
and collinites, bituminites and liptodetrinites are mi nor con stit -
u ents. Non-recycled vitrinite in the oxi dised rocks shows the
high est reflectance. Dis tinct sta ble iso tope char ac ter is tics in di -
cate a clear ten dency of 13C-enrichment in the oxi dised
kerogen, ac com pa nied by a de ple tion of 13C and 18O in the car -
bon ates. The spread of Cu-sulfides S-isotopic val ues is in ter -
preted as a mix ing of two main re duced sul fur sources:
iso to pi cally light biogenic sul fur and heavier sul fur from in -
com ing flu ids. Heavy sul fur iso tope en rich ment in the sul fides
within the oxi dised zone may re flect abiogenic re duc tion of ore
fluid sul fate. 34S- and 18O-depleted sul fates are pres ent at the
bound ary be tween the tran si tional and re duced zone im ply ing a 
sig nif i cant ox i da tion of sul fides. Most of the base met als (Cu,
Ag, Pb, Zn, Co, Mo, Ni, Ta and As) were re moved from the
oxi dised lithologies, whereas Au, Pt, Pd, V, Se, REE (partly U
and Hg) con cen trated within the Rote Fäule units. The in ti mate
spa tial as so ci a tion of the pre cious met als with the hematisation
suggests that ox i da tive al ter ation played a cru cial role in Au, Pt
and Pd lo ca tion at the ox i da tion front. The ul ti mate lo ca tion of
the ox i da tion front is rep re sented by the po si tion of the tran si -
tion zone, which is typically char ac ter ised by the high est con -
cen tra tions of PAHs, en hanced dibenzothiophene con tents and
the high est Ph/MPh and V/Cr ra tios.

This study con firms that the bound ary be tween the re duced
and oxi dised rocks sep a rates sulfidic Cu-Ag ores from the Rote 
Fäule-related Au-Pt-Pd min er al isa tion. At the ox i da tion front,
Cu-Ag min er al isa tion pre vails, dom i nated by Cu-S type sul -
fides (chalcocite, digenite, and covel lite), and fol lowed up -
wards by Cu-Fe-S min er al isa tion. Pos si ble ex pla na tion for this
suc ces sion in clude sig nif i cant in ter ac tion of up ward mi grat ing
min er al is ing flu ids with or ganic mat ter and sul fides-rich rocks
un der go ing al ter ation and the weak en ing re dox po ten tial of ad -

vanc ing flu ids as they evolved through time. As a re sult, on the
oxi dised side of the re dox front, there are only rel ics of the cop -
per sul fides, ac com pa nied by iron ox ides (mainly he ma tite
pseudo morphs af ter py rite framboids) and the Au-Pt-Pd min er -
al isa tion co in cides herein with he ma tite min er al isa tion and or -
ganic car bon loss. The cor re spon dence of the pre cious metal
min er al isa tion with the oc cur rence of solid bi tu mens sug gests
that the bi tu mens could have acted as an ad di tional reductant,
pref er en tially scav eng ing pre cious met als from in com ing so lu -
tions. 

The ob served al ter ation geo chem is try and pe trol ogy pro -
vide ev i dence for an as cend ing post-depositional flow of
low-temperature (< 150°C) hy dro ther mal oxi dis ing
metal-bearing flu ids. The pro gres sive ex pan sion of ox i da tion is 
clearly man i fested by its cut ting-across the strata and the grad -
ual vari a tion of the chem i cal, min er al og i cal and maceral com -
po si tion within the tran si tion zone. As the min er al is ing
pro cesses con tin ued, the Rote Fäule-ore in ter face mi grated
higher in the basal Zechstein se quence and far ther out into the
ba sin, ac count ing for metal zon ing and in creas ing the size and
grade of the Au-Pt-Pd and Cu-Ag de pos its un til fluid cir cu la -
tion ceased. 
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