Geological Quarterly, 2002, 46 (1): 1-23

Evidence of oxidation of the Kupferschiefer in the Lubin-Sieroszowice deposit,
Poland: implications for Cu-Ag and Au-Pt-Pd mineralisation
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Oszczepalski S., Nowak G. J., Bechtel A. and Zak K. (2002) — Evidence of oxidation of the Kupferschiefer in the Lubin-Sieroszowice
deposit, Poland: implications for Cu-Ag and Au-Pt-Pd mineralisation. Geol. Quart., 46 (1): 1-23. Warszawa.

In the western part of the Lubin-Sieroszowice mining district, processes of secondary oxidation of the Kupferschiefer sediments have led
to the formation of the Rote Féaule hematitic footwall alteration and resulted in a unique Kupferschiefer profile clearly comprising re-
duced, transitional and oxidised rocks. Redox zones were identified by petrographic, geochemical and stable isotope studies of selected
core and mine sections. The vertical petrographic and geochemical zonation of the Kupferschiefer sections implies that this variation is
the result of an ascending flow of hydrothermal oxidising fluids through the basal part of the Zechstein sediments. The upward,
cross-formational flow and water-rock interaction resulted in the oxidation of the initially reduced Kupferschiefer shales that led to the
destruction and leaching of unstable components, leaving only refractory and immobile constituents behind within the Rote Faule. The
oxidised rocks are characterised by an abundance of ferric Fe oxides, the presence of gold in association with hematite, high concentra-
tions of aromatic hydrocarbons and asphaltenes, the lowest d**C and d"®0 values in carbonates and the highest d**S values in dissemi-
nated sulfides. The residual organic matter is significantly depleted in bitumen and hydrogen, and characterised by the absence of alginite
and sporinite, low collinite and bituminite contents, and a high relative proportion of solid bitumen. A considerable loss of pyrite and
base metals coincides with organic matter degradation. The association of Au-Pt-Pd mineralisation with the oxidised rocks, and Cu-Ag
ores with the reduced sediments implies that the processes forming the Rote Faule were paralleled by sulfide mineralisation. The Rote
Faule/ore system developed as post-sedimentary event caused by large-scale flow of metal-bearing fluids from the underlying
Rotliegend aquifer.
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INTRODUCTION -type geochemical traps. While ore-forming processes are
known to alter primarily reduced rocks, the interaction of
metal-bearing fluids with Kupferschiefer reduced sediments
might be expected to have oxidised the organic matter and
sulfides (Rydzewski, 1978; Jowett et al., 1987; Speczik and

Puttmann, 1987; Oszczepalski, 1989; Puttmann et al., 1989;

The genesis of the Rote Faule footwall alteration and re-
lated Kupferschiefer-type polymetallic mineralisation of cen-

tral Europe is controversial. The Rote Faule formation has been
interpreted as syn-depositional or post-depositional, as reviewed
by Rydzewski (1978), Oszczepalski (1989), Vaughan et al.
(1989), Kucha (1995) and Speczik (1995). The richest cop-
per-silver orebodies were formed in the vicinity of oxidised fa-
cies (Rydzewski, 1969; Rentzsch, 1974). Such a location of
deposits indicates that the formation of the Rote Féule/ore sys-
tem occurred on a regional scale and was related to large-scale
flow of metalliferous fluids, concentrating metals at redox-

Kucha, 1995). The zone where the oxidation and reduction
processes overlap, preserved in the form of transitional zone
(TZ) between the oxidised and reduced rocks, was revealed
during detailed petrographic examinations (Oszczepalski and
Rydzewski, 1991; Oszczepalski, 1994). More recently, rich
Rote Féule-related Au-Pt-Pd mineralisation was found near
this redox boundary in rocks previously thought to have been
barren (Oszczepalski et al., 1997; Piestrzynski et al., 1997;
Speczik et al., 1997; Oszczepalski and Rydzewski, 1998).
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Fig. 1. Locality map showing the location of sections studied in relation to
the oxidised Rote Faule area, base metal zonation and Au-Pt-Pd prospec-
tive area in the Lubin-Sieroszowice mining district (modified after
Oszczepalski and Rydzewski, 1997, 1998); extent of the oxidised Rote
Féule area relates to the Kupferschiefer unit; extent of the Au-Pt-Pd pro-
spective area coincides approximately with the Rote Faule within the top-
most Weissliegendes

With the aim of assessing the influence of oxidation pro-
cesses on the variety, distribution and formation of ore miner-
alisation, investigations of the contact zone between the
oxidised and reduced Kupferschiefer rocks were carried out.
These investigations have included work on the distribution of
metals (Rydzewski, 1969; Kucha, 1981, 1990; Oszczepalski
and Rydzewski, 1991, 1997; Piestrzyriski and Pieczonka,
1997; Speczik et al., 1997; Kucha and Przybytowicz, 1999;
Bechtel et al., 200la), alteration of sulfide minerals
(Rydzewski, 1978; Kucha, 1981, 1995; Oszczepalski, 1989,
1994, 1999; Oszczepalski and Rydzewski, 1991; Piestrzyrski
et al., 1997; Kucha and Przybytowicz, 1999), the vitrinite
reflectance and the maceral composition (Speczik and
Pittmann, 1987; Oszczepalski, 1989; Speczik, 1994; Sun et al.,
1995), the type of kerogen (Pittmann et al., 1991; Sawtowicz,
1991; Sun et al., 1995; Sun, 1998), and the organic geochemis-
try (Speczik and Pittmann, 1987; Plttmann et al., 1989;
Sawtowicz, 1989a, 1991; Bechtel and Puttmann, 1991; Sun
and Puttmann, 1997; Sun, 1998; Bechtel et al., 2000a, 2001b).
Previous studies have also considered the sulfur, carbon and
oxygen isotopes in carbonates and organic matter of the oxi-
dised rocks (Rosler et al., 1968; Sawtowicz, 1989b; Hammer et
al., 1990; Bechtel and Puttmann, 1991; Puttmann et al., 1993;
Bechtel et al., 2000a).

The geochemistry and petrology of the organic matter from
oxidised Polish Kupferschiefer has been investigated only spo-
radically and locally. Until now, the oxidised rocks of the Polish
Kupferschiefer series have been examined in detail in the
Konrad mine profile (North Sudetic Trough), with analyses of
petrography, organic geochemistry, and carbon and oxygen iso-

topes (Speczik and Pittmann, 1987; Pittmann et al., 1989, 1991,
1993; Speczik, 1994; Sun et al., 1995). A smaller range of exam-
inations was made on the Lubin-Sieroszowice deposit; only se-
lected samples of the oxidised rocks (Sawtowicz, 1989a, b,
1991; Bechtel et al., 2000a), the Polkowice mine section (more
precise location unknown; Sun, 1998) and two other boreholes
(Bechtel et al., 2001b) were examined. However, samples col-
lected by Sawtowicz (1989a) do not strictly conform to typical
Rote Féule specimens, due to high Cyq contents of 1.8-7.7%
and the lack of ferric Fe oxides. Investigations of sulfur isotopes
have been performed for various regions of Poland, including
the area of the Lubin-Sieroszowice deposit, but only for the re-
duced rocks (Haranczyk, 1986; Sawtowicz, 1989c; Jowett et
al., 1991a, b; Wodzicki and Piestrzynski, 1994).

The fundamental aim of this study was to present
petrographic, chemical and isotopic evidence of oxidative al-
teration of the Kupferschiefer. The study area located in the
western part of the Lubin-Sieroszowice mining district was
chosen to characterise the Kupferschiefer shales occurring be-
tween the oxidised and reduced rocks. Comparison of data on
the sulfides and iron oxides, maceral composition, geochemical
indices, and the C, O and S isotopes, indicating the influence
of the oxidative alteration on the mineralised sediments, was
performed. These records address questions about the direc-
tion of flow of the mineralising fluids, the post-depositional
metal redistribution, and the formation of Cu-Ag and
Au-Pt-Pd mineralisation.

MATERIALS AND METHODS

The study area is situated on the contact of the oxidised and
reduced facies, where the mineralisation is dominated by ferric
iron oxides at the Rote Faule side and Cu-S type sulfides at the
reduced side (Fig. 1). In this area, the oxidised and reduced
lithologies interfinger, so that the Kupferschiefer profiles con-
sist of reduced, transitional and oxidised rocks (Fig. 2). The
Kupferschiefer samples were collected from selected PZ-17
and PZ-19 mine profiles (depth 790 m), and S-2 borehole
(depth 644 m). The oxidised rocks (red calcareous clayey
shales, mineralised with Fe** oxides) are developed at the base
of the Kupferschiefer. The upper part of the oxidised complex
is referred to as a transitional zone (grey dolomitic clayey
shales with a small amount of organic material, minor ferric Fe
oxides and relics of sulfides). The top of the Kupferschiefer
comprises the reduced rocks (black dolomitic clayey shales
rich in organic matter and sulfides).

The petrographic examinations of ores and iron oxides were
performed with a Leitz microscope. Visual kerogen analysis was
done via organic petrology methods in reflected normal and ul-
traviolet light following recommended procedures (Interna-
tional..., 1993). A Carl Zeiss MPM-200 optic-electronic set
(Axioscope microscope, HBO lamp emitting shortwave ultravi-
olet light, microphotometer for vitrinite reflectance measure-
ments, Carl Zeiss Photan program) was used.

Chemical composition was determined with an RTG
defractor and via the WD-XRF method (Philips WD-XRF PW
2400 spectrometer) and GF-AAS method (Unicam Solaar 939
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Fig. 2. Correlation of the sections studied showing position of the reduced, transitional and oxidised zones

Cal — Zechstein Limestone, T1 — Kupferschiefer, Ws — Weissliegendes, numbers show sample locations

QZ spectrometer). The precious metal content was performed
by GF-AAS analysis (Perkin Elmer 4100 ZL spectrometer),
and by the NiS fire assay OES-ICP method (Jarrel Ash Enviro
and Perkin Elmer 6000 spectometer). Crq content was deter-
mined by coulometric titration.

For organic geochemical analyses, finely ground shale
samples (< 0.2 mm) were Soxhlet-extracted for 24 h using di-
chloromethane as solvent. The removal of elemental sulfur was
achieved by addition of copper foil to the flask during the ex-
traction. The total extracts (bitumen) were dissolved in n-hex-
ane and asphaltenes were removed by precipitation.
Hydrocarbons and resins were separated into fractions by col-
umn chromatography (SiO; and Al,O3, 1:2). The saturated hy-
drocarbons were eluted with n-hexane, the aromatic
hydrocarbons with benzene and the resins with a mixture of
benzene and methanol (1:1). The hydrocarbon fractions were
analysed using a Hewlett-Packard 5890 Il gas chromatograph
coupled to a GC-MSD 5971 spectrometer. The saturated com-
pounds were qualified by adding squalane as standard prior to
analysis. The aromatics were dissolved in dichloromethane. A
HP-1 non-polar capillary column was used for determination of
saturated hydrocarbons, and a HP-5 non-polar capillary col-
umn was applied in the study of aromatics. Mass spectra were
recorded in the scan and sim mode.

Kerogen pyrolysis was carried out with a Rock-Eval Il ap-
paratus. The following parameters were measured: S; (the
amount of hydrocarbons released during pyrolysis at a temper-
ature of 300°C), S, (hydrocarbons expelled between 300 and
550°C), and S; (the amount of carbon dioxide formed during
pyrolysis up to 350°C). These parameters are the basis for in-
dex calculation: HI (hydrogen index), Ol (oxygen index) S,/S3
and KTR (kerogen transformation index = production index).
The HI and Ol indices reflect the values of atomic ratios of H/C
and O/C in the kerogen (Tissot and Welte, 1984; Espitalie et
al., 1985). The HI is the amount of hydrocarbons (S,/C,g) and
the Ol is a measure of the amount of CO, (S4/C,yq) formed dur-
ing pyrolysis. Total organic carbon (TOC) is automatically
computed. The temperature of maximum hydrocarbon (S,)
generation (Ta) Was also detected. T data, however, should

be interpreted with great care (Espitalie et al., 1985) because
samples containing less than 0.2 wt.% TOC usually provide
very low amounts of hydrocarbons (S,).

For the stable isotope determinations, CO, from carbonates
was released by reaction with 100% HsPO, under vacuum.
Corrections of the d*®0 for higher reaction temperature and for
carbonate chemistry were applied (Rosenbaum and Sheppard,
1986). For the examination of d*C values in bulk organic mat-
ter (after removal of carbonate carbon) samples were
combusted in a stream of oxygen at 900°C, and CO, was puri-
fied by freezing traps and by reaction with silver wool at 350°C
(removal of co-produced SO,). For sulfur and oxygen isotope
determination, water-soluble sulfates were separated and pre-
cipitated as BaSO, (Hall et al., 1988) and sulfides (Newton et
al., 1995). Preparation of CO, and SO, for oxygen and sulfur
isotope determination in sulfates followed methods by Sakai
and Krouse (1971), and Yanagisawa and Sakai (1983). SO, for
sulfur isotope determination in sulfides was prepared by oxida-
tion with CuO. Measurements were done on Finnigan MAT
251, Finnigan Delta, Micromass 602C, and MI-1202 mass
spectrometers. Overall analytical uncertainty is within +0.15%o
for d"*C and d"®0 records and within +0.3%s for the d**S.

RESULTS

CHEMICAL COMPOSITION

Ferric iron is a typical component of the oxidised Rote
Féaule unit (Rydzewski, 1978; Michalik, 1979) and, as ex-
pected, the Fe,O; content increases towards the oxidised
rocks (Table 1). The SiO, and Al,O3 contents generally rise
basewards of the Kupferschiefer, reflecting lithology and the
rhythmic sedimentation, unlike CaO and MgO, the content of
which increases from the sandstones upwards to the Zechstein
Limestone. The MgO/CaQ ratio in general decreases towards
the base of the Kupferschiefer. This decrease is characteristi-
cally accompanied by a fall in the Cqyqg, Sior and S content.
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Table 1
Inorganic geochemical data for the Kupferschiefer ore series from S-2, PZ-17 and PZ-19 sections
Section S-2 PZ-17 PZ-19
Lithostr. | Cal T1 Ws | cal | Tl Ws Tl Ws
Zone o r o T t o
Sample |46-50| 51 |52-53(54-55| 56 | 57 | 58 |59-61| 62 | 63 6 5 4 2 1 7 6 4 3 2 1
Si0x% 21.90(25.60(25.00(24.90| - [23.80(30.90(23.90(41.80(54.60| - [31.27|28.71 [31.55| - - |25.20(48.05(32.75(23.67| -
TiO»% 0.31| 0.41| 0.40| 0.67| - 0.40| 0.48| 0.42| 0.69| 0.15| - 0.45| 0.52| 0.55| - - 0.34| 0.89| 0.63| 0.39| -
ALO;% 5.50| 9.10| 8.50| 7.90| - 8.20(11.90| 8.40|14.90| 3.90| - |11.47|11.47 [11.37| - - 9.23(19.06[12.28 | 8.59| -
Fe;0:% 0.86| 1.26| 1.17| 1.11| - 1.15| 1.56| 1.27| 1.95| 0.50| - 1.96| 1.68| 4.93| - - 4.48| 2.35| 2.27| 523| -
MnO% 0.25| 0.28| 0.26| 0.27| - 0.29| 0.33| 0.37| 0.27| 037| - 0.28| 0.36| 033 - - 0.26| 0.12| 0.32| 0.42| -
MgO% [11.50(10.20| 9.86| 9.25| - 9.29| 6.29| 7.72| 3.49| 4.29| - 5.15| 636| 7.19| - - 4.54| 3.56| 7.17| 8.75| -
Ca0% 20.50(15.20(14.90[15.90| - [15.30|18.30(23.40|12.90|14.90| - |22.09|21.36 |17.26| - - |26.49| 7.06(17.13|20.18| -
Na,0% 0.16| 0.20| 0.20| 0.19| - 0.19| 0.20| 0.21| 0.24| 0.11| - 0.44| 039| 036 - - 0.40| 0.92| 0.59| 0.53| -
K.0% 1.77| 2.82| 2.66| 2.58| - 2.57| 3.59| 2.68| 4.79| 1.42| - 2.77| 3.00| 3.01| - - 2.06| 5.41| 3.23| 2.20| -
Corg% 0.23| 2.06| 2.14| 3.64| - 3.25| 0.30| 0.30| 0.29| - - 7.15| 2.19| 052 - - 4.46| 3.33| 091 0.07| -
Sw% 1.63| 1.02| 1.58| 1.62| - 1.49| 0.14| 0.16| 0.04| 0.02| - 1.60| 0.12| 0.10| - - 1.69| 0.20| 0.11| 0.02| -
S*% 0.75| 0.76| 0.99| 0.89| - 1.33| 0.05| 0.05| 0.00| 0.00| - 1.32| 0.11 | 0.02| - - 1.50| 0.09| 0.00| 0.00| -
Cu% 3.8005.400 [4.900 | 4.230 [4.428 |4.910|0.077 | 0.041 | 0.019 [ 0.034 | 0.420 | 8.578 | 0.216 | 0.177 |0.010[0.170|9.097 | 0.336 | 0.045 | 0.007 | 0.007
Ag ppm 15 17 16| 23 28| 28 4 2 1 2| 12 92 4 3 1 18] 190 7 1 1 1
Co ppm 4 35| 45| 48 35| 55 9 6 9 3| - 125 10 0| - - 51 12 9 5| -
Ni ppm 10 97 127 146 115 162 45 30 54 11 - 201 45 32 - - 145 75 43 12 -
Mo ppm 5 60| 70| 50| 37 40| 10 10 10| 20| - 200 10 8| - - 207 9 3 1 -
Pb ppm 28| 26| 26| 23 14 16| 30 7 10 4| - 721 64 31| - - 169 49| 36| 119| -
Zn ppm 23| 30 29| 28| 45 28| 36| 33 43 1| - 192 36 24| - - 50 63| 30| 26| -
V ppm 60| 240| 460| 810| 525| 830|1310|2050| 1410 80| - |[1504| 1272 | 666 - - | 1075|2090 | 774| 48| -
Cr ppm 38| 168| 149| 145| 101| 153| 177 | 136| 273| 21| - 138 81| 170| - - 120 181| 183| 28| -
U ppm 162| 317| 300 18] - 418| 633 | 933| 783| 550| - 14 15 mn| - - 16 31 22 2| -
As ppm 25| 33| 31| el 94 41| 19 19 320 14| - - - - - - - - - - -
Ta ppb - - - - - - - - - - - | 1995 55 42| - - | 1964 93 13 4| -
Hg ppb 400| 280|1010| 960 | - 720( 10 10| 130 20| 370 | 715| 1750 | 450| 180| 160|2770| 1160 | 203| 186 | 190
Au ppb 1 1 1 1 2 11| 104| 81 18 3| 1 30| 1157 [13653|4264 | 11 66| 4141 1431 1527 | 6990
Pt ppb - - - - 5 3| 500| 431| 681 21| 3 3 76 | 708 25 3 5| 839| 834| 381 23
Pd ppb - - - - 38 2| 219| 336| 981| 82| 2 2 13| 528 41 2 4| 109| 317| 281| 40
Co/Ni 0.40| 0.36| 0.35| 0.33| 0.30| 0.34| 0.20| 0.20| 0.17| 0.27| - 0.62| 022 0.31] - - 0.35| 0.16| 021 0.42| -
K>O/NaO|11.06 [ 14.10[13.30|13.57| - |13.52]17.95[12.76|19.96[12.90| - 6.30| 7.69| 8.36| - - 5.15| 5.88| 5.47| 6.04| -
Fex03/Corg | 3.74| 0.61| 0.55| 0.49| - 0.35| 5.20| 4.23| 6.72| - - 0.27| 0.77| 9.48| - - 1.00| 0.70| 2.49|74.71| -
MgO/CaO| 0.56| 0.67| 0.66| 0.58 0.61| 0.34| 033| 0.27| 029 - 0.23| 0.30| 042 - - 0.17| 0.50| 0.42| 0.43| -
V/Cr 1.6 14| 31| 56| 52| 54| 74| 151| 52| 38| - 109| 157 39| - - 9.0| 11.5| 42| 17| -

Cal — Zechstein Limestone, T1 — Kupferschiefer, Ws — Weissliegendes; r — reduced zone, t — transitional zone, o — oxidised zone

There is an interestingly high K,0 content (in the range 2.2 to
5.4%) in the TZ and oxidised rocks as compared to the re-
duced rocks (2.1-2.8%). In the entirely reduced
Kupferschiefer profiles, the C,q value changes rhythmically,
generally rising towards the base, reflecting the rhythmic
Kupferschiefer sedimentation. This trend is clearly disrupted
in sections containing both reduced and oxidised rocks (Table
1). The reduced rocks in such profiles usually contain signifi-
cantly more than 2% C,q, while the oxidised rocks are poor in
organic material and do not contain more than 0.5% Cqg. Only
samples from the top of TZ may contain up to 3.3% C,. Total

sulfur was found to range from 1-2% in the reduced samples
to less than 0.2% in the oxidised rocks.

The concentrations of most of the metals (Cu, Ag, Pb, Zn,
Co, Mo, Ni, Ta, and As) rise from the top of the profile to the
base within the reduced zone, followed by an abrupt decline
within the TZ reaching their minimum values in oxidised rocks,
whereas the contents of Au, Pt and Pd rise in the transitional
and adjacent oxidised rocks (Table 1, Fig. 3). The variability in
V, Hg, and U contents is quite significant, although increases
in their content occur mostly in the uppermost part of TZ and
in adjacent reduced rocks.
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PETROGRAPHIC EXAMINATION

The petrographic studies indicate a vertical succession in
the mineralisation from the base of the oxidised rocks to the re-
duced rocks at the top of the Kupferschiefer profile (Fig. 4).
This sequence is manifested with the presence of hematite (in-
cluding pseudomorphs after pyrite framboids) and relict sul-
fides with hematite haloes in the oxidised rocks, and Cu-S type
mineralisation at the bottom of the reduced zone. The topmost
part of the reduced shales contains the Cu-Fe-S type sulfides in
association with framboidal pyrite.

A characteristic feature of the oxidised rocks is the inten-
sive iron oxide mineralisation. The ferric Fe oxides are present
as irregular grains and as a pigment scattered through the ma-
trix or concentrated in the form of aggregates or bands. In the
oxidised rocks, rare sulfides are dispersed and represented only
by fine relics (mainly of covellite, digenite and chalcopyrite)
surrounded by invading iron oxides. A few gold grains of
10-30 pm in size were identified. It was shown that the high
concentrations of gold are seen as native gold in the form of
intergrowths with hematite, covellite, bornite and chalcocite;
the native gold, hematite and sulfides contain elevated concen-
trations of Pt and Pd (Piestrzynski et al., 1997; Piestrzynski and
Pieczonka, 1997).

The presence of both scattered iron oxides and remnant sul-
fides (covellite, pyrite and marcasite, minor chalcocite, bornite
and chalcopyrite) characterises the TZ. Typically, Cu-sulfides
have hematite pigment haloes. The topmost transitional samples
are slightly enriched (relative to the oxidised rocks) in the copper
content in the 0.05 to 0.5% range. There are numerous iron oxide
pseudomorphs after framboidal pyrite, aligned parallel to the
shale lamination, which likens the TZ to the oxidised rocks. The
amount of these pseudomorphs increases towards the bottom of
the TZ. The presence of electrum and native gold in paragenesis
with hematite, chalcocite, digenite, bornite, chalcopyrite and
clausthallite seems to be characteristic for the TZ (Piestrzynski et
al., 1997, Piestrzynski and Wodzicki, 2000).

The reduced facies of the studied profiles contain rich cop-
per mineralisation represented by chalcocite and accompanied

01 110010 100 1000 10000 1 10100 10001 10 100 10001 10 100 1000

Hg, V, Au, Pt and Pd in the S-2 section

by bornite, digenite and covellite (Fig. 4). A significant part of
the base metal sulfides are present in the form of fine, scattered
grains (< 50 um in diameter), which are aligned parallel to the
shale lamination. The abundance of framboidal forms of the
copper sulfides (chalcopyrite and digenite) draws particular at-
tention. Ores more rarely appear in the form of coarse-grained
aggregates and veins. Pyrite, which is absent at the base of the
reduced zone, appears in small amounts (mainly as framboids)
in the topmost parts of the Kupferschiefer.

Among the organic constituents, liptinites (alginite,
liptodetrinite, bituminite and sporinite) and unstructured or-
ganic matter (UOM) are the dominant kerogen components in
the rocks studied, whereas vitrinites are less abundant and
inertinite is a minor component (Table 2; Fig. 5). In relation to
the redox of the host rocks, alginites, liptodetrinites, sporinites,
bituminites and collinites are mostly abundant in the reduced
samples, as opposed to the oxidised samples, which are domi-
nated by UOM.

Liptinites comprise a class of lipid-rich macerals that in-
clude waxes, resins, spores, cuticles and algal bodies (Tissot
and Welte, 1984). Alginite, observed solely in the reduced and
weakly oxidised rocks, combines both algae and algal material.
Two types of alginite have been distinguished: alginite A —
telalginite and B — lamalginite (Taylor et al., 1998; Robert,
1981). Telalginite (mainly tasmanite) is present as fine disc-
shaped structures with weak yellow fluorescence (Fig. 6c).
Lamalginite forms thin, laterally extensive laminae and flat
lenses built of lamellar algal material, which have a weak to
moderate yellow-to-orange fluorescence (Fig. 6b). Algal
liptinites, dominated by lamalginite, represents a product of
bacterial decomposition of phytoplankton, algae and bacterial
biomass in an oxygen-deficient environment (Teichmdller,
1986). Liptodetrinite consists of liptinite fragments that exhibit
a yellow-to-orange fluorescence, linking the liptodetrinite to
the alginite. Sporinite is found chiefly as thin-walled
miospores (tenuisporinite) displaying elongated shapes and
intensive yellow to orange fluorescence colours, darker than
those shown by alginite.
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Fig. 4. Distribution of the iron oxides and sulfides within the S-2, PZ-19,
and PZ-17 sections

hem. pse. py. — hematite pseudomorphs after framboidal pyrite; Cu sulf.
pse. py. — copper sulfide pseudomorphs after framboidal pyrite; line indi-
cates content > 2 vol.%, whereas dots indicate subordinate content

The bituminite is included in the group of liptinitic
vitrinite-like unstructured organic constituents (Koch, 1997).
Although the vitrinite-like bituminite is not included in the in-
ternationally accepted classification of bituminite (Teichmdaller
and Ottenjann, 1977; ICCP, 1993), based on its optical proper-
ties, it mostly corresponds to bituminite Il (Teichmdiller and
Ottenjann, 1977) and to non-fluorescing unstructured organic

matter (Taylor et al., 1998). It occurs in the form of thin bands
and lenses concordant to the shale lamination (Fig. 6a), or it
forms fine scattered structures resembling micrinite. It is char-
acterised by a black-brown colour, an absent or a weak fluores-
cence and a reflectance in the range R, of 0.4-0.6%, lower than
for the vitrinite but higher relative to UOM. The origin of
bituminite is uncertain. The alignment (parallel to the lamina-
tion) of the alginite, bituminite and most of the amorphous ma-
terial, and pyrite framboids intergrown with these components,
appears to imply that these materials were synsedimentary and
of sapropelic character, deposited in anoxic conditions. Some
bituminite macerals intimately associated with alginite can be
considered as structurally degraded (amorphous) liptinite or its
residue after oil generation.

UOM comprises amorphous material (AOM) and solid bi-
tumen (SB). AOM predominantly occurs within the reduced
shales, and SB in the oxidised varieties. Both of these compo-
nents are intimately associated with mineral constituents, form-
ing a bituminous-mineral matrix with a strong yellow
fluorescence (cf. Teichmiiller and Ottenjann, 1977). AOM can
be found in the form of elongated fine lenses, irregular bands,
and agglomerates of irregular shapes without clear contours, or
in scattered form. This material exhibits a dark yellow and light
brown fluorescence (weaker fluorescence vs. alginite), and is
grey in normal reflected light, darker than bituminite. The ma-
jority of the UOM represents secondary material from the
diagenetic alteration of the marine and nonmarine organic
components. The characteristics of AOM make it similar to
bituminite I (Teichmiller and Ottenjann, 1977). The solid bitu-
men is apparently distinguishable by ultraviolet irradiation,
showing yellow and orange fluorescence (cf. Jacob, 1989;
Landis and Castano, 1994). It is dispersed in the intergranular
pores of fine terrigenous material and carbonates or forms rims
on detrital grains. As suggested earlier (Sun et al., 1995), the
low reflectance of SB (< 0.6% R,) indicates that a significant
proportion of UOM exists as migrabitumen (Jacob, 1989).

Vitrinite (collinite, vitrodetrinite) is a common component
of the examined samples, though minor in terms of amount
(Table 2; Fig. 6a, b, d). Collinite, the structureless vitrinite vari-
ety, preferentially appears in the reduced and slightly oxidised
rocks as thin (up to 35 um thick) laminae aligned parallel to the
shale lamination. Collinite commonly accompanies alginite,
bituminite and AOM. Collinite in blue-light-induced fluores-
cence is black, though locally displays very weak fluorescence,
presumably caused by impregnation with lipoidal matter.
Corpocollinite was found locally. Surface perforation of the
collinite macerals and no evidence of recycling suggest that
they are primary (“autochthonous™) particles, embedded ini-
tially as reactive and metabolisable humic material within the
liptinite-rich marine matter and preserved in a very low energy,
anoxic environment. By contrast to collinite, vitrodetrinite has
the form of oval-shaped bodies and irregular particles
(1-15 pum in size) of smooth surface and very high reflectance
(0.94-3.11% R,). Some of the vitrodetrinite fragments have
oxidation rims. Inertinite (mainly inertodetrinite) occurs in
small amounts in all samples studied (Fig. 6c, d) as fusinite and
semifusinite fragments, fusinited algae and spores, and
chitinous insect particles.
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Table 2

Vitrinite reflectance and organic constituents of the Kupferschiefer samples from the S-2, PZ-17 and PZ-19 sections

Vitrinite reflectance Organic constituents [vol. %]
Section | Sample | Zone R, [%0] Vitrinite Liptinite UOM Inertinite
Col Vvtd Col Vvitd Al Bt Lpd Sp AOM+SB Ind
54 r 0.72 1.02-1.40 | <1.0 3.6 18.8 54.4 7.6 6.0 7.6 2.0
57 r 0.82 1.12-1.52 3.6 2.4 14.8 52.8 11.6 | 4.0 6.8 4.0
S-2 58 t 0.72 0.94-1.58 3.6 3.6 17.2 51.2 84| 52 5.6 5.2
59 t 1.10 1.62-3.11 | <1.0 3.2 - 2.8 - - 91.2 2.8
61 o - - - 6.0 - 15.0 11.0 - 65.0 3.0
5 r 0.76 1.07-1.56 8.8 0.4 30.4 14.8 144 | 1.2 26.4 3.6
4 t 0.89 1.11-1.67 | 10.0 2.4 - 67.6 2.4 0.8 12.4 4.4
Pz-17 3 t 1.13 1.02-1.34 52 11.2 - 6.8 26.8| 0.4 47.2 2.4
2 o 1.05 1.32-1.61 1.2 5.2 - 0.8 5.2 - 86.0 1.6
6 r 0.86 1.03-1.63 3.2 5.2 11.6 48.0 9.2 4.4 14.4 4.0
5 t 0.90 1.05-1.37 2.8 6.4 - 76.0 2.4 - 8.0 4.4
pz-19 3 t 0.98 1.08-2.05 3.2 8.8 - 13.6 3.6 0.4 68.4 2.0
2 o 1.03 1.21-1.58 1.6 11.6 - 11.6 5.2 - 65.6 4.4

r— reduced zone, t — transitional zone, 0 — oxidised zone; Col — collinite, Vtd — vitrodetrinite, Lpd — liptodetrinite, Sp — sporinite, Al — alginite,
Bt — bituminite, UOM — unstructured organic matter, AOM — amorphic organic matter, SB — solid bitumen, Ind — inertodetrinite

Al
[vol. %]

Lpd
[vol. %]

PZ-19

UuoM
[vol. %]
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[vol. %]

Col R,
[vol. %] [vol. %]
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Fig. 5. Variation of maceral composition and vitrinite reflectance (R,) of the Kupferschiefer shales of the PZ-19 section

Al — alginite, Lpd — liptodetrinite, UOM — unstructured organic matter, Bt — bituminite, Col — collinite

ORGANIC GEOCHEMISTRY

Kerogen was examined by the Rock-Eval pyrolysis. There
is a gradual decline in the values of the S; and S, parameters
and S,/S; index toward the bottom of the profiles (Table 3). The
hydrogen index (HI) reaches much higher values in reduced
samples (196-276) than in oxidised and transitional samples
(14-23), whereas the oxygen index (OI) and KTR show the op-
posing trend.

The extracted organic matter (EOM) comprises between
0.009 and 0.4% TOC, with the highest concentrations in the re-

duced rocks (Table 4). Consistent with the Coq and bitumen
contents, the EOM values, normalised to organic carbon, varies
from 40-56 mg/g Cog in the reduced samples, through
41-232 mg/g Corq in TZ, to 128-308 mg/g Coyq in the oxidised
samples (Fig. 7). The hydrocarbon content of the bitumen from
the reduced samples varies from 36 to 59%, whereas it is more
variable in TZ and oxidised samples (24—-63% and 17-68%, re-
spectively). The amount of saturated hydrocarbons is generally
high in the reduced samples (34-53%) in comparison to the ar-
omatic hydrocarbons (47-66%), whereas TZ and oxidised
samples mostly have lower saturated hydrocarbon contents
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Fig. 6. A — vitrodetrinite and inertodetrinite (grey and light grey in colour, respectively) in the center, and thin band of vitrinite (grey) and the irregular
band of vitrinite-like bituminite (dark grey) in the mineral background in the lower part of photo, reflected white light; B — thin elongated lamellae of
lamalginite (dark yellow fluorescence colour), UV reflected light; C — an oval area of telalginite (weak fluorescence) surrounded by thin lammellae of
lamalginite (strong fluorescence and intensive yellow colour) in the center, and vitrinite and a fragment of inertinite (black, non-fluorescent) below and
above the telalginite/lamalginite composite, UV reflected light; D — plate Ic in fluorescence mode, UV reflected light

(5-22%). The previously known predominance of aromatic hy-
drocarbons in the oxidised rocks (Puttmann et al., 1989;
Bechtel et al., 2000a) is illustrated by the Sat/Arom index
(Fig. 7), the value of which is significantly lower in the oxi-
dised rocks (0.1-0.3) than the reduced rocks (0.5-1.1).

The n-alkane and isoprenoid contents (Fig. 8) are generally
higher in the reduced rocks (1.7-12.2 ppm n-alkanes,
0.38-1.55 ppm isoprenoids) than in the oxidised rocks (0.1-0.4
and 0.01-0.08 respectively) and correlate with the C,4 contents

(Oszczepalski, 1989; Plttmann et al., 1989; Sawtowicz,
1989a; Bechtel et al., 2000a). In the reduced rocks, a homolo-
gous, unimodal n-alkane envelope prevails displaying a har-
monic decrease in n-alkane abundance with increasing carbon
number. The n-alkane predominance in the range of low mo-
lecular weight within the reduced samples, with a maximum
mostly at C,7, likely indicates a presumably large contribution
of marine bacterial or algal input and a little higher plant input
into the primarily marine algal/bacterial organic matter
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Table 3
Rock-Eval pyrolysis data for the Kupferschiefer samples from the PZ-17 and PZ-19 sections
. TOC | Tiax Si S, S; KTR HI Ol
Section | Sample | Zone S»/Ss3
[wt.%] | [°C] |[mgHC/grock] | [mg HC/g rock] | [mg CO,/g rock] S1/(S1+S2) | [mg HC/g Core] | [mg CO»/g Corel
5 r 8.44 438 1.94 23.37 0.69 33.87 0.08 276 8
PZ-17 4 t 3.27 | 460 0.23 0.77 0.67 1.15 0.23 23 20
2 0 0.39 1 0.02 0.07 0.31 0.23 0.25 17 79
6 r 6.06 435 1.22 11.93 0.68 17.54 0.09 196 11
5 t 247 | 446 0.21 0.45 0.77 0.58 0.32 18 31
PZ-19 4 t 3.91 466 0.23 0.56 1.49 0.38 0.29 14 38
3 t 0.95 1 0.08 0.17 1.48 0.11 0.33 17 155
2 0 0.20 I 0.07 0.11 - - - - -
For explanation see Materials and Methods; | — indeterminant due to low S, yield, related values are uncertain

(Gondek, 1980; Yawanarajah et al., 1993), as detected by mi-
croscopy (Table 2). Most chromatograms of the oxidised and
transitional samples are characterised by irregular, apparently
bimodal or polymodal distribution patterns (Fig. 8). In these
rocks, n-C;;—n-C,g alkanes predominate but there are smaller
maxima in the range between n-C,; and n-Ca,. This is also con-
firmed by the amounts of high molecular weight n-alkanes that
are relatively high in the oxidised samples compared to
short-chain n-alkanes, as shown by &n-Cy. (Fig. 8). In com-
parison to the reduced shales, the oxidised varieties are charac-
terised by slight even-over-odd preference (CPI 3 1) and
increased amounts of heavy odd-numbered n-alkanes vs. light
odd-numbered n-alkanes (TAR 2 0.2). Enhanced percentage of

even medium-chain n-alkanes (R22 > 1.2) in the oxidised rocks
can be also noted.

The following polycyclic aromatic compounds (PAH):
biphenyl, dibenzofuran, phenanthrene, methylphenanthrenes,
fluoranthene, pyrene, chrysene and the polyaromatic sulfur hy-
drocarbon (PASH) — dibenzothiophene were identified (Ta-
ble 5, Fig. 9). The total amounts of identified PAHs and the
phenanthrene/methylphenanthrenes index (Ph/MPh) values are
highest in the transitional samples. Earlier determinations on
the S-2 samples (Oszczepalski and Otwinowska, unpubl.) also
established higher Ph/MPh values (> 3.1) in TZ zone vs. re-
duced and completely oxidised samples. The Fla/Pyr ratio and
the distribution of dibenzothiophene and chrysene parallel the

Table 4
Organic geochemical data for the Kupferschiefer samples from the S-2, PZ-17 and PZ-19 sections
Sat+Arom/
Section | Sample | Zone Corg EOM HC Sat Arom Sat/Arom Res Asph Res+Asph
[%] | [ppm] | [mg/g Corel | [% EOM] | [% HC] [ [% EOM] | [% HC] [ [% EOM] [% EOM] | [% EOM]
51 3 2.06 | 1042 50.6 47.0 48.9 23 51.1 24 1.0 - - 1.0
53 r 2.14 | 1193 55.7 59.0 42.4 25 57.6 34 0.7 - - 0.7
55 r 3.64 | 1470 404 50.0 34.0 17 66.0 33 0.5 - - 0.5
S-2 57 r 3.25 | 1646 50.6 36.0 52.8 19 47.2 17 1.1 - - 1.1
58 t 0.30 | 695 231.7 63.0 14.3 9 85.7 54 0.2 - - 0.2
60 t 0.30 | 514 171.3 56.0 17.9 10 82.1 46 0.2 - - 0.2
62 o 0.29 | 893 307.9 68.0 11.8 8 88.2 60 0.1 - - 0.1
5 r 7.15 | 4020 56.2 40.7 46.5 19 53.5 22 0.9 7 52 0.9
PZ17 4 t 2.19 | 1210 55.3 36.1 12.0 4 88.0 32 0.1 2 62 0.1
2 o 0.52 | 260 50.0 27.4 21.9 7 78.1 25 0.3 2 66 0.3
1 o 0.06 | 120 200.0 - - - - - - - - -
6 r 4.46 | 2430 54.5 424 49.0 21 51.0 22 1.0 8 49 1.0
PZ19 4 t 3.33 | 1820 54.7 24.4 8.4 2 91.6 22 0.1 - - 0.1
3 t 0.91 | 380 41.8 34.0 5.7 2 94.3 32 0.1 - - 0.1
2 o 0.07 | 90 128.6 17.3 - - - - - - -

EOM — extracted organic matter, HC — hydrocarbons, Sat — saturated hydrocarbons, Arom — aromatic hydrocarbons; Res — resins; Asph —

asphaltenes
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Fig. 7. Variation of C,.q, EOM, n-alkanes, Sat/Arom index and Sat+Arom/Res+Asph index in the S-2 section

Ph/MPh ratios, whereas the fluoranthene and pyrene percent-
ages gradually increase towards the oxidised rocks. The
methylphenantrene index MPI-1 values generally decline
downwards but are lowest within the TZ.

In the case of heterocompounds, resins and asphaltenes
make up 41-64% of the bitumen in the reduced samples and
32-69% in the oxidised and transitional samples (Table 4,
Fig. 7). The resins content in bitumen of the reduced rocks
(6-9%) is higher than in the oxidised rocks (2-3%). The in-
verse trend is characteristic for the asphaltene content —
61-66% in the oxidised rocks, 49-53% in the reduced.

ISOTOPE STUDIES

C isotopes in the organic matter. The d*C (PDB) analy-
ses yield a narrow range from —27.9 to —26.6%o (Table 6) in ac-
cordance with isotope data for Permian age organic substance.
Both the Rote Féule and Cu-mineralised rocks display heavier
d**C values for kerogen than the barren Kupferschiefer; —-27.0
to —20.1%e. for the Richelsdorf deposit (Bechtel and Pittmann,
1991), 27 to —22%o for the Konrad mine (Plttmann et al.,
1993), and —28.2 to —24.4%o for numerous localities throughout
the Polish basin (Bechtel et al., 2000a). In the profiles studied,
this pattern was less clear (Table 6). The isotopic composition
of carbon in the kerogen of the reduced samples varies to a
small degree, typical for organic material of algal and bacterial
origin, with an insignificant land plant material contribution.
This degree of variation is characteristic for kerogen type Il
representing marine organic matter (Galimov, 1980).

The bitumen is characterised by variable C isotope ratios
similar to those for kerogen, although it shows slight **C de-
pletion relative to kerogen (Table 6). Note that TZ bitumen
(similarly to the kerogen and aromatic hydrocarbons) is slightly

enriched in light *2C isotope vs. the rest of the sections studied.
Furthermore, in the heterocompounds it is possible to observe a
gradual increase in the content of this isotope towards the oxi-
dised rocks. The reverse is true for saturated hydrocarbons; the
oxidised rocks are characterised by a fall in heavy isotope con-
tent compared to the reduced samples.

From the d**C ratios for the saturated and aromatic hydro-
carbons (cf. Sofer, 1984) it emerges that the precursors of the
bitumen were cyanobacteria and algae. The C isotope composi-
tion of the bitumen, in its particular fractions and in the kerogen
(Table 6), is evidence of the examined organic matter presum-
ably having come from one source, and that the bitumen and
kerogen are indigenous. The impoverishment of the bitumen in
13C isotope relative to kerogen is apparently a result of the en-
richment of the saturated hydrocarbons in the light carbon iso-
tope, as the hydrocarbons accumulated in the sediment due to
the diagenesis of organic material (Galimov, 1980). It can be
seen from the d™*C of the saturated and aromatic hydrocarbons
that the amount of algal-type material decreased relative to the
amount of terrigenous material in the oxidised samples (Table 6).

C and O isotopes in the carbonates. d°C (PDB) data
from the Kupferschiefer carbonates varies between —2.1 and
3.5%o and d*®0 (PDB) between —8.4 and 0.4%o (Table 6). There
is a clear tendency towards an enrichment of the transitional
and oxidised zone in the light isotopes of carbon and oxygen
relative to the rest of the sections. Oxidised samples are charac-
terised by d**C of 0.8 t0 0.9%0 and d"®0 of 8.4 to 0.4%o, TZ
samples by d*C of —2.1 to 0.4%o. and d*®0 of —4.1 to 0.1%o, as
opposed to reduced samples that have d**C from 0.9 to 3.5%o
and d'®0 from 0.8 to 1.8%o. Sawtowicz (1989b) obtained
comparable results for the slightly oxidised rocks of the Lubin-
Sieroszowice deposit (d*C —0.9 to 0.0%., d**0 -12.3 to
—7.4%0). Similar records for the Rote Faule were presented by
Hammer et al. (1990) for the Mansfeld-Sangerhausen deposit
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(d™*C —5.0 to —2.2%o, d'®0 —10.1 to —4.9%o), and Bechtel and
Piittmann, (1991) for the Richelsdorf deposit (d**C —4.4 to
—2.5%o, d'®0 —12.3 t0 —9.7%0). The d**C in the reduced rocks of
the Lubin-Sieroszowice deposit ranges from —0.2 to 4.3%. and
d*®0 from —16.8 to 0.9%o (Sawtowicz, 1989b; Bechtel et al.,
2000a), similarly to the Richelsdorf deposit (-3.2 to 2.9%o and
—9.3 to —3.4%o respectively). Slightly different data ranges and
trends for these isotopes with a tendency towards an increase in
the content of the heavy carbon and oxygen were found for lo-
cations distant from the oxidised zone. They are reported from
the Pb-Zn zone of the Lubin-Sieroszowice deposit (d**C of the
order of 2 to 4%. and d*®0 in the range —10 to 3%o; Harariczyk,
1986), the Richelsdorf deposit (d**C from —1.0 to 2.7%o and
d"®0 from —9.0 to —4.2%o; Bechtel and Piittmann, 1991), the
Mansfeld-Sangerhausen deposit (d**C from —2.7 to 1.7%o and
d*®0 from -9.5 to 3.7%o0; Hammer et al., 1990), and from the
barren, pyritiferous shales (d**C between 1 and 4% and d'®0
from -5 to —1%o; Vaughan et al., 1989; Bechtel et al., 2000a).

O isotopes in the sulfates. Sulfates finely disseminated
through the shales have d"®O values ranging from —1.4 to
11.8%0 (SMOW). While most sulfates yielded d*®0 data in the
range between 8.8 and 11.8%, similar to those of Permian ma-
rine sulfates, the reduced shales directly overlying TZ have dis-
tinctly lower d"®0 values covering a range from —1.4 to —0.9%o
(Table 6).

S isotopes in the sulfides and sulfates. The d*S (CDT) re-
cords from the disseminated sulfides exhibit a rather large
range of values, from —41.4 to —15.3%., depending on the redox
of host rocks (Table 6). In the reduced rocks the sulfide sulfur is
remarkably enriched in light sulfur S (d*S from —41.4 to
—33.7%0), Whereas the oxidised rocks contain significantly
more heavy sulfur **S (d*S from —33.3 to —15.3%o). The d*S
value of the pyrite varies in a broad range from —-52 to —25%o
(Marowsky, 1969; Vaughan et al., 1989; Jowett et al., 1991a),
with a rough average of —35%. (Haranczyk, 1986). Considering
the lack of pyrite in the basal part of the reduced samples stud-
ied (Fig. 4), it should be assumed that the fine-grained copper
sulfides have sulfur fractionation in the range —40 to —33%o,
similar to the previous values (-40 to —26%o) from various lo-
calities of the Lubin-Sieroszowice deposit (Haranczyk, 1986;
Sawtowicz, 1989b; Jowett et al., 1991b). A very similar d*S
range from —36 to —31%o was also obtained for base-metal sul-
fides in the North Sudetic Trough and Central Poland (Jowett et
al., 1991a, b). Taking all results into account along with the re-
sults of their study, Wodzicki and Piestrzynski (1994) give an
average d*S value of —34.8%o. from the disseminated ores.

The analysis of sulfur isotopes in the sulfates was done
separately for late-diagenetic anhydrite nodules and the sul-
fates dispersed through the rock (Table 6). The nodules have
d*s (CDT) ranging from 7 to 12%.. The fractionation of the
sulfur isotopes in the dispersed sulfates varies to a great de-
gree, from —25.0 to 7.6%. (CDT), where the maximum light
sulfur enrichment (d*S from —25.0 to —2.8%o) was found at
the base of the reduced zone (S-2 section) and at the top of the
transition zone (PZ-19 section).
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Fig. 8. Representative n-alkane and isoprenoid (pr — pristane, ph —
phytane) distributions for the saturated hydrocarbon fraction of the three
extracts from the PZ-17 section

DISCUSSION AND IMPLICATIONS

METAL REDISTRIBUTION ACROSS AN OXIDATION FRONT

Integration of bulk chemical data provides evidence that
geochemical parameters are useful in indicating the
post-depositional alteration and significant redistribution asso-
ciated with the progressed redox front. The downward increase
in potassium content, illustrated by the K,O/Na,O ratio (Ta-
ble 1) indicate potassic diagenesis, which caused the
recrystallisation of illite and/or its neoformation in the oxidised
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Fig. 9. Representative gas chromatograms showing the distribution of aro-
matic hydrocarbons separated from the total extract of two selected
Kupferschiefer samples, PZ-17 section

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

and ore-bearing rocks (Bechtel et al., 2000b). The parallel trend
in MgO/CaO ratio might be explained by the enhanced
calcitisation of the oxidised rocks by Ca®*-rich waters
(Oszczepalski, 1989; Kucha and Przybytowicz, 1999). The as-
sociation of the highest Cu, Ag, Pb, Zn, Co, Mo, Ni, and Ta
concentrations with the reduced facies is a characteristic feature
of Zechstein mineralisation, although the sections studied, lo-
cated at the transition from Rote Féule to the Cu zone (Fig. 1)
are poor in Pb and Zn. All of these metals are related to the Cyyg
and reduced sulfur contents (Table 1). A positive correlation is
known to exist between the Cyq, Ag, Cu and S% contents for
the mineralised shales (Harainczyk, 1986). The Cr concentra-
tion, dependent mostly on the presence of terrigenous material,
has a pattern independent of mineralisation processes. As a re-
sult, the V/Cr index (cf. Sun and Plttmann, 1997), like the in-
creased Au, Pt, Pd, and locally U and Hg contents (Table 1,
Fig. 3), may serve as a parameter distinctive for the TZ. Be-
cause a significant amount of the Ni (unlike Co) is concentrated

in the sediment mainly as a result of absorption by clay-organic
material, low Co/Ni ratio values are characteristic of the oxi-
dised rocks. The concentrations of Re and Ir are highest in the
reduced shales, whereas the concentrations of Se and REE are
highest in oxidised samples (Hammer et al., 1990; Kucha and
Przybytowicz, 1999; Bechtel et al., 2001b). The positive Sm
anomalies and negative Ce and Eu anomalies within the upper-
most part of the oxidised interval imply redistribution of REE
during formation of the Rote Faule (Kucha and Przybytowicz,
1999; Bechtel et al., 2001a).

These data collectively suggest that the Kupferschiefer
shales have been strongly altered. The observed metal distribu-
tion and a rise in Fe**, K,0, CaO (locally) contents and fall in
Corgs Stots S* towards the base of the profile (Table 1) indicates a
downward increasing oxidation effect and argues for an up-
ward movement of the oxidising fluids. This is also demon-
strated by the textural and paragenetic relationships along the
profiles studied (Fig. 4). Numerous hematitic spherules
pseudomorphic after framboidal pyrite typically occur within
the oxidised rocks. The pyrite content of unoxidised Kupfer-
schiefer is typically 2-3 vol.% (Oszczepalski and Rydzewski,
1991), but at the base of the reduced shales it drops rapidly and
in the oxidised zone it diminishes to essentially all hematite
(Fig. 4). Numerous replacements of copper sulfides with hema-
tite and goethite were also found in the Rote Faule (Rydzewski,
1978; Oszczepalski, 1994, 1999). Oxidation of pyrite would
have released sulfates and created initial acidity of the fluid,
which enhanced leaching of metals, dissolution and
calcitisation of oxidised carbonates. Interaction of the mineral-
ising fluids with the host rocks caused the Eh fall as the fluids
progressively migrated into the Kupferschiefer and deposited
metals according to their decreased solubility. The cross redox
metal zoning from the lower parts of the oxidised hematitic
zone to the reduced pyritiferous rocks: Fe**-Fe**, Au, Pt
Pd-Cu, Ag-Cu, Pb, Zn, Fe**-Fe** is consistent with the interac-
tion of the oxidising fluid passage from underlying Rotliegend
aquifer (Jowett, 1986; Oszczepalski and Rydzewski, 1997;
Bechtel et al., 2001a). Remnants of copper sulfides in the oxi-
dised shales imply that copper, silver and associate metals were
carried away from the sediments, which underwent oxidation,
and were deposited within the organic carbon-rich shales. Fur-
thermore, detailed work has shown that the Rote Faule/ore sys-
tem cuts across the strata having features indicating
post-depositional origin (Rydzewski, 1978; Oszczepalski
1989).

As indicated above, the TZ has intermediate features rela-
tive to oxidised and reduced rocks, indicating that in this transi-
tion, complex water-rock interactions occurred. A combination
of alternating oxidation, acidification, and successive processes
of neutralisation, moderate reduction and sulfide precipitation
induced sulfide oxidation, leaching and fixation of base and
precious metals. Pronounced enrichment of PGE, REE, V, U,
Se, and Hg within the topmost part of the TZ and the occur-
rence of base metal ores at the reduced side of the redox inter-
face argues for efficient metal redistribution during formation
and expansion of the Rote Faule. As in most of the base metals,
precious metals were preferentially transported as chloride
complexes (AuCI*, PtCI2 , PtCIZ , PACI? ), which are typical
species in chloride-rich but sulphide-poor solutions
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Table 5
Relative proportions of selected aromatic hydrocarbons and related indices for the Kupferschiefer samples
from the PZ-17 and PZ-19 sections
Section | Sample | Zone [I};l:;nlj] B [ DBF | DBT | Ph [ 3MPh | ?}I)/I]Ph [OMPh | IMPh | Fla | Py [ Chr Ph/MPh | MPI-1 | Fla/Pyr
0
5 r 0.8 0.1 0.6 1.1 [19.5] 42 4.8 9.8 6.6 2.1 120 | 392 0.8 0.4 1.0
PZ-17 4 t 3.5 0.2 2.3 13.7 {173 1.0 1.3 2.2 1.4 45| 1.5 | 546 2.9 0.2 3.0
2 o 1.9 0.1 0.1 5.2 104 | 0.8 1.2 1.9 1.3 7.0 | 2.5 | 69.5 2.0 0.2 2.8
6 r 2.4 1.6 4.3 12.1 |[25.1] 4.6 5.6 11.0 7.9 1.2 | 1.3 | 253 0.9 0.4 0.9
PZ-19 4 t 34 0.1 0.4 169 | 189 0.5 0.6 0.7 0.4 6.8 | 2.1 52.6 8.6 0.1 32
3 t 1.3 0.5 3.1 189 [20.5] 04 0.4 0.6 0.3 6.6 | 2.0 | 46.7 12.1 0.1 33
2 0 0.1 0.0 1.8 1.9 14.8 1.8 1.8 1.9 1.8 [333]|13.0| 279 2.0 0.3 2.6

PAH — total identified polycyclic aromatic hydrocarbons in aromatic hydrocarbons; Ph/MPh — phenanthrene/methylphenanthrenes, MPI-1 = 1.5

(MPh-2 + MPh-3)/Ph + MPh-1 + MPh-9

(Romberger, 1988; Wood et al., 1992; Gammons, 1995). Ther-
modynamic calculations and experimental data indicate that sa-
line fluids in equilibrium with hematite are capable of
transporting significant quantities of gold and PGE (Jaireth,
1992; Wood et al., 1992). These chloro-complexes might have
been alternately reduced and sorbed by organic matter and py-
rite (e.g. Hyland and Bancroft, 1990; Jaireth, 1992; Mycroft et
al., 1995) and adsorbed by iron oxides (e.g. Machesky et al.,
1991). Gold and PGM were also coprecipitated with copper
sulfides, as evidenced by relict parageneses found at the oxi-
dised side of the redox front and fairly common intergrowths of
gold and copper sulfides and Pd arsenides within reduced rocks
adjacent to the Rote Faule (Kucha, 1981; Piestrzynski et al.,
1997; Kucha and Przybytowicz, 1999). Characteristically, the
enrichments in precious metals correspond with the enhanced
occurrence of solid bitumen within the oxidised rocks (cf. Table
1 and 2). Hence, oxidising fluids could have influenced deposi-
tion of solid bitumen that in turn could promote incorporation of
precious metals. More study is required to explain this associa-
tion; nevertheless, Au found to be fixed by thucholite (Kucha,
1981) suggests that it is prudent to consider solid bitumens as the
residence of the precious metals. Thiosulfate ions (S,03 ) and
other intermediate sulfoxy species, being products of sulfide oxi-
dation (Goldhaber, 1983; Wood et al. 1992), might have played
a considerable role in the redistribution of base- and precious
metals within the oxidised rocks (Kucha, 1990; Piestrzynski and
Wodzicki, 2000). As a result, the least mobile metals such as
PGM concentrated in the oxidised rocks, whereas the more solu-
ble base metals were advanced to the less oxidised and reduced
Kupferschiefer varieties, as the redox front migrated higher from
the Rote Faule. Both replacements of sulfides by iron oxides,
intergrowths of Au, Pt and Pd minerals, and overgrowths of the
gold by hematite, indicate that hematisation overlapped with de-
position of early pyrite and copper ores and post-dated the pre-
cipitation of gold. Alternatively, Kucha and Przybylowicz
(1999) suggested that the precious metals could have been intro-
duced after Cu emplacement.

ALTERATION OF ORGANIC CONSTITUENTS

Previous maceral studies in the Lubin-Sieroszowice region
were performed solely on the reduced shales (Rospondek et al.,

1993; Sun et al., 1995). This study provides organic petrology
data also for the oxidised sections, showing trends in composi-
tion (Fig. 5), which are interpreted to indicate that most of the or-
ganic components are sensitive to alteration. Note that the most
labile components of marine and terrestrial origin (alginite and
collinite, respectively) are present almost exclusively in the re-
duced rocks, and in the oxidised rocks are only a trace compo-
nent. It was shown that the oxidised rocks do not differ from the
reduced variety in terms of their depositional features, indicating
formation in a similar anaerobic-to-dysaerobic sedimentary set-
ting (Oszczepalski, 1989). Thus, the maceral composition in the
oxidised rocks seems to be a result of post-sedimentary oxidative
degradation of labile components and the diagenetic transforma-
tion of the macerals into refractory forms resistant to further
changes. This is clearly shown by a gradual increase in the
alginite, bituminite, collinite and sporinite content, and a de-
crease in the solid bitumen content upwards to the reduced hori-
zon, and corresponds to the previous results obtained in the
Konrad (Speczik and Pittmann, 1987; Speczik, 1994) and
Polkowice profiles (Sun, 1998).

The reduced samples predominantly contain primary ma-
terial of marine origin, especially alginite — the diagnostic
maceral for the reduced shales. Liptodetrinite, sporinite and
terrigenous collinite, derived possibly from coalification of
amorphous humic matter, are also abundant. On a contrary,
the oxidised sediments contain mainly UOM, followed by
bituminite, liptodetrinite and vitrinite (Table 2). Thin liptinite
and collinite laminae, oriented always parallel to stratification
imply that primary organic matter was originally present in
the oxidised rocks in presumably greater amounts. The co-oc-
currence of relict organic constituents with iron oxides replac-
ing pyrite and copper sulfides within the oxidised lithologies
strongly suggests that organic matter was also largely
changed by oxidation. Therefore, bituminite, abundant
mostly in the upper part of the oxidised sequence (TZ) as thin
laminae, is considered to be a product of oxidative alteration
of lamalginite. Fairly small amounts of liptinite macerals and
the absence of alginite and sporinite support this. More evi-
dence of the downhole increase in oxidation intensity is the
trace content in the oxidised rocks of terrigenous sporinite,
which is resistant to degradation.
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UOM occurs predominantly in the oxidised shales mostly
as solid bitumen making up 65-92% of the microscopically ob-
served constituents. Only relicts of copper sulfides and primary
organic matter and an abundance of solid bitumen characterise
the oxidised shales, whereas alginite, sporinite and AOM are
almost absent. A possible explanation for an increase in solid
bitumen is its generation at the expense of liptinite and vitrinite
macerals, as a result of water washing, biodegradation,
deasphalting, sulphate reduction or radiolysis (cf. Curiale,
1986; Jacob, 1989; Landis and Castano, 1994; Machel et al.,
1995), taking place due to the action of the oxidising fluids.
Kucha and Przybytowicz (1999) postulated a radiolysis of hy-
drocarbons by uranium as a powerful agent, enhancing oxida-
tion of organic matter and solidification of bitumen. As a
consequence of these processes, the alteration further caused an
increase in reflectance of non-recycled vitrinite towards the
bottom of the Kupferschiefer, from 0.72-0.86% in the reduced
rocks, through 0.72-1.13% in the TZ, to 1.03-1.10% in the
oxidised rocks (Fig. 5). This variation is consistent with previ-
ous observations (Speczik and Pittmann, 1987; Sun, 1998).
The increased reflectance of the indigenous organic matter
seems to be a function of the intensity of ascendant circulation
of oxidising fluids. Refractory, corroded vitrodetrinite
macerals having high reflectance, and oxidation rims indicate
that they are recycled (“allochthonous”) organic particles, rede-
posited from the Zechstein footwall. Hence, their formation is
not related to the formation of Rote Faule.

The low concentration of highly inert terrestrial particles in
the form of inertodetrinite, both in reduced and oxidised sam-
ples, is remarkable (Table 2). Such a low inertinite content is
typical of anoxic environments, distant from the coast. Assum-
ing vitrinite, sporinite and inertinite to be terrigenous, the total
land-derived components vary between 6 and 19%, despite the
oxidised or reduced character of the host rocks. Taking into ac-
count these results it can be assumed that the high amount of
inertinite identified at the base of the Konrad profile, inter-
preted as a result of vitrinite oxidation (Sun et al., 1995), re-
flects the influx of terrigenous detritus from the coast.

OXIDATION-INDUCED COMPOSITIONAL CHANGES
IN KEROGEN AND BITUMEN

Geochemical changes were observed with depth indicating
that the lowermost portions of the Kupferschiefer sections un-
derwent severe chemical alteration. The mean vitrinite
reflectance values (ranging between 0.7 and 1.2%) correspond
to the oil window, indicating that bitumens were generated at
the catagenetic stage of kerogen maturation. Low K values
(C21 +C22/C28 + C29) and high values of TAR (C27 + C29 +
C31/C15 + C17 + C19) and &n-C,,, indices, characteristic of
the oxidised samples, suggest a larger terrestrial contribution to
TOC (cf. Tissot and Welte, 1984). However, these degraded
distribution signatures in transitional and oxidised samples
(Fig. 7) indicate rather that low-to-medium molecular weight



Evidence of oxidation of the Kupferschiefer in the Lubin-Sieroszowice deposit, Poland 15

n-alkanes were preferentially removed from the system as a re-
sult of advanced decomposition of the labile components of al-
gal and bacterial origin (Bechtel et al., 2000a). It has been
shown that light n-alkanes are effectively biodegraded and de-
composed by oxidation (e.g. Ezra et al., 2000). This process
might have been accompanied by a selective removal of the
light odd-numbered n-alkanes, as might be suggested from the
characteristics of residual bitumen in the oxidised rocks, show-
ing relative enrichment in long chain n-alkanes and a slight
EOP preference. Large variations in pr/ph and
isoprenoid/alkane ratios may reflect different degradation and
maturity constraints assuming similar primary organic matter.
Thus, biomarker composition, changing independently of ma-
turity parameters indicates that distribution of biomarkers was
influenced by oxidation.

In contrast to the reduced shales, the oxidised samples are
enriched in high molecular weight unsubstituted PAHs
(fluoranthene, pyrene, chrysene), which are resistant to degra-
dation (e.g. Ezra et al., 2000), and depleted in alkylated
phenanthrenes (methylphenanthenes) by about 75% relative to
the reduced lithologies (Table 5, Fig. 9) that argues for a
post-depositional removal from these rocks. The Ph/MPh index
was used to define the intensity of the oxidation process
(Speczik and Pdttmann, 1987; Puttmann et al., 1989, 1991;
Sun, 1998; Bechtel et al., 2000a, 2001b). As evidenced by pre-
vious and present data, the higher Ph/MPh ratios (> 1) point to
increased oxidation and might be interpreted as a result of
late-diagenetic decomposition of alkylated aromatic hydrocar-
bons by oxidising fluids. As considered by Puttmann et al.
(1991), hydrothermal solutions could add some PAHs and
PASHSs derived from gas generated in Carboniferous strata.
This might argue for a concomitant transport of the PAHs and
the precious metals in ascending oxidising solutions, and a con-
tribution of metal-organic complexes in mobilisation and trans-
port of gold (Bechtel et al., 2001a). However, gradual content
variability of many of PAHSs along the profiles studied (Ta-
ble 5) and preferential accumulation of phenanthrene and
PASHs in the TZ may rather be explained by in situ
desalkylation.

HI/OI and HI/T .y diagrams, comparable to modified van
Krevelen diagrams (Espitalie et al., 1985), clearly demonstrate
that the reduced and oxidised samples occupy different fields in
the scatter plots (Fig. 10). The results are in accordance with
previous Rock-Eval data obtained for the Konrad mine
(Puttmann et al., 1991; Sun et al., 1995). The oxidised samples
contain a terrigenous type Il kerogen, which is occasionally
considered to be residual (type V) kerogen, due to its very low
H/C value, indicative of the presence of oxidised, largely inert
terrigenous organic matter. The very low S,/S; index value (<
1.2) is evidence of a lack of sapropelic admixtures in the
kerogen, thus indicating that the oxidised samples are ex-
tremely depleted in hydrogen. The temperatures of maximum
pyrolysis (Tmax) Yield range from 435 (reduced shales) to
466°C (oxidised shales). Although the credibility of Ty, mea-
surements for rocks depleted in Coq may be questioned, never-
theless T Values seem to be in harmony with the other
maturity parameters. High T values and the KTR index (Ta-
ble 3) indicate the kerogen from the oxidised samples to be ma-
ture with regard to oil generation.

Unlike the oxidised rocks, the reduced shales contain
mixed hydrocarbon-prone type Il kerogen enriched in hydro-
gen-rich liptinites (Figs. 5 and 10), which represents material
derived from a mixture of phytoplankton and bacteria biomass,
capable of generating hydrocarbons (Teichmller and Durand,
1983). The definite prevalence of sapropelic material over
humic matter is confirmed by the high S,/S; index values
(17-34). The T temperature value (435-438°C), the pres-
ence of free hydrocarbons (S; in the range 1.22-1.94 mg HC/g
of rock) and the low KTR index value (about 0.09) coupled
with a relatively low R, (0.7-0.9) suggest that the reduced sedi-
ments entered the catagenesis stage (50-150°C) of oil genera-
tion, but they have not generated much oil. The generation
potential of the reduced source rock is still not exhausted, as
suggested by the high S, parameter value (11.93-23.37 mg
HC/g rock). The low OI values (in the range 8-11 mg CO,/g
TOC) are evidence that the kerogen in the reduced rocks was
not subjected to oxidation.

Finally, the downhole increase in the Ty value (Table 3)
agrees with reflectance results (Table 2). The systematic de-
crease in Cyq and HI values from the top to the bottom of the
examined profiles, corresponding to the increasing maturity of
the kerogen, the increasing hematite content and the increas-
ingly intensive features of maceral and sulfide oxidation, indi-
cates a post-sedimentary degradation of organic material
related to the formation of the Rote Faule. This pattern cannot
be explained by variability in the redox conditions of the
depositional environment, as, from sedimentary investigations
it is known that in the Lubin-Sieroszowice region, the most re-
ducing depositional conditions existed at the start of the
Kupferschiefer ~ sedimentation  (Oszczepalski,  1989;
Sawtowicz, 1989a; Rospondek et al., 1994; Sun et al., 1995).
Thermal maturity variations, due to the short time the
Kupferschiefer was deposited in and its very slight thickness,
also cannot explain this variability. This trend rather is thought
to indicate that the downward increase in alteration intensity is
an effect of secondary degradation of organic matter by incom-
ing oxidising solutions after partial diagenetic maturation of the
organics, as previously suggested in numerous studies (Speczik
and Pittmann, 1987; Bechtel and Piittmann, 1991; Pittmann et
al., 1989, 1991; Sun and Plttmann, 1997; Kucha and
Przybylowicz 1999; Bechtel et al., 2000a, 2001b). The de-
pendence of HI on Cyq values (Tables 3 and 4) shows that only
the reduced samples have a positive correlation. Thus, as in the
case of the Konrad profile, the oxidation processes are thought
to cause the preferential destruction of the aliphatic hydrocar-
bons, the alteration of bitumen into an aromatic-asphaltic type,
and the transformation of bitumen into the form of solid bitu-
men. As a result, strongly degraded hydrogen-poor and aro-
matic-rich kerogen formed in the oxidised rocks, lacking to a
significant extent its syngenetic components (Fig. 10). Assum-
ing that the oxidised shales primarily contained similar
amounts of Cygand Sy as the equivalent reduced varieties, it is
evident from these data that more than 90% C,q and Sy, and
more than 80% of bitumen were removed from the lowermost
portions of the Kupferschiefer during post-sedimentary oxida-
tion. Water washing, biodegradation, oxidation, and radiolysis
have been quoted as the principal processes responsible for the
removal of bitumen and alteration of organic matter (Tissot and
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Table 6

Carbon, oxygen and sulfur isotopic composmon (in %o0) of organic matter, carbonates, sulfides, disseminated sulfates, and nodular sulfates
the S-2, PZ-17 and PZ-19 Kupferschlefer sections

EEr) KLY L) ELS) g g g
Section | Sample | Lithostr | Zone [PDB] [PDB] [SMOW] [ [SMOW] | [CDT] | [CDT] | [CDT]
Ker | Bit | Sat | Aro | Het [ Asph |Carbonates [ Carbonates | Carbonates | Sulfates | Sulfides | Sulfates | Nodules
50 Cal r |-262| - - - - 33 1.8 32.7 8.8 -46.3 3.9 11.2
51 Tl r |-27.0| - - - - 34 -0.5 30.4 - -41.4 -
53 T1 ro |-273| - - - - 3.5 -0.8 30.1 10.7 -40.0 6.2
54 T1 r - - - - -40.2 -0.4
55 T1 r |-27.0| - - - - 2.9 0.1 31.0 - -39.0 3.7
52 56 Tl r - - - - - - -1.4 -39.3 | -25.0
57 T1 ro|-27.1| - - - - 33 -0.1 30.8 -0.9 -39.5 -24.4
58 Tl t [-27.0] - - - - -0.9 -1.0 29.9 - -17.7 7.6
60 T1 t [-27.0] - - - - -0.5 0.1 31.0 11.8 -15.3 6.9
62 T1 o |-269| - - - - -0.8 -8.4 22.2 - - -
5 T1 r |-27.9]-28.2|-28.2|-28.2|-28.0|-28.3 0.9 -4.6 26.3 - -33.7 -
PZ-17 4 Tl t [-26.6|-27.8|-28.9(-27.8|-27.8 |-27.6 -0.4 -4.1 26.8 - -24.3 -
2 T1 o |[-27.3]-28.0|-28.8|-28.0|-27.7|-27.7 -0.2 -4.7 26.2 - -27.1 -
PZ-19 6 T1 r |-27.8]-28.4|-28.6-28.3|-28.0|-28.5 1.9 -3.6 27.3 - -36.0 - 7.9
5 T1 t - - -2.1 3.1 27.8 - -31.0 -2.8
4 T1 t - - - - - -0.4 -4.0 26.9 - -8.5
3 T1 t - - - - - 0.4 -1.2 29.7 - - -
2 T1 o - - - - - 0.9 0.4 313 - -333 5.7

Welte, 1984). The significance of those processes is a subject to
interpretation; however, the first two suggestions are not tena-
ble because severe water washing and biodegradation was
shown to lead to a dramatic depletion of both n-alkane and aro-
matic molecules; the same is true for abiotic oxidation by oxy-
gen (e.g. Charrie-Dehaut et al., 2000). From the data,
indicating that oxidised rocks are only partly depleted in hydro-
carbons and still contain high amounts of PAH, we tentatively
suggest instead that alterations resulted from the action of wa-
ters of only slightly oxidative potential. While the oxidised and
reduced shales have undergone similar thermal maturation, the
high asphaltene and solid bitumen contents in the oxidised
rocks suggest that they formed largely as a result of bitumen
degradation associated with the passage of oxidising waters
and/or deasphalting. Consequently, it is reasonable to conclude
that the high concentrations of aromatic hydrocarbons com-
pared to saturated hydrocarbons, the enhanced asphaltenes, the
low n-alkanes, isoprenoids and resin content, and the high
Ph/MPh ratios within the bottommost samples of the
Kupferschiefer are caused by influx of oxidising fluids, as de-
scribed previously for other parts of the Zechstein basin
(Puttmann et al., 1989; Bechtel and Pittmann, 1991; Sun and
Plttmann, 1997).

ISOTOPIC EVIDENCE FOR AN UPWARD ALTERATION
BY OXIDISING FLUIDS

The spread of carbon and oxygen isotope values in the car-
bonates, which features a gradual enrichment in light isotopes
going from the reduced to the oxidised rocks (Fig. 11), implies
a strict relationship to the redox of the host rocks and minerali-
sation type (Fig. 12). Along with the decline in d**C and d*%0
values, the copper and silver contents fall, and the gold, plati-
num and palladium contents rise (cf. Figs. 3 and 11). Investiga-
tions in the Mansfeld, Sangerhausen, and Richelsdorf deposits
indicate that, as in vertical profiles, a lateral increase in the light
12C isotope content (and to a lesser extent the *°) in the car-
bonates of the Kupferschiefer, from the pyritiferous zone to the
copper-bearing and oxidised rocks, was found. This applies
equally to both calcite and dolomite (Bechtel and Plittmann,
1991; Bechtel et al., 2000a). The data obtained from the North
Sudetic Trough and in other areas of Poland indicate the
kerogen of oxidised rocks to be enriched in heavy carbon,
which can be explained by the preferential release of hydrocar-
bons rich in heavy *C (Puttmann et al., 1993; Bechtel et al.,
2000a). The revealed dependence of C and O isotope distribu-
tion in the organics and carbonates on the metallic facies
(Fig. 11) is evidence that, in oxidised and copper-bearing
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rocks, this composition was a result of mixing along the flow
path of fluids bearing light C and O isotopes through the
Kupferschiefer rocks. Since low d"*C values from carbonates
(-2.1 to —0.9%o) are present in oxidised rocks (Table 6) con-
taining Cyr enriched in the heavy *C carbon isotope (d"*C
from —27.3 to —26.9%o), it can be thought that light carbon-en-
riched CO; released during the organic matter oxidation was
incorporated into the carbonates, giving their 2C enrichment
(Fig. 12). A clearer pattern was observed in the Mansfeld,
Sangerhausen, Richelsdorf and Lubin-Sieroszowice deposits
(Hammer et al., 1990; Bechtel and Plittmann, 1991; Bechtel et
al., 2000a), where, in the oxidised rocks, the elevated d"*C val-
ues for the organic carbon (=26 to —20%o) fit the lowest d**C
(-5 t0 —2%0) and d"®0 (~11 to —5%) records for the carbonates.
Alternatively, **C- and **0-depleted hydrothermal water might
have come from below (cf. Sullivan et al., 1990; Michalik et
al., 1998) and interacted with the intervening sediments. The
carbon isotope record of the carbonates therefore reflect a mix-
ing of relatively heavy marine Permian carbon (d**C from 0 to
2%o) with *C-depleted organic carbon or supplied from the
Rotliegend aquifer.

Until now, the investigation of isotopes of sulfur in the sul-
fides was performed solely on the reduced rocks. This study
provides data for the oxidised shales, thereby permitting a more
comprehensive interpretation of the regional alteration. It was
shown that the S isotope distribution is characterised by a grad-
ual increase in heavy sulfur (3*S) content towards the base of
the Kupferschiefer (Fig. 11), which is evidence of enhanced
heavy sulfur influx from below. A similar distribution was
shown for the Mansfeld deposit (Rosler et al., 1968), where the
d*S in pyrite and chalcocite vary from —43%o at the top to
—28%o at the base of the Kupferschiefer profile and also for the
Lubin-Sieroszowice deposit (Haranczyk, 1986). A completely
different distribution (a gradual increase of **S from the base to
the top of the Kupferschiefer; d*S from —45 to —~33%o for py-
rite, and from =35 to —29%. for base-metal sulfides) was found
in regions significantly distant from the copper deposits, im-

plying a change from an open system to a closed system
(Marowsky, 1969).

Differences in distributions of sulfur isotopes in the oxi-
dised, mineralised and barren (distant from the oxidised area)
rocks provokes speculation concerning the source and mecha-
nism of S isotope accumulation, and concerning the reason for
such different fractionations of sulfur isotopes having oc-
curred in the different ore types. In the case of the inverse
trend revealed in the oxidised areas (Fig. 11), compared to the
d*s variations for patterns distant from the Rote Féule, the in-
crease in heavy sulfur content towards the oxidised rocks has
to be considered as a result of leaching out of pyrite and
early-diagenetic ores from the oxidised rocks and/or their par-
tial replacement by later sulfides, enriched in 3S. Jowett et al.
(19914, b), Oszczepalski (1994), Speczik (1995), Sun and
Puttmann (1997) have invoked four main possible sulfur
sources leading to the sulfide sulfur isotopic distributions: 1
— bacterial reduction of sulfates (BSR); 2 — pyrite replace-
ment; 3 — organic matter-bound reduced sulfur; 4 —
thermochemical sulfate reduction (TSR).

BSR is the common source of reduced sulfur in anoxic sed-
iments (entailing a large negative isotope fractionation up to
—60%o), which is considered to be limited to temperatures up to
about 60-80°C (Ohmoto, 1986; Machel et al., 1995). The
framboidal habit of most of the observed pyrite and its light iso-
topic composition suggests an origin related to BSR. System-
atic variations of d*S in pyrite, dependent on distance from the
oxidised zones, were not observed (Jowett et al., 1991a), which
confirms the opinion about its origin being syndiagenetic from
BSR. Most pyrite in the anoxic environments is envisaged as
forming at shallow burial depths, typically within tens of
metres of the sediment-water interface (Curtis, 1980). The scat-
tered d**S values of Cu-sulfides, only slightly higher than those
of pyrite (Table 6), suggest that a portion of disseminated ores
was deposited by BSR, incorporating, like pyrite, **S-enriched
biogenic sulfide. According to Kucha and Pawlikowski (1986),
framboid-like Cu sulfides are extremely rare in the
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Lubin-Sieroszowice deposit. Mayer and Piestrzyriski (1985)
suggested that such spheres preferentially resulted from the re-
placement of carbonate spheroids, whereas Sawtowicz (1990)
considered the copper sulfide framboids as syndiagenetic pre-
cipitates. As shown by numerous Cu-sulfide framboids at the
reduced side of the redox front, early diagenetic framboidal py-
rite could have been replaced by Cu-sulfides (Oszczepalski,
1989, 1999; Sun et al., 1995). The absence of pyrite framboids
at the base of reduced interval, accompanied by the presence of
light S-enriched ore pseudomorphs after pyrite (Fig. 4), sug-
gests that the conversion of precursor pyrite to Cu-sulfides was
apparently the essential mode of copper deposition. Studies of
sulfur isotopes showing a rise in heavy sulfur content in the sul-
fides of the oxidised rocks and within the base of the reduced
interval suggest a supply of isotopically heavier sulfur due to
thermal (at temperatures > 50°C) decomposition of S-contain-
ing organic matter (Rospondek et al., 1994) or from the
abiogenic reduction of ore fluid sulfates (Jowett et al., 1991b),
that appears to be common in geologic settings with tempera-
tures of about 80-140°C (Machel et al., 1995). Thermal de-
composition of organically bound sulfur usually provides
negligible amounts of sulfur, whereas TSR may contribute high

concentrations of H,S (Ohmoto, 1986) and was considered as a
mechanism promoting formation of the Kupferschiefer depos-
its (Bechtel and Puttmann 1991; Jowett et al., 1991b). While
arguments persist over the relevance of TSR to the
late-diagenetic Kupferschiefer system, the strongly negative
d*s values of Cu-sulfides are not entirely consistent with the
TSR model, unless we assume that most of the sulfates hypo-
thetically reduced by organic matter would have come from ox-
idation of the **S-enriched sulfides. Low temperature oxidation
of sulfides and slightly higher temperature hydration of pyrite
may result in the formation of aqueous sulfate which has a d**S
value essentially the same as that of pyrite (Ohmoto, 1986;
Machel et al., 1995). However, TSR was ineffective as long as
reduced S could have been supplied from pyrite (Sun and
Plttmann, 1997). Therefore, it is thought that TSR was not the
most significant metal-fixing reaction but rather an accompa-
nying alteration process induced by flow of oxidising solutions,
following the main copper emplacement.

Our results obtained during this study and the data sets
gathered previously (Wodzicki and Piestrzynski, 1994) show
that it is possible to distinguish four sulfide groups identified by
their average o*'S values: pyrite (-35%o), disseminated ores
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(—34%o), coarse-grained and vein ores (—30%o), and massive
ores (—18%o). Marowsky (1969) also reported that the copper
sulfides contain more heavy sulfur (oS from —38 to —23%o)
than pyrite (d**S from —41 to —28%a). Significant enrichment of
the coarse-grained and veinlet copper sulfides (in the range
—36.3 to —16.8%o) than in the disseminations suggests that the
disseminated ores contain more biogenic sulfur (Sawlowicz,
1989b; Jowett et al., 1991a; Harafnczyk, 1986). In general, it is
not possible to discern fundamental differences between the
pre-compactional and post-compactional pyrite, although lo-
cally (cf. Jowett et al., 1991b) heavy sulfur enrichment was reg-
istered for the pyrite nodules (d**S —25.2%) relative to the
framboidal pyrite (d*'S —40.6%o). Thus, the gradually increas-
ing heavy sulfur content, successively in the disseminated,
coarse-grained, vein and massive sulfides, might be explained
by abiogenic reduction of sulfates derived from both oxidised
isotopically-light sulfides and from isotopically-heavy sulfur
from sulfate-containing ore fluids, resulting in the preferential
accumulation of heavy sulfur in the late-diagenetic sulfides.

The mixed sulfur sources are clearly indicated by the isoto-
pic spread of trace, finely disseminated sulfates; the d*S values
range from slightly negative to slightly positive indicating that
these sulfates contain both sulfur typical for the Permian sedi-
mentary sulfates as well as light sulfur from pyrite oxidation. It
seems that the fractionation of the sulfur and oxygen isotopesin
the trace sulfates is suggestive of advanced reactions between
the oxidising mineralising fluids and pyrite. The most **S-de-
pleted sulfates in the reduced samples directly overlying the
oxidised rocks and at the top of TZ (Table 6; Fig. 11) argue for
migration of the oxidising fluids towards the top of the profile.
The formation of a significant proportion of sulfate in this inter-
val produced by oxidation of sulfides is unequivocally sup-
ported also by the low d'®0O values from sulfate, apparently
different from the Zechstein marine range, which is 8-13%o
SMOW. The ore fluids were characterised by dD values rang-
ing from —23 to —3%0 (SMOW) and d*®0 between 2 and 7%
(SMOW) (Bechtel et al., 2000b), which argue that these brines,
initially meteoric or marine waters, became saline and isotopi-
cally evolved either by evaporation, dissolution of salt or mix-
ing with connate fluids (Bechtel et al., 2000b). This
characteristic is in accordance with previous suggestions
(Kucha and Pawlikowski, 1986; Tonn et al., 1987; Sawtowicz,
1989b; Wodzicki and Piestrzynski, 1994; Michalik et al.,
1998). The d*S record in anhydrite nodules (7 to 12%o, Ta-
ble 6) is similar to the values in the anhydrites of the first
Zechstein cyclothem (d*S from 11.3 to 12.1%o) and in the sul-
fates present in the Rotliegend redbeds (d**S from 5.9 to 9.8%o;
Jowett et al., 1991a, b; Peryt and Scholle, 1996; Michalik et al.,
1998), indicating that nodular sulfates were recycled from
Permian sedimentary anhydrite.

ROLE OF OXIDATION IN THE FORMATION OF ORES

The variation in composition, alteration of organic matter
and isotopic differences reflect possible interactions with min-
eralising solutions and seems to be a function of the intensity of
hydrothermal circulation. The results of these changes are the
redox-related variations in Cyg, maceral composition, hydro-

carbons and non-hydrocarbon compounds, and in the isotopic
composition of the kerogen, bitumen, hydrocarbons, sulfates
and sulfides (Figs. 3, 5, 6 and 11). The pervasive degradation of
organic material and sulfides in oxidised rocks and the less ad-
vanced degradation in the TZ (Figs. 4 and 5) clearly confirm
that the alteration caused by the mineralising fluids weakened
in an upward direction.

It is generally accepted that the ores were mobilised by oxi-
dising (in the hematite stability field) Na-Ca-Cl basinal brines,
originating within the underlying Rotliegend redbeds by con-
vection (Jowett, 1986; Oszczepalski, 1989), salt doming
(Kucha and Pawlikowski, 1986) or direct expulsion (Cathles et
al., 1993). Consequently, both convective thermal- and com-
paction-driven upwelling flows of metalliferous fluids have
been invoked as possible mechanisms for the formation of
Kupferschiefer-type deposits. While the Wolsztyn Ridge
(Karnkowski, 1999) acted as a barrier for a long-distance lat-
eral fluid flow, the role of halocinetically geopressured brine
migration in the formation of the Lubin-Sieroszowice deposit
(Kucha and Pawlikowski, 1996) must have been largely limited.
Wodzicki and Piestrzynski (1994), as well as Piestrzyriski and
Wodzicki (2000) have expanded on the Kucha and Pawlikowski
(1986) idea that precipitation of metals took place along the in-
terface between the ascending oxidising fluids and a reducing
fluid descending from the overlying evaporites. However, this
proposition offered no geochemical and isotope data supporting
the role of descending fluids, and, indeed, downward fluid infil-
tration is unlikely during basin compaction (e.g. de Caritat,
1989), which must have resulted from the Late Permian-Jurassic
syn-rift and post-rift subsidence of the extensional Polish Trough
(Karnkowski, 1999; van Wees et al., 2000).

The association of Cu-Ag orebodies with the redox edge of
the post-depositional Rote Faule unit may be explained by su-
perposition of the early diagenetic low-grade mineralisation
and high-grade accumulations formed by ascending ore fluids
and redistribution of earlier-formed sulfides. Under this sce-
nario, the most intensive flow of mineralising fluids took place
in the western parts of the Lubin-Sieroszowice deposit, where
locally the entire Kupferschiefer series was converted to Rote
Faule. The irregular nature of the oxidation front appear to im-
ply different intensities of upward and lateral fluid incursions
and the oxidative alteration both on a mine and regional scale
(Fig. 1). The mineralising fluids reacted with the rocks, result-
ing in evolution of the Eh-pH conditions of the solutions as
they migrated through the basal Zechstein. Spatial and textural
relationships suggest that both base and noble metals were
transported in slightly oxidising and acidic, chloride brines and
precipitated during ore-forming process involving metal redis-
tribution. It is well documented that organic- and reduced sul-
fur-rich host rocks are highly efficient traps for base metals. As
suggested earlier, in most natural systems dominated by oxi-
dised species such as hematite, gold and PGE are preferentially
transported as chloride complexes, which can be destablilised
by reaction with reducing agents, causing precipitation of pre-
cious metals. It is therefore reasonable to assume that organics,
pyrite and copper sulfides promoted deposition of gold and
PGM in primarily reduced Kupferschiefer sediments, but ex-
clusively in areas where the basal Zechstein sediments were
thought to have been extensively flushed by upwelling basinal
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waters. The same fluids may have aided subsequently an ad-
sorption of precious metals by iron oxides. Upon oxidation,
Au, Pt and Pd were remobilised and reprecipitated, whereas Cu
and Ag were removed away from the Rote Faule. The result is
that the mineralised interval cuts across the strata parallel to the
redox front and underlies the Cu-Ag horizon (Fig. 3), the
Au-Pt-Pd mineralisation forms a belt rimming the reduced ar-
eas, and the Kupferschiefer sediments distant from the feeder
areas are not mineralised with precious metals (Fig. 1).

In a system dominated by the Rotliegend formation brines,
certain amounts of oxygen needed for the destruction of pyrite,
Cu sulfides and organic matter could have come from meteoric
water, descending in the Zechstein in association with subaerial
exposure (Jowett et al., 1991b; Peryt and Scholle, 1996;
Oszczepalski and Rydzewski, 1997). Pyrite oxidation by ferric
iron would be expected to dominate in oxygen-poor waters.
Other potential oxidants might have been oxyanions of sulfur,
Fe*", Cu*, Cu*, Au*" and radicals produced during radiolysis
of aqueous fluids (Kucha, 1990; Oszczepalski, 1994; Kucha
and Przybytowicz, 1999). Under higher temperatures, esti-
mated around 100°C, oxidation of organics would accompany
sulfate reduction, involving CO,, H,S and hydrocarbons
(Ohmoto, 1986; Machel et al., 1995). Despite the abundant
biogenic sulfur in the Kupferschiefer, the d**S spreads for cop-
per sulfides (Fig. 11) imply that some additional heavy sulfur
could have been provided by sulfates leached from the underly-
ing Rotliegendes, by extrinsic H,S-containing hydrocarbons or
from the oxidation of organic sulfur (Jowett et al., 1991b). This
is not in accordance with the opinion that copper mineralisation
is syndiagenetic and occurred by BSR in an open system
changing gradually into a closed system (cf. Sawtowicz, 1989c,
1990), although the earliest stage of diagenesis involving BSR
was possibly coeval with the precipitation of small amounts of
base-metal sulfides. As mentioned above, certain amounts of
reduced sulfur could have been added to the system during late
diagenesis, as a result of TSR (Puttmann et al., 1989; Bechtel
and Plttmann, 1991; Jowett et al., 1991b; Speczik, 1995; Sun
and Puttmann, 1997; Sun, 1998). As abiogenic sulfate reduc-
tion may cause changes in the chemical composition of organic
matter and host minerals (oxidation of hydrocarbons, hydrogen
depletion, bitumen deposition, deasphalting, calcitisation) and
provides heavy (*S) sulfur (Machel et al., 1995), the composi-
tions characterising the Rote Faule may be postulated to have
been partly caused by TSR. The occurrence of patchy type Cu
sulfides intimately associated with solid bitumen and sparry
calcite in the mineralised rocks (Sun, 1998) is suggestive of the
TSR participation in sulfide precipitation. Bitumens being
by-products of the main mineralisation event could have be-
come a source of hydrogen during TSR (Plttmann et al., 1989;
Bechtel and Puttmann, 1991; Bechtel et al., 2000a).

The organic material in the studied rocks has a moderate
level of thermal maturity. The reflectance of non-recycled
vitrinite (collinite) varies from 0.72 to 1.13% (Table 2), with
the R, increase in the oxidised rocks. As suggested earlier
(Speczik and Pittmann, 1987; Oszczepalski, 1989; Wolf et al.,
1989; Sun et al., 1995; Sun and Pittmann, 1997; Koch, 1997),
elevated R, values are assumed to be related to changes caused
by oxidation processes. The relatively low reflectance of
non-recycled macerals (Table 2) indicates a maximum

palaeotemperature of 90-120°C, which means that the temper-
ature of the mineralising fluids did not exceed these values, but
still was within the range allowing the formation of low tem-
perature chalcocite and inorganic reduction of sulfates. Geo-
logical evidence imply that the threshold for TSR lies between
80-140°C, although rock, theoretical and experimental studies
suggest that in some settings temperatures of 160-180°C ap-
pear to be necessary (e.g. Machel et al., 1995). Corresponding
maximum palaeotemperatures ranging from 60 to 150°C are
suggested in different parts of the Zechstein basin by the
n-alkane composition (90-140°C, Gondek, 1980), the fluid in-
clusions in the calcite cement of Weissliegendes sandstones
(120°C, Tonn et al., 1987), the S isotope composition in the
bornite-chalcopyrite veinlets (60-90°C, Jowett et al., 1991b)
and the isotope study of the hydroxyl illite group (100-150°C,
Bechtel et al., 2000b). The maximum burial temperature of the
Zechstein base in the Lubin area, based on a normal heat flow,
was in the range 60-80°C (Jowett, 1986; Karnkowski, 1999)
indicating that the maximum occurred as the effect of ascen-
dant fluids during the thermal event corresponding likely with
Triassic rifting (Jowett, 1986).

That the Kupferschiefer ores are of early-to-late diagenetic
origin is evidenced by the hematite dating (250-220 Ma;
Jowett et al., 1987), modified to 255-245 Ma (Nawrocki,
2000), and authigenic illite dating (216-190 Ma; Bechtel et al.,
1999, 2000b). Kucha and Przybytowicz (1999) suggested an
180-175 Ma age of thucholite nodules and considered the up-
per limit for the time of mineralisation, set by the age of amal-
gams, as Early Cretaceous. Hence, the formation of the
Zechstein Rote Faule/ore system can be constrained to the time
period between 258 Ma (the depositional age of the
Kupferschiefer) and the Early Cretaceous. The formation of the
observed Lubin-Sieroszowice deposit, however, is rather
thought to have pertained during the post-Zechstein Triassic
rifting by brine recirculation or superposition of early- and
late-diagenetic mineralisation (Cathles et al., 1993).

CONCLUSIONS

Petrographic, geochemical and isotopic studies on
Kupferschiefer samples at the contact of the oxidised and re-
duced lithologies in the western part of the Lubin-Sieroszowice
mining district confirm an extensive oxidation of initially re-
duced shales. The alteration of the reduced rocks is particularly
intense in the basal part of the Kupferschiefer horizon, from
which the major portion of the organic matter indigenous to the
host rocks was removed. Thus, there are lines of evidence that
the Rote Faule resulted from the upward advancing
post-depositional oxidation of organic-rich basal Zechstein.
The altering fluids caused depletion of kerogen in hydrogen
equivalents, the aromatisation of bitumen and the removal of
saturated hydrocarbons from the liptinites and their lipid-rich
precursors, leaving behind a spent carbonaceous residue. As a
result, a distinct downward decline in the Co, bitumens and
unstable macerals contents is observed. HI and Ph/MPh indices
and vitrinite reflectance values readily parallel this trend.
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Due to oxidation, organic matter in the oxidised shales was
transformed into degraded aromatic-rich type 111 kerogen. Bi-
tumen (EOM) occurs in negligible amounts in these rocks and
is characterised by low hydrocarbon, n-alkane, isoprenoid and
resin contents and also by high concentrations of heavy aro-
matic hydrocarbons and asphaltenes. The organic constituents
are dominated by solid bitumen, whereas alginites are absent
and collinites, bituminites and liptodetrinites are minor constit-
uents. Non-recycled vitrinite in the oxidised rocks shows the
highest reflectance. Distinct stable isotope characteristics indi-
cate a clear tendency of **C-enrichment in the oxidised
kerogen, accompanied by a depletion of **C and *°0 in the car-
bonates. The spread of Cu-sulfides S-isotopic values is inter-
preted as a mixing of two main reduced sulfur sources:
isotopically light biogenic sulfur and heavier sulfur from in-
coming fluids. Heavy sulfur isotope enrichment in the sulfides
within the oxidised zone may reflect abiogenic reduction of ore
fluid sulfate. **S- and **O-depleted sulfates are present at the
boundary between the transitional and reduced zone implying a
significant oxidation of sulfides. Most of the base metals (Cu,
Ag, Pb, Zn, Co, Mo, Ni, Ta and As) were removed from the
oxidised lithologies, whereas Au, Pt, Pd, V, Se, REE (partly U
and Hg) concentrated within the Rote Faule units. The intimate
spatial association of the precious metals with the hematisation
suggests that oxidative alteration played a crucial role in Au, Pt
and Pd location at the oxidation front. The ultimate location of
the oxidation front is represented by the position of the transi-
tion zone, which is typically characterised by the highest con-
centrations of PAHSs, enhanced dibenzothiophene contents and
the highest Ph/MPh and V/Cr ratios.

This study confirms that the boundary between the reduced
and oxidised rocks separates sulfidic Cu-Ag ores from the Rote
Féule-related Au-Pt-Pd mineralisation. At the oxidation front,
Cu-Ag mineralisation prevails, dominated by Cu-S type sul-
fides (chalcocite, digenite, and covellite), and followed up-
wards by Cu-Fe-S mineralisation. Possible explanation for this
succession include significant interaction of upward migrating
mineralising fluids with organic matter and sulfides-rich rocks
undergoing alteration and the weakening redox potential of ad-

vancing fluids as they evolved through time. As a result, on the
oxidised side of the redox front, there are only relics of the cop-
per sulfides, accompanied by iron oxides (mainly hematite
pseudomorphs after pyrite framboids) and the Au-Pt-Pd miner-
alisation coincides herein with hematite mineralisation and or-
ganic carbon loss. The correspondence of the precious metal
mineralisation with the occurrence of solid bitumens suggests
that the bitumens could have acted as an additional reductant,
preferentially scavenging precious metals from incoming solu-
tions.

The observed alteration geochemistry and petrology pro-
vide evidence for an ascending post-depositional flow of
low-temperature (< 150°C)  hydrothermal  oxidising
metal-bearing fluids. The progressive expansion of oxidation is
clearly manifested by its cutting-across the strata and the grad-
ual variation of the chemical, mineralogical and maceral com-
position within the transition zone. As the mineralising
processes continued, the Rote Féule-ore interface migrated
higher in the basal Zechstein sequence and farther out into the
basin, accounting for metal zoning and increasing the size and
grade of the Au-Pt-Pd and Cu-Ag deposits until fluid circula-
tion ceased.
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