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SlawomirOSZCZEPALSKI 

Oxidative alteration of the Kupferschiefer in Poland: 
oxide-sulphide parageneses and implications 

for ore-forming models* 

The Kupferschiefer ore series, between the Lower Pennian {Rotliegendes} terrestrial redbcdslvolcanics and tbe 
Upper Permian (Zechstein) marine sequence, is deve loped :15 dark grey organic matter rich aod metal su lphide 
containing deposits (reducc:d areas) and a~ red-stained organic IlUItter depleted I1I1d iron oxide-bearing sediments 
(ox idjzed aJC:15 = Rote Faule). A distinctive fcuture of the Kupferschiefer minero.liuuion is the presence of a 

. transition 1.one from oxidized to reduced rocks, both vertically and horizonta!1y. This zone is characterized by 
sparse, disseminated copper su lphides within hematite-bearing sediments, ollide pseudomorphs after framboidal 
pyrite, and replacements of topper sulphides by iron oxides and covcllite. 1bcsc: Icxturul features and copper 
sulphide rcpl:l.ccmenl of pyrite in reduced sediments imply that too main ollidl'./suJphide mineralization postdated 
formation of an carly-diagenetic pyrite . The Kupferschiefer mincrnlization resulted from upward and laterully 
nowing nuids which ollidized originally pyrite containing organic maucr rich sediments to form hematitic ROle 
Alule areas, and which e mplaced base metals into reduced sediments. It is argued that long-lasting and large-scale 
laleral Ouid now caused thecrosscuuing rela1ionships, ellpansionofthc hcmatitieahcrution front, the verticall1l1d 
regional horizontal mineral zoning pauems, and the loe::ation of toppcr orebodies difCi:tiy above and around 
oxidized lI.fCaS. 

INTRODUCfION 

The Kupferschiefer mineralization occurs in the strata between the uppermost Lower 
Permian (Rotliegendes) terrestrial redbeds/volcanics and the Upper Permian (Zechstein) 
marine siliciclastics, shales, carbonates, and evaporites. Polymetal lic ore-bearing sediments 
are developed in the central-European Permian basin in two magnafacies. as black (dark 
grey) organic matter rich and metal sulphide containing deposits (reduced areas); and as 
red-coloured organic matter deficient and iron oxide containing sediments (oxidized areas 
= Rote Faule). 
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Fig. I. Ore-grad!: copper minernlizalion in relation 10 hematitic Rote Rule areas; of over 400 studied wells, only 
those situated orr Sudetic Foreland aud mentioned in the !Clt' are shown 
FSO - Fote-Sudetic deposit, S - Sierosrowice mine, P - Polkowiee mine. R - Rudna mine, L - Lubin mine; 
NSD - North-Sudetie deposit, K - Konmd mine, Le - Lcna - Now)' Koki61 mines 
Wyst(lpownnie rod miedri w stosunku do obsz.ar~w utJenionych (ROle Faule); spOO"r6d 400 zbadanych Olworow, 
zaznaaonojedynic lokaJiz,ac:je: niekt6rych otworow spoza 00s7.IICU przedsu(\e(:kiego Dmz OIwory wspomniane w 
tek§cie 

FSD - zlou przedsudeclde, S - kopalnia Sieroszowice, P - kopalnia Polkowice, R - kopalnia Rudna, L 
kopnlnia Lubin; NSD - 'dote p61nocn05udeclde. K -kopalnb Konrad, Lc - kopalnie Lena - Nowy Koki61; 
1 - pierwotny z.asieg cechsztynu, 2 - wsp6lc1.esny zasi¢g ccchszlynu, 3 - hematyt, 4 - bogatll mincralizacja 
miedziowa (> 20 kg/ml), 5 - piryt 

The Kupferschiefer copper deposits are located in the southwest part of Poland - in 
the North-Sudetic Trough and Fore-Sudetic Monocline (Fig. I). These two units are 
separated by the uplified Fore-Sudetic Block and Zary Pericline, bordered in the South by 
the Marginal Sudetic Fault, and in the North by the Middle Odra Fault System. These units 
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developed essentially during the Laramide phase of the Alpine orogeny as foreland 
structures to the Sudeten Mts. Pennian and Mesozoic strata were probably deposited over 
the Fore-Sudetic Block, but were eroded during the Lower Tertiary when Laramide 
movements uplified the Fore-Sudetic Block, rejuvenated old structures, and created new 
fault systems. 

The ore series consists of Weissliegendes, Basal Limestone, Kupferschiefer and Zech
stein Limestone (Fig. 2). Locally. small amounts of sulphides occur at the base of the Lower 
Anhydrite. The principal ore minera1s are chalcocite-type sulphide minerals (i,e. Cu-S type 
sulphides of the chalcocite - covellite - digenite - djurleite and anilite series), bornite, 
chalcopyrite, galena, and sphalerite. Pyrite and marcasite are ubiquitous constituents in the 
basal Zechstein, 

Geological studies of the red-stained basal Zechstein sedi ments in relation to the ore 
mineraliz.ation were initiated in Ihe North-Sudetic Trough (e.g. E. Konstantynowicz. 1965; 
C. Skowronek, 1968). The discovery in 1957 of the Lubin deposit enabled the orelRote 
Faule system to be investigated on a regional scale 0. Wyiykowski, 1958; A. Rydzewski, 
1964, 1969). 1be largest hematitic areas have been recognized in the region of western 
Fore-Sudetic Monocline and Zary Pericline (Fig. 1; A. Rydzewski, 1978; S. Oszczepalski, 
1979, 1980; S. Oszczepalski, A. Rydzewski, 1983), as well as in SEGennany 0. Rentzsch, 
G. Knitzschke, 1968). Recently, continuing studies carried out in the remaining part of 
Poland established furthe r occulTCnces of the hematitic facies, in the areas of Lasowice, 
Czeszewo, Kargowa, Go1eczewo and Karnien Pomorski (Fig. I). 

Important features of the su lphide mineralization in the Fore-S udetic Monocline have 
been described in detail in numerous papers (S. Lisiakiewicz, 1969; C. Haraticzyk, 1972; 
J. Ni~ltiewjcz, 1980; W. Mayer, A. Piestnynski, 1985; Z Sawiowicz, 1990; H. Kuehn, 1990; 
and many others), however, too little attention has been paid 10 the Rote Faule and its 
transition 10 the sulphidic zone. Detailed studies show (A. Rydzewski, S. Oszczepalski, 
1984; S. Oszczepalski, 1989; S. Oszc:zepalski , A. Rydzewski, 1991) that investigations of 
mineral assemblages at the contact between oxidized and reduced rocks appear to be very 
important for promoting understanding of the origin of the Kupfersch.iefer mineraJization. 

This paper presents the results of geological and petrographical studies of imn oxide/sul
phide mineralization in Poland. Special attention has been given to the transition from the 
hematitic Rote Hule to sulphidic rocks . Mineralogical and textur31 relationships observed 
within Ihis transition zone appear to be a key to the problem of the origin of the Kupfer
schiefer mineralization, 

Acknowledgements. The support of W. Ryka and K. Jaworowski, Directors, Panst
wowy Instytut Geologiczny, and G. H. Moh, Mineralogisch-Petrographisches Institut der 
Universitiit Heidelberg is gratefully acknowledged. Thanks are also due to J . K. Blaszczyk, 
H. A. Franco, J. Pasava, A. Piestrzynski, A. Rydzewski, C. Skowronek and K. Tarsa for 
many stimulating discussions. Further appreciation is extended to E. C. Jowett and J. 
Rentzsch for valuable discussions and reviews of the manuscript. As well, thanks go to H. 
Choj~ta for drafting the figures, 



654 Slawomir O$zczcpalski 

" .0 

.. 

o !¥lOOI QOOI 

~ anhydrite (1) ~ limeSlone(2) 

Fig. 2. Mineral zonalil.m and distribution of metals observed along the M·24 drill section through the Kupferschiefer 
ore series: see Fig. I for location 
Aid - Lowe r Anhydrite. Cal - Zechstein Limestone, Tl - Kupfrnchic:fcr. Ws - Weissliegendes; he -
bematite. co - covellilc, ce -chalcocite, bn - bornite, g - galena. 5 - sphalerite 

TRANsmON FROM HEMA TITle TO SULPHlDIC ROCKS 

A distinctive feature of the Kupferschiefer mineralization in Poland is the presence of 
an intermediate zone between oxidized and reduced sediments, termed here "the transition 
zone" (Fig. 2), This transition zone cuts across the stratigraphy at an angle of less than 10 , 

occurring in particular sections in one lithostratigraphic unit or comprising more units. Its 
thickness varies from some milimetres in the Kupferschiefer horizon to several metres in 
the Weissliegendes, Basal Limestone and Zechstein Limestone (S. Oszczepalski, 1989; S. 
Oszczepalski, A. Rydzewski , 1991). 

The upward transition of iron oxide-bearing rocks into metal sulphide containing 
sediments is characterized by agradual change from reddish-brown rocks through grey ones 
with red spots, streaks and bands, to dark grey and black sediments. This change in colour 
is accompanied by a distinct decrease in ferric iron content as well as an increase in Corg 
and SlOta! content and an increase in MgO/CaO ratio. Locally, the zone of transition contains 
small quantities of glauconite. The copper content is 0.1 % or less in the Weissliegendes. 
Basal Limestone and Zechstein Limestone and 0.1-0.4% in the Kupferschiefer. Locally, 
sediments in the transition zone may contain considerable amounts of organic matter (e.g. 
where this transition crosses the Kupferschiefer bed), but they are commonly barren in both 
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Miner.lllna ~udow~ i roz.klad Ulwartc&i metali w ccchs'l.tyt'iskicj serii miedzionofnej otworu M-24: lokatiwcja 
otworu na fia. I 
Aid -nnhydryt dolny, Cal - wapiet'i cecMztydski. TI - Iu pek: micdzionmny; Ws-bialy spligowiec; he 
hematyl, 00 - kowclin. cc-chalkozyn, bn - bornh, g - galena, s -sfalc:ryl; 1-4lIhydryl, 2_wapiet'i, 3 -
tupe~. 4 -piaskowiec 

iron oxides and metal sulphides. Compared to the sulphide zone, oxidized sediments are 
characterized by the predominance of calcile over dolomite, high F~OfCorg (> 2) ratios. 
smal l amounts of organic matter « 0.9% TOC) and the lack of amorphous kerogen (only 
scarce refractory recycled carbonaceous particles occur). low content of bitumen «0.06%), 
isoprenoids «0.01 %ofbitumen), and Ni+VO porphyrins « 0.1 mg/tOO g or rock), as well 
as by low Slota! content « 0.2%) (5. Oszczepalski, 1989). Furthermore, organic maller in 
the oxidized Rote Fiiule is of higher coal rank (low HlC and ole ratios) than in the sulphidic 
zone and it is characterized by low ratios of C/N in kerogen and an increase of asphaltene 
concentration (Z. Sawlowicz. 1989), as well as by the high ratio of phenantrenelsum 
methylphenantrenes and high content of unsubstituled aromatic compounds (naphthalene. 
biphenyl. dibenzofuran. dibenzothiophene) (5. Speczik, W. Piitlmann, 1987). 

Above the transition zone. successive enrichments in chalcocite-like pbase suJphides. 
bornite, cha1copyrite, galena and sphalerite occur, as seen in Fig. 2. As in vertical sections, 
a pronounced mineral zonation as well as the transition between the bematitic and sulphidic 
rocks is repeated horizontally. In general, Ihis transition occurs within a lateral distance of 
100's of metres to some kilometres, according to the local thickness of this zone (A. 
Rydzewski. S. Oszczepalski, 1984). Because this zone is too narrow to appear on the map, 
the extent of oxidized areas is arbiu-arily placed at the contact of hematitic and sulphidic 
sediments in the Kupferschiefer bed. Likewise in vertical sections, in a plan view the 
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transition zone has intermediate characteristics compared with hematitic and sulphidic 
zones. 

MINERALOGY, TEXTURES, PARAGENETIC SUCCESSIONS 

Ox i d i z cd zo n e. Inred-colouredsecJiments. ironoxides(hematilc,goethite)occur 
as microcrystals (submicroscopic red pigment), aggregates (opaque or brown irregular 
grains), and spherules « 50 f.1m in size). These iron oxide particles are dispersed throughout 
the sedi ments or concentrated to form red spots, bands or earthy masses. The most abundant 
are spherules which principally occur in the Kupferschiefer bed, making up 1-5% of the 
shale. Spherules lend 10 concentrate in the dark interlaminar matrix of the shales (PI. I. Figs. 
I , 2). The shape, size and mode of occurrence of these spheres strongly suggest that they 
are oxide pseudomorphism by oxidation of pyrite framboids. Notable are iron oxide 
pseudomorphs after very early diagenetic framboidal pyrite filling chambers of ske letons. 
Iron oxide spherules can be translucent reddish-brown granules consisting of microcrystal
Line hematite with admixture of iron hydroxides (pI. I. Fig. I). or they are composed of 
well-crystaJlized hematite and goethite (pI. I. Fig. 2). Red-stained sediments contain only 
locally small amounts of sulphides (mostly pyrite. marcasite. chalcopyrite, and covellite). 
Calcite nodules contain inclusions of hematite in zoned calcite crystals that are comprised 
of alternating layers enriched and depleted with hematite pigment; some outer zones are 
built with goethite. Rare remnants of sulphides corroded by iron oxides are also found. 
Calcite, anhydrite, gypsum, and dolomite veinlets contain neither iron oxides nor metal 
sulphides. 

Thus, it is reasonable to conclude that most iron oxides occurring in reddcned sediments 
resulted from oxidation of pre-existing early diagenetic pyrite. Some well-crystallized 
forms could have been formed by precipitation from iron-bearing solution. 

T ran s i t ion zo n e. In the transition zone mineralization is predominated by the 
following paragenesis: hematite+goethite and covellite with other minor chalcocite-like 
phase sulphides, bornite, chalcopyrite. pyrite, and marcasite. Coeltisting iron oxides occur 
in a few textural varieties, such as microcrystals. aggregates. spherules, and composites. 
Coarser composite grains of iron oltides with copper sulphides are of particular importance. 
Hematite forms intergrowths with digenite (PI. I, Fig. 3). The most remarkable are textures 
indicating replacement of copper sulphides by iron oxides. The most abundant replacement 
textures are partial substitutions of chalcocite, covellite, and chalcopyrite by hematite and 
goethite. Chalcocite grains are common ly veined, invaded or rimmed by iron oxides. or 
partially corroded by hematite (PI. 1, Figs. 4, 5). In the latter case an intermediate wne 
between hematite crystals and chalcocite grains is found. Covellite grains are corroded by 
iron oxides in similar way (pI. I, Fig. 6).l..ocally, iron ox ides have altered grains of coveUite, 
leaving only remnant cores of coveUite surrounded by replacement oltides. In some places 
goethite partly substitutes chalcopyrite (PI. I, Fig. 7) and bornite. 

Sulphides occur mostly as finely scattered grains, less commonly as mutual composites. 
Textures indicating covellitizalion of copper sulphide grains are common. Covellite gener
n1ly takes the form of lamellar intergrowths with chalcocite and bornite, or complex 
intergrowths with carbonate material. Carbonate grains and laminae containig sparse, 
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disseminated covellite and pyrite microcrystals clearly occur as reduced remnants within 
oxidized shales. Residual coveUite is also retained as minute grains dispersed in hematite
bearing shales, indicating that sulphidation predated oxidation. In the North-Sudetic 
Trough, bornite and chalcopyrite grains have been identified within red spots as well as 
diffused sulphide aureoles around red spots (C. Skowronek, 1968). 

In summary, textural relationships appear to suggest the following paragenetic succes
sion: pyrite - chalcopyri te. born ite, chalcocite - covellite - iron oxides. 

R ed u ce d zo n e. In reduced lithologies adjacent to the transition wnethedominant 
sulphide minerals are copper sulphides of Cu-S type. Moving away from this transition, 
sulphides of Cu-Fe-S type (in lOrn bornite and chalcopyrite) appear to be much more 
common; and then gale na and sphalerite. Pyrite is the most widespread of the sulphides, 
mostly in areas off the copper enrichment, making up 1-6% of the shales. This contrasts 
with the Cu-S phase-bearing areas where the pyrite content is typically less than 0.5%. 

The bulk of base-metal mineralization is represented by very fine « 50 ~ in size) 
anhedral disseminated grai ns. comprising more than 80% of the sulphides. Less commonly. 
sulphides occur as coarser-grai ned aggregates. lenses and streaks, as well as fillings of 
fractures and vein openings. In the sandstone, sulphides occur as cement to detrital grains, 
rhythmic are banding and large ore concretions discordant to bedding. Sulphides form an
and euhedral grains (20-300 J.lm in size) which impregnate carbonate cement. Commonly, 
sulphides replace clastic grains (pI. n, Fig. I). In the shale are, disseminated orcs are 
concentrated mainly in the organic-rich interlaminar matrix and are aligned parallel to the 
sedime ntary laminae or grouped to form thin bands concordant with lamination. In places. 
soft-sediment bending of clay laminae around sulphide blobs is seen, implying precompac
tional formation (pI. n. Fig. 2). Disturbance of laminae by the growth of sulphide grains is 
also common. Fillings of open spaces are also present (PI. n, Fig. 3). Ores typically 
impregnate carbonate grains and laminae; this texture is defined by irregular remnants of 
carbonates present within sulphides (PI. D. Fig .. 4). In the carbonate ore. base-metal sulphide 
grai ns are mostly large and anhedral. The most common textures are random dissemina
tions, open space fillings, and replacements of dolomite rhombs (PI. n. Figs. 5, 6), 
impregnations in burrow fillings, concretions, and incrustations of carbonate/sulphate 
nodules. Sulphides also substitute carbonnte minerals in spaces between anhydritic blades 
of the Lower Anhydrite (pI. n, Fig. 7). 

Pyrite in the mineralized sequence occurs in the fonn of frambo ids - spheroidal 
aggregates 5-50 ~ in size consisting of equal sized (1 -5 1J.I11) euhedrnl (mainly octahedral) 
pyrite microcrystals, dispersed or clustered in organic-rich litho logies; some of them are 
overgrown with equant crystals of pyrite or marcasite to fonn sunflower framboids or larger 
aggregalCS in which framboidal remnants can only rarely be detected; single crystals- tiny 
(less than 20 ~ in diameter) and coarse (up to 500 J.llIl in size) individual euhedra(mainly 
cubes), often fractured and invaded by marcasite; and aggregates - irregular large grains 
occurring mostly as impregnations of carbonates, fossil replacements, nodules or burrow 
fillings (particularly at the base of Zechstein Limestone). 

Both fine- and coarse-grai ned base-metal sulphides commonly fonn complex mutual
boundary textures, therefore, a simple mineral succession is hard to construct. General ly, 
however. chalcopyrite is preferentially replaced by bornite, and bornite by Cu-S type ores. 
Crucial in constructing the paragenetic sequence are studies of the mineralization in the 
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ROTE FAuLE RAN.~!!O COPPER ZONE LEAD- ZINC PYRITE ZONE 
ZONE ZONE ZONE 

Hemati te 

CoveUile 

Chalcocite 

Bornite 

Ch~lcopvr;le 

Galena 

Sphalerite 

Pyrite 

Fig. 3. Par.:\~nelic sequence of iron oxides IlDd metal sulphides in Ih~ IrUIIsilion from oxidized (0 reduced rocks 
Sukcesja mincrnlna t1cnk6w t.e lnza i siarczk6w mct:lli w slrcfic pm:j~ciowcj mi¢zy utwor:uni ullenionymi i 
redukcyjnymi 

chalcoci[e~bornite zone, where numerous chalcocite, digenite. covellite, bornite, and cha l ~ 

copy rile grains pseudomorphic after framboidal pyrite are fairly common (pl. m, Figs. 1-4), 
Some irregular blobs of chalcocite have grown at the expense of pyrite clusters, and 
chalcopyrite at the expense of pyrite aggregates (Pl. ru, Figs. 5, 6). 

Replacement of pyrite by copper sulphides indicates that the fonnation of framboidal 
pyrite predated copper precipitation. Since pyrite is replaced by copper sulphides, and 
sulphur-rich copper-poor sulphide (chalcopyrite) is followed successively by sulphur-poor 
copper-rich sulphides (bornite, chalcocite), it may be assumed that the generalized succes
sion is: pyrite - sphalerite, galena - chalcopyrite - bornite - chalcocite (Fig. 3). 

IMPLICATIONS FOR GENETIC INTERPRETATIONS 

Many aspects of ore genesis have very recently been reviewed by A. Rydzewski (1969), 
E. C. Jowett (1986), S. Speczik, W. Pullmann (1987), E. C. Jowett et al. (1987), F. -Po 
Schmidt, G. Friedrich (1988), S. Oszczepalski (1989), D. J . Vaughan et al. (1989), H. Kucha 
(1990), S. Oszczepalski, A. Rydzewski (1991). They maintain that the fonnation of ores 
should be regarded as an overall product of the Pennian basin evolution. Lower Pennian 
volcanic rocks and pre-Permian rocks have been postulated to have provided the source 
sediment in the form of the Rotliegendes redbeds. Metals may have been leached to form 
cuprous chloride complexes by the convectionally driven oxidizing and near neutral brines 
of Na-Ca-CI type (E. C. Jowett, 1986; S. Oszczepalski, 1989). 

Mineralization of the Kupferschiefer ore sequence origi nated when metalliferous basi
nal brines were channelled updip up the flanks of palaeohighs into Zechstein sediments. 
Ore-fluid migration proceeded along the reactivated fault systems separating palaeohighs 
from depressions. This passage was probably enhanced by a higher than normal heat flow 
in the regions of magmatic Pennian activity and by the tectonic instability of the Pennian 
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intracontinental rift basin. In areas of upward movement of mineralizi ng fluids, pyritic and 
organic-rich basal Zechstein sediments have been strongly altered. This is demonstrated by 
the presence of hematitic spherules pseudomorphic after framboidal pyrite, remnants of 
oxidized copper sulphides. and relics of strongly degraded organic MaUer in reddened 
sediments. Highly characteristic are halos of hematite surrounding Cu-sulphide grains, 
intergrowths of iron oxides with copper sulphides as the by-products of pyrite substitution 
by copper, rims and partial replacements of copper sulphides by iron oxides, as well as 
partial replacements of chalcocite and Cu-Fe-S type sulphides by covellite. These replace
ments by covellite can be interpreted as indicative of the step-wise process of oxidation 
resulting in a loss of copper and an effective gain in sulphur (cf. M. Sato, 1960). Note, that 
in this case much covelli te. an ilite, djurleite and digenite, which occur proximally to the 
oxidized areas, could have been formed as intermediates in the oxidation of chalcocite. 

The most important factor which could have influenced the hematite/ore system forma
tion was the long-distance brine transport. It is clearly evidenced by the overlapping 
character of hematite empl acement, high-grade (> 40 kglm2 Cu) copper mineralization belts 
rimming the oxidized areas, and the concentric pattern of mineral parageneses (Figs. I, 2). 
As a further result of oxidative alteration by flowing fluids, s~lphates were precipitated as 
gypsum and anhydrite within surrounding carbonates, with ~S values from - 21 to 20% 
(E. C. Jowettet ai., 1991). This range may be partly related to the oxidation of isotopically 
light pyrite. These fluids also removed trace metals from the hematized areas, such as Ag 
and Mo, concentrating them at the redox interface (Fig. 2). A fraction of iron might have 
been also removed from the transition-chalcocite zone to the bornite-chalcopyri te zone, as 
is indicated by a minimum iron content within the first mentioned zone. Also, the noble 

. metals, U and Th accumulated at the boundary between oxidized and reduced sediments as 
a result of the oxidation of organics catalyzed by noble metals and gamma radiation (H. 
Kucha, 1990). 

Pot e n t i a l ox ida n t s. It seems evident that the oxidized fac ies resulted from the 
inorganic post-rlepositional oxidation of pyrite containing organic-rich basal Zechstein. In 
areas of the most intensive ascent of altering fluid, reactions of this fluid with pyrite and 
organics precipitated iron oxides. Some of the oxygen needed to destroy pyrite and organics 
may have originated from gases dissolved in Rotliegendes waters. More oxygen would have 
been supplied to the Rotliegendes aquifer due to the mixing of meteoric waters with 
ascending formational brines, but not to such extents as to limit the solubility of copper as 
cuprous chloride complexes ~cf. A. W. Rose, 1989). In oxygen-poor waters pyrite was 
preferentially oxidized by Fe + and Cu+, and less so by dissolved oxygen. Oxidation of 
pyrite by oxygen may be described as follows: 

FeS2 + 7f2.D2 + H20 -7 Fe2+ + 2S0~- + 2W 
Fe2+ + 1/402 + H+ -7 Fe3+ + If2.H20 

Fe3+ + 3H20 -7 Fe(OH)J + 3Ir 

[I J 
[2J 
[3J 

Hematite is a final product of goethite (FeOOH) and iron hydroxide dehydratation (U. 
Schwertmann, E. Murad, 1983). Oxidation of pyrite at pH < 4 is very rapid because of the 
mediation of iron -oxidizing bacteria. However, these bacteria frow poorly above pH 4 and, 
furthermore, above pH 5 the inorganic oxidation of Fe2+ to Fe + is so fast that bacteria play 
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only a minor role in catalyzing the process (C. O. Moses et ai .• 1987). Therefore, taking 
into accounllhe inferred chemistry of mineralizing fluids, it is likely that in the presence of 
oxygen, inorganic oxidation of the Kupferschiefer pyrite was presumably of greater 
importance when compared with microbial Olddalion. Pyrite could have also been oxidized 
by ferric iron transported by mineralizing fluids andlor produced by reaction [2]: 

[4J 

The solubility of Fe3+ is very low at pH > 4, nevertheless some ferric iron remains in 
solution. As experimenlally demonstrated (C. O. Moses et af .• (987), low concentrations 
of ferric iron can oxidize pyrite, and dissolved oxygen is not required for pyrite oxidarion 
in the pH range where the solubility of Fe3+ is [ow. 

Other potential oxidants might have been radicals (H20 2, OH) produced during radi
olysis of aqueous fluids (cf. I. F. Vovk, 1981), as well as cupric ions: 

2FeS2 + 6Cu2+ + nhO -+ Fe203 + 3CU2S + 14~ + SO~
and cuprous ions: 

4FeSz + 16Cu + + 8HzO -+ 2Fez03 + 8CU2S + 16~ + Oz 

[5J 

[6] 

Note, that this reaction [6] also produces a little 02 for further oxidation. Furthermore, 
in weakly oxidizing and circumneutral solutions, which are expected to have percolated 
through the redox transition before entering the reducing environment, intermediate sulphur 

oxyanions (sulphite, sob thiosulphate, szoj- ; polythionates, Snob might have been 

formed in addition to sulphate, as has been experimentally verified (H. C. Granger, C. G. 
Warren, 1969; M. B. Goldhaber, 1983). Sulphoxy species can be involved in sulphide 
mineral oxidation (C. 0. Moses et at., 1987). Ubiquitous thiosulphate relics (H. Kucha. 

1990) suggest that the szoj- anion played a crucial role in metal accumulation and 

redistribution. 
Contemporaneously, oxidation processes created initial acidity of the fluid, which 

caused leaching of framboidal pyrite, as supported by local absence of hematite framboids 
in low-energy reddened shales. However, in an alkaline carbonate environment hydrogen 
ions released during oxidation are neutralized and the pH remains near neutral (R. V. 
Nicholson et al., 1988). Such chemistry of the migrating fluid enhanced incomplete iron 
dissolution resulting in the formation of iron oxides which mimic the morphology of 
precursor pyrite (cf. M. B. Goldhaber, 1983). This same fluid was also responsible for local 
dissolution and calcitisation of oxidized carbonates (S. Oszczepalski, 1989). 

Potential so urces of s ul phur. Metalzoningandtexturalrelationshipsof 
oxide and sulphide minerals suggest that altering Cu-bearing fluids spreading outward from 
the feeder areas emplaced copper into reduced sediments, precipitating Cu to form suc
cessive copper assemblages as the ore fluids became progressively depleted in copper in 
response to increased H2S fugacity (cf. E. M. Ripley et al., 1985; D. W. Haynes, M. S. 
Bloom, 1987; A. W. Rose, 1989). The framboida l habit of the majority of pyrite and 534s 
values ranging from -3 to -44%0 (e.g. C. Har.u1czyk, 1972) are indicative of formation 
within some metres of the sediment surface during bacterial sulphate reduction. Chalcocite-
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like phase and sulphur isotopes of disseminated Cu-sulphides from - 2 to -44%0, with a 
maximum between - 3 1 and -36%0 (E. C. Jowett et at., 1991 with references), suggest that 
disseminated ores were deposited by bacterially-produced sulphide (incorporating, like 
pyrite, 34S-enriched biogenic sulphide) at temperatures less than about 100°C, i.e. at a burial 
depths less than ca. 600 m (5. Oszczepalski, 1989). Some copper could have been fixed by 
reaction with early-diagenetic pyrite. We should, however, take into account the fact that 
the pyrite-replacement model alone cannot clearly eltplain the fonnation of high~grade 
copper orebociies, because of insufficient amounts of pyrite in the basal Zechstein to supply 
enough sulphur. The fact that chalcocite enrichments do not usually contain pyrite testifies 
the intensity of the replacement-type reactions of Cu-bearing nuids with iron sulphides, or 
alternatively, there is the possibility that cupriferous solutions locally penetrated sediments 
and deposited copper before the formation of pyrite. Theotherpotential S source could have 
been organic sulphur derived from early-diagenetic decomposition of organically bound 
reduced sulph.ur, or supplied during subsequent diagenesis, by thermal degmdation of 
organic sulphur compounds. At slightly elevated temperatures pyrite may be hydrolized to 
become the source of sulphur as H2S (H. Ohmoto, 1986). Some additional sulphur could 
have been provided by disproportionation of oxyanions to aqueous sulphide (H. C. Granger, 
C. G. Warren, 1969), by an elttrinsic reducing agent (c.g. H2S-containing hydrocarbons), 

and as SO~- supplied by the Rotliegendes brines or from the oltidation of pyrite and organic 

sulphur with subsequent abiologic sulphate reduction. Characteristically, sulphides in 
coarse a:uregates and veinlets are isotopically heavier than sulphides in disseminations, 
having 0 S values generally ranging between -25 and -35%o. 34S-enriched sulphur witrun 
coarse-grained ores and veinlets indicates that some isotopically heavy sulphur was intro
duced to the Kupferschiefer from the underlying Rotliegendes and reduced by thenno
chemical reaction with organic matter in the Kupferschiefer (E. C. Jowett et at., 1991 ). 

CONCLUDING REMARKS 

The textural and parageneticdatastrongly suggest that the main Kupferschiefer hematite 
and base metal su lphide mineralization originated after the formation of pyrite. TeltturaJ 
evidence for pre- and post-lithification precipitation of the sulphideJoxide parageneses 
indicates that a syngenetic model , in which metals and sulphur are both sedimentary is 
untenable. Instead, the milting model, in which ore metals are imported to sediments and 
precipitated by chemical reactions between mineralizing solutions and pore water contain
ing reduced sulphur, appear to be easily accepted. The replacement textures present within 
the transition from oltidized to reduced rocks, the discordant position of the Rote Faule to 
the stratigraphy, the fundamental Hnk between hematite and sulphide mineralization, and 
zonation patterns collectively suggest that the Kupferschiefer hematite/sulphide minerali
zation originated from upward and laterally flowing fluids. Passage of these fluids through 
the basal Zechstein sediments caused the oxidation of organic mauer, oltidation of pyrite to 
iron ox.ides, oxidation of copper sulphides, precipitation of metals by sulphide, and suc
cessive precipitation of other base metals as the nuids gradually lost their oxidation 
potential. Further petrographical, geochemical and S isotope studies are required to deter-
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mine whether, 'besides a mixing mechanism, other models for transportation and precipita~ 
tion of base metals and sulphur contributed to ore-forming process. 

It is conceivable that processes leading to the fonnalian of the Kupferschiefer ore pattern 
were long-lived and lasted presumably over a time span from 250 (the Kupferschiefer 
deposition age) to about 220 Ma, as is suggested by the age of hematite (E. C. Jowett et al., 
1987) and precompactional timing of the bulk of ores (S. Oszczepalski, 1989), After the 
early-diagenetic period of disseminated-ore (annalian, probably before complete lithifica
tion of the encJosi og sedi ments, complex processes of d issolution-migration-reprecipitation 
operated, as is evidenced by numerous copper sulphide replacements of carbonates and 
detrital grains as well as mutual intergrowths of copper sulphides. Coarse-grained and 
veined ores have generally been considered to have originated during later diagenesis after 
some lithification of the host sediments (E. C. Jowett, 1986), although it is still hard to 
distinguish whether this was as a result of remobilization of early-fonned sulphides, 
additional late introduction of ore fluids and hydrofracturing or as a consequence of joint 
action of the above mechanism, as was maintained by S. Oszczepalski (1989). Quantitative 
mass balance evaluation implies that superposition of early- and late-diagenetic minerali
zation must be appealed to in order to aCCount for the observed Lubin deposit (L. M. Cathles 
etal.,1993). 
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UfLENIAJJ\CE PRZEOBRAtENlE LUPKU MIEDZIONOSNECO W POLSCE: 
TLENKOWO.,stARCZKOWE PARAGENEZY IIMPLIKACJE GENETYCZNE 

Slre s :r. cz;c ni c 

CCdlVJy~$kje rudy micd%i 1)'pII lupku micdtiono!nego WYSlCpujll 'II SW Pobce (rig. I) i I~ 'II ~fjc 

kontaktowcj mi¢zy IllIIowymi ulwommi czerwonego spllgowca i nIOlSkimi ulwonuni oech$:tlynu, Iw~j Itw. 
serio miedrlonotn.:! (fig. 2). 

W ~ic seri! micdzio~ncj srwicnlzono osady nQ:$ZOp: charakter redukc),j ny i utleniony (,,rotc Fliulc"). 
Telo I'()(ilaju dwufaejalnoll! 0$I\d6w ujawniono uc6wno w niea:e p6/nocnorudeckicj, jak i na rnonoldinie 
pnedsude<:kicj or:u 'II NW Polsce (fig. I), Faeja utleniona obejmuje utwory 0 turwonej lubsllltObrulll11nej barwie, 
U1wierajiICc hematyt i uwodnione [Jenki khl1.D (brak siilJnk6w. obtcnc tlenkowe pscudomDrfozy po framboidal
nym pirycie; labt l , fig. 1, 2) or.u: znikorne uwnrto~ci w 11Iplcu mieddonotnym w egrndowanej materii organiemc:j 
« 0,9% CorV. bitumin6w, iwprenoiddw, porfirin, metylfcnantren6w i Snit « 0,2%), pny b:lIdUl wysokim 
stOSlinku Fel0,1lc.... (> 2). Najc~icj ceclly rae;i lItlenionc; wykazujij osady biaicgo sp~gowca orm: wapicnia 
pod$lawowca:o I lupk.u miedrionofncgo (w niecce p6/nocnosulicckicj pod IIIltw~ Il'W'&li ptamislych), nadzicj 
ulWOI)' wapienia cechsztyllskiea:o lub - w skrajnym przypadku - spuowe panic uohydl)'l0 dolnego. 

Kontakt strefy ullenioncj I redukcyjnej (ur6wno pionowy,jaio: i l:ncrulny) nicjc5t arnnicij ost!1\. kcz $Illnow1 
suefQ p~jfciowll od ulworow 7Awicl1ljllCr<=h lIcnki telau do Ulwor6w osinrcUowiIJI)'(:h. 5trefa p~jkiowa 
przcmieszcz.a 5~ od bialego spuowcn do sp~ anhydJytu dolnego (ku ccnuum strefy ulJenionej) pod qtcm 
O,S- IG

, In:tc a:nnioe jednostek lilostratygnficznych .saii mic:lWlIIlOtncj (5. OW:tcpalski, 1989; 5. Oszcu:palski, 
A. Rydzcwski, 1991). Cec~ charaklel)'$tyezn:) tcj strefy s:t cechy pottednic w Slosunku do faeji lllienionej I 
redukc)'jrlej. W szcze~1 1l()(ci 51re fQ ~ceclIuje: (1) wspdlwyslQPOW3llic rozproswnych IJcnk6w 1.eG i siarelk6w 
metali (J/6wnie typu Cu-S); (2) otJecnoU rc likt6w siarczk6w zotoczkami pigmeotu hcmatylowego orazstruktur 
ustQpowania sian:zk6w miedzi pn:u . hemaryt i getyt (tab! . .. fig. 3-7); orm: (3) nicZOacuJie podwyiuona - w 
stO$unku doutworow caJkowieie ullcnionycll-z.awart~ mledzi (w gmnicnch od 0,1 do 0,4%). W pionie strerQ 
przejkiowllcccliuje zroicnna mi~wtt', od kilku milimctrow lubccnlYl1'lClrow w lupku miedzionoMym do kilku 
lub kilkunastu melf6w w bialym sptlgowcu i wapicniu ccchszty~skim. Laternlnic, szcrokoU strefy przej{eiowej 
nic pn.ckmcza kitku kilometr6w. 

Stwierdwne clotydlCzas prawid/owoki w obr.We rozmicszczcnia i uOwieowania omawianej mineralizacji 
- 0. nolaszcza: ( I) w)'SIQpowanie strefy przejkiowej (0 zmienncj midsz,oki) miQdzy O$adami focji ulJenionej i 
redukcyjncj (fig. 2); (2) wyslQpownnic sian::%k6w micdzi ~rednio ponoo osadami utknionymi (IiCUIC 
wypelnienia wolnych pnestrz.eni OOlZZD.Sqpienia ~gJan6wi fnunboidalnegopil)'tu przczsian:zJ::i) (tabI. 1I i III); 
(3) pr7.Ccinanie gnoic litologiczo)'Ch i strntygraficzo)'(:h pn:ez nieregul~ powicrzdvI~ graniczoll 5IJefy 
pncjkiowej; (4) pncmieszczanie.iQ najbogauuj mineraJiucji siarczkowej z bialcgo 5p:\gOWca do anhydrytu 
dolncgo, wzdlui kontaldu zcstref, przejteiOWll: (5) wystl;powanic bogDtcj mineraJizac:ji miedziowej (0 z.asobn~ 
kiach powytcj 40 kg/m; wyl~ie w najblitszym otoczeniu obsur6w ullenionr<=h (fig. 1): (6) potioma i 
pionowa stn:fowoU w)'SlQPOWllllio. meIaIi (jej wynmmjest stopniowy wuost 7.awartoki - kolejno - cynku, 
clowlu i miedzi w stronQ utworow zawictajQCych lIenki telaza); (7) wystQpowanie cia! rudnych w poblitu 
Iincamcnt6w oddziclajqcych pemlSkie paleowynicsienia od paleodepre!'iji - gwiPd~ 0 Iym, te powstanie 
sySlcmu hcmatytowa-siareUcowcgo i zl6t rud miedzi jest wynikicm proces6w utlcniania i n:dukcji, z.achoclZQcych 
pod wplywcm ascenzji z utworow czerwonego SplIlOwca niskotempcl1lturowych rozlwor6w chlorkowych, :tawier
ajijeych metalc, oraz Ich przeptywu przez sPl!i0we utwOI)' ccchszlynu, ulegaj~ beulenowej diagene1k 
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Pncplyw Iyeh rw.lworow poWodOW3/ utlenienie mlItcrialu organicZllCgo i wcusnodiagcnetYCUlego pil)'lu w 
/lIpku miedz.iollO~ym. Do polcnejalnych ulleninc7.Y nalety zaliezyc!: tlen rozpuszczony w sollUlkiICh, Ilcn 
doslaf"Czany do soJanek pn:cz wody mctcoryct.ne, Fel +, Cu2., Cu· oraz produkty rodiolizy. Motliwymi trOd/ami 
siarki polJUbnej do zredukowania metali byly; siarkowod6r biogenicz.ny, pil)'l , s iarka zwiQZalla z mater4 
organicznq, siarkowodcSr w<:hodz:tey w sklad w(;giowodor6w, oX)'3/liony siarki (powstale w trukcie ulleniania 
osad6w ~ukeyjnych) oraz siarCUlDy (pochodz:lcc z czerwonego sp;tgowca, jak i powSla/e wskutek dzialania 
procesOw ulleniajllcych) - poprzez ieh termochcmiczn:l redukcje. Takic aynniki jak: wysoki pos!waryscyjski 
strumiet\ ciepln), oroz lektoniCUla niest.abilno!c! zwillZl\lla z tworzeniem sic intrukontynentalnego I)'flu w permie. 
1Iialwialy cyrku lac~ mzlworow minemlizuj~ych. Konwekeyjny pncplyw m6g1 istnicc! paez dlugi okres, 
powoduj~ eksp:msj(; obszarow ullenionych oraz tworu:nic siC cint rudnyeh i tyl kruszcowyeh. 



PLATE! 

Reflected Ugh! photomicrographs of iron olCides and copper sulphides (in oil) 

Mikrofotogrufie (w ~wict!e odbitym) t!enk6w zelaza i siarcr.lr:6w metali (w imersji) 
Fig. 1. Goethite pseudomorphic after pyrite spherules: Kupferschiefer, K· 10 borehole 
Gctytowe pseudomorfozy po ku]kach pil)'tu; lupek miedzionoony. otw6rwiertnic:zy K· ]O 
Fig. 2. Hematite pseudomorphs after fmmboidal pyrite; Kupferschiefer, K-IO borehole 
Pseudomorfozy hem.;ttytu po framboidalnym pil)'cie; lupek mied-dono~ny, Olw6r wicrtniczy K·]O 
Fig. 3. Digenite (grey) intergrown with hematite laths (tight grey, high relief); Zechstein Limestone, Kotuch6w 
IG I borehole (ncar K-JO borehole) 

Digcnit (WII)') przc~nicty lislcwkowym hc:matylcm (jasn0S7.wy, wysoki relief): wapic6 cechsnyclski, 0\w6r 
wicrtniczy Kozueh6w IG 1 (w poblit u OlWoru K-IO) 

Fig. 4. OmIcocite (white) invaded and rim med by goethite (dark grey) and hemati te (white. high relief): Zechstein 
Limestone, Sieroszowice mine 

Ollllkozyn (bialy) penctrowany i otoc:zony gctylem (cicmnoszary) i hc:matylcm (bialy, wysold relief); wopie~ 
cechsztytiski, kopalnia Sieroszowic::e 
Fig. S. Chalcocite (whi te) partial ly replac::ed by hematite (tiny while crystals with high relief); submicroscopic 
masses of iron o~ides separate hematite crystals from chalcocite: Zechstein Limestone, Kotuch6w IG I borehole 
(near K·IO borehole) 
Chalkozyn (bialy) C74k: iowo zasl:!piony hcmatytem (drobnc bialc I:tyszlaly 0 wysokim rel iefie); $ubmikrosko
powe tlenld 1claza oddzielaj~ ktysZlaly hemalytu od chalkozynu; wapiecl cechsuyf\ski, otw6r wiertniczy Kotu· 
ch6w lG 1 (w poblitu O(woru wicrtnicugo K·l0) 
Fig. 6. Covellite (white) replacing fragment bryozoa skeleton, later on replaced by clumps of iron olCidcs; 
Kupferschiefer, S-484 borehole 
Kowelin (bialy) zaslcpuj~cy fragment szkielelu mszywio!a, podstawiony kCpowo Ilenkami t.c1:lZll; lupek miedzio
n~ny, otw6rwienniczy S-484 
Fig. 7. Ch:!lcopyntc (light ~y) partially replaced by goethi te (grey); Kupferscbiefer, Konrad mille 

Chalkopiryt (jasl105zary) CT.¢:iowo zastllpiony getytem (szary): lupek miedziono§ny, kopalnia Konrad 
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Rcflcctcd light photomicrographs of sulphidc minern! tcxtures (in oil) 
Mikrofotografic (w ~wietle odbitym) tekstur mincrnJ6w siarczkowych (w imc:rsji) 
Fig. I . J~eplaccrnents of quartz Ilr\d lithic grains by bomitc(bn) and ehrueocite (ee), Weissliegendes, Rudna mine 
Tekstury :z.ast=lpienia kwan:u i l.iamlitycznych prJ.t1. bornit (bn) i chalkozyn (ce); binly sp;lgowiec, kopalnia Rudna 
Fig. 2. Chalcopyritt grnins wrnpped by clay laminae. Kupferschiefer, Grundy G6me IG t borehole 
Ziomo chalkopi rytu ot0C7.one laminami ilastymi: lupek miedziono~ny, otw6r wienniC"~y Grundy G6111(: IG I 
Fig. 3. Francolithie fragments of lingulashells cracked and cemented by sphalerite (s) and chalcopyrite (cp); fincly 
disseminated chalcopyrite grains in shrue; Kupferschiefer, M- I borehole 
Frankolitowe fragmenty skorupek Hngul, porouywane i sccmc:ntownne sf:Jlerytcm (5) i ehalkopiryte m (cp), 
rozproszonc ziamn chalkopirytu w obrc;bic lupku; lupck micdzionoSny, otw6r wicrtniC".l:Y M-l 
Fig. 4. Carbon:lte laminoo replaced by galcn~ (g) and sph~lcrite (s); note relics of cubonatcs (dark grey); 
Kupferschicfer, M-I boreholc 
Laminy wr;glanowe tllSt:tpionc gruenll (g) i sfolerytcm (5); zwrataj=l uwag¢ relikty w¢gl:m6w (c iemnoszare): lupek 
micdziono§ny, otw6r wicrtniczy M-I 
Fig. 5. Galena infilling vug in the Zechstein Limestone; note partin! rep lacement of dolomite rhomb by galena; 
Lubin mine 
Galena wypeln iaj=\cl"I pustk¢ w wapieniu cechszty~skim: zwrnca uwag¢ c~ciowe l.1St(lpicnic rombocdru dolomi
lowego galen~; kopalnia Lubin 
Fig. 6. Dolomite rhomb portially replaced by C(IvcJ!ite; Zechstein Limestone, M-24 borehole 
Romboedr dolomilU CZ¢kiowo zasf:\piony kowclincm: wapien ceehsztyllski, otw6r wienniczy M-24 
Fig. 7. Chalcopyrite replacing carbonatc cement of anhydrite b!aliC!1: Lower Anhydrite. M-26 bon:ho1c 
Ch:Jlkopiryt zast¢pujq,cy weglanowy cement pomi¢dzy lislewkowym anhydrytem; anhydryt dolny, otw6r wien
niezy M-26 
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Reflected light photomicrogrnphs orpyrile-copper sulphide replaccmcnltexlures (in oil) 
Mikrorotografic (w ~wictlc odbitym) tckst urzast~powania pil)'tu pncz sUlreui mied7i (w imc:rsji) 
Fig. 1. Mimie replacement or fr.lrnboidal pyritc (py) by chalcopyrite (ep); renmants. ofcom>ded pyrite ore visible 
in mierocrystals of chalcopyrite; Kupferschiefer, Polkowice mine 
Pil)'t fl1llllboidainy (py) mimi(':'J.nie 7..aslilpiony ehaJkopirytem (ep); relikly korodowanego pirytu widocznc w 
ob~bie mikrokryslIal6w ehalkopirytu; lupek miedzion~ny, kopalnia Polkowice 
Fig. 2 . Pyrite (py) frnmboid mimiely replaced by bornite (bn); ch::Jlcocitc inclusions in bomit~; Kupferschiefer, 
Polkowice mine 
Framboid pirytu (py) mimiCl;llic ustiijJ iony bomitem (bn); inkluzjc ehalko1.ynu w bomieic; lupelo: micdziono~ny. 
kopain ia Polkowice 
Fig. 3. Digcnitc (di) ps~udomorphs after pyritic framboids cemented with chalcocite (ee); Kupferschiefer, 
Polkowice mine 
Pseudomorfozy digenitu (di) po fmmboidach pirytowyeh, zccmcntowane ch:llkozynem (ee); lupek micd'Zion~ny, 
kopalnia Polkowiee 
Fig. 4. Almost complete replacerl1Cnt of pyrite fr.unboids by chalcocite; digenite (dark grey) inclusions in 
ehalcocite; Zechstein Limestonc, !Calcjc 2 borehole 
Niemal komplctne zastqpienie framboid6w pirytu przez chalkozyn; inkJuzje digenilu (eiemnoszarc) w chal
kozynie; wapicll ccchsztynski, otw6r wiettniczy Kaleje 2 
Fig. S. Remnant pyrite fnunboids 3Ild corroded pyrite microcrystals (white) within chalcocitc (grey); Kupfer
schiefer, Polkowice mine 
Rcl iktowe framboidy pirytu i korodow31le mikrokrysztaly pirytu (billie) w chalkozynic (szary): lupek miedzio
n~ny. kopalnin Polkowice 
F ig. 6. Successive repLaccmcru of pyrite(py) bychalcopyritc; Zechstein lirrestooo, Grundy Game IG I borehole 
Sukcesywnc zast~powanic pirytu (py) chalkopirytem; wapicn ccchsztynski, ot~r wicrtniczy Grundy Game IG 1 
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